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Abstract

The overall power generated by the photovoltaic system is significantly reduced when the
modules are not exposed to equal amounts of solar radiation. Three different approaches of
boosting power output under the influence of these circumstances were compared in this study.
The three approaches were based on different techniques; static, column reconfiguration, and
array reconfiguration. The three methodologies were represented by the TCT, CWR, and RTCT
methods, respectively. Each of which proved superior to its counterparts using the same
methodology. The three methods were tested in two parts. The first part included five different
static shading patterns and have been tested on a 5x5 system. RTCT showed superior results
compared to the other two methods. It has improved the power output in the all five patterns with
rates ranging between 1.45% and 32.49%. While the CWR method achieved improvement in
four patterns with lower percentages (between 1.68% and 27.81%), and one pattern was lower
than the static TCT. In the second part, the three methods were tested on a system of one
hundred modules, arranged in 10x10 array, and under a dynamic solar radiation pattern that
changes over time in ten patterns. RTCT provided the highest improvement rate for all cases
with 9.5% for the mean of the total period and CWR achieved 6.9%. Therefore direct
development of static systems into array reconfiguration using RTCT is recommended if the goal
is to obtain the maximum possible power. Simulations were carried out using
MATLAB/Simulink, and the characteristic curves, values of voltages, currents, and power were
obtained for each case.

Keywords: Photovoltaic energy, Partial shading, Total cross tied, Column wise reconfiguration,
PV array reconfiguration

1. Introduction

The continuous rise in global energy All pf this made i_t necessary for_countries
demand and the increasing use of fossil fuels to achieve self-sufficiency in their energy
as a mean of political and economic pressure, needs, especially those that suffer from
in addition to the escalating harmful effects imbalances and a significant difference
on the environment, until the world witnessed between  production and consumption.
in the last decade the highest average Although thl_s is considered a defect, it is also
temperatures in more than a century [1-3], all an opportunity at the same time to rectify the
of these represent some of the today’s serious situation through environmentally friendly
challenges. According to the annual 2022 SOurces.
global climate report, all ten warmest years in Hence, one of the most important options
the 143-year record have occurred since available to make up the shortfall is the
2010, with the last nine years (2014-2022) are widespread use of renewable energy. Solar
ranking as the nine warmest years on record energy, in particular, is considered one of the
[4]. best solutions due to its availability

throughout the year at a high expectation rate,
Revised: 25 March, 2023, Accepted: 26May, 2023 and it is not tied to a specific place, such as
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tidal energy and hydroelectric power [5, 6]. It
also has the ability to be built in small
systems that are integrable with residential
homes [7, 8]. As well as the possibility of
building large stations in Giga Watts [9].
Despite these advantages, there are still many
challenges awaiting development and
solutions.

Several studies were presented on how to
connect solar energy systems to existing
electrical networks [10] and others looked for
means to overcome possible environmental
conditions such as [11] which focused on the
problem of low energy output due to the
temperature increase of the system.

From another point of view, to achieve the
necessary values of voltage and current,
photovoltaic (PV) modules are often
connected in a number of series and parallel
connections. Under normal conditions, the
PV modules get sunlight in an even
distribution and there is only one peak in the
characteristic P-V curve. When the levels of
radiation distributed on the panels vary due to
various environmental reasons, such as the
accumulation of dust or nearby trees and
buildings, or even bird droppings [12] one of
the most influential problems arises and it is
called partial shading (PS).

PS not only reduces output power but also
has the potential to create hotspots. Exposure
of one panel to shading not only means that
the productivity of the system decreases by
the energy amount of this module, but this
turns it into a power-consuming unit, which
raises the temperature of the panel and
exposes it to damage [13]. Bypassing diodes
are added to bypass shaded PV cells or
modules to safeguard the modules from this
effect. However, this addition results in the
emergence of multiple peaks in the
characteristic curve, making it challenging to
extract the maximum power using the
conventional tracking approaches. Several
methods, including genetic algorithms,
cuckoo searches, particle swarm optimization,
ant colony optimization, and teaching-
learning-based optimization, have been
introduced to address this issue [14-15].

Some researchers have focused on
developing the internal configuration of the
module to improve its ability to combat this
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phenomenon. For example, article [16]
examined the performance of PV modules
with different cell bus-bar configurations
through analyzing seven types of poly-Si PV
cells under PS, it concluded that five bus-bar
cells were the most efficient. Article [17]
focused on modeling half-cell PV modules
under PS using MATLAB software package.
Instead of 60 cells in a typical classic PV unit,
there are twice as many cells in half-cell
modules. Four different cases of partial-
shading and one case of no-shading were
studied. Unlike others, the authors of [18]
investigated how a half-cell module could be
used to reduce this PS effect and introduced
simulation results with  experimentally
verification. They concluded that the half-cell
module improves fill factor performance by
1.48% due to reduced electrical loss from the
cell connector. The module current will also
increase by about 3%.

In contrast, other research teams have
focused on the system as a whole and how to
deal with shadowing for multiple modules
within the system [19-20]. They explored
different systems under the influence of
different PS patterns and tested new methods
of static and dynamic linking. Dynamic
connection means changing the connection
topology at the moment of shading. Table 1
shows a summary of a group of the most
important works in this direction

Researchers are currently seeking new
innovative methods to maximize the power
output during partial shading. The presented
methods included static configurations and
methods based on reconfiguration either at
the column level only or at the entire array
level. In the midst of these many creative
approaches presented, it is difficult to directly
compare them, as each method is presented
and tested under different shading levels than
presented in the other researches. The test is
also conducted on systems with different
dimensions that differ from one research to
another. Also, the lack of researches that
compares static and reconfigurable methods,
relying on the same shading patterns for all
methods under comparison, and testing these
methods on small and relatively large
systems, especially as many new approaches
emerge.
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Table 1. A group of previous important works in this direction

» = — =
z | §3 g 7 | 23 : 5
3 3 o = a BM% @ 5
& & S e w ~ 3 é =
2 = S & 3 S
S g 3 T g @
g 3 5| 3 3
@, @
&
=z =z | Static only Series (S), 3x10, | 300, - Covering twenty different | - Limited to
’J\>‘ =) Parallel (P), 5x5 500, shading patterns. conventional static
ms Series-parallel | and 700and | - Using six different | methods only.
f 3 (SP), 5x4 1000 configurations. - Only small systems
N = Bridge-linked - Highlight the differences | have been tested (less
.'E g (BL), between the six methods | than 30 modules).
S 3 Honey-comb more by testing them on three
? (HC) and systems of different sizes.
o) Total-cross- - Finding that the TCT
tied (TCT) method gives the best
performance in general.
o | Staticonly S, P, SP, BL, 4x4 100, - Covering six different | - A variable shading
'Z HC and TCT 300, shading patterns with six | pattern has not been
: 500 and | different static configuration | tested over a
§ 900 methods. continuous period of
% - Verifying simulation results | time
@ empirically. - Only one small model
o - The shading patterns cover | was used for
= different radiation levels than | comparison.
L usual.
- It was concluded that the
TCT method had the best
performance  among  the
methods under study
v o | Static only -Conventional: | 7x7 200, - Studying nine different | - Limited to static
58 SP, TCT, BL, 300, methods (five conventional | methods only.
‘:”r§ HC and Triple 400, and four hybrid methods). - A variable shading
<= tied (TT) 500, - Simulation with eight | pattern has not been
= 5 600, different shading patterns. tested over a
=8 - Hybrid: 700, - Measuring the number of | continuous period of
E % SP-TCT, 800 and | local maximum power points | time
= BL-TCT, 1000 and determining the least
S HC-TCT number of points according to
S and the shading pattern.
ﬁ BL-TCT - Measurement of seven
2 different performance
parameters to  distinguish
between the nine methods.
@z Static only S,P,SP, TCT, | 5x4 200, - Six conventional static | - It is limited to
o = BL, and HC 400, configurations were studied | traditional static
=& 600, under five different shading | methods only.
DNF 800 and | patterns. - Limited shading
E 1000 - When a column s | patterns.
g completely and unevenly
e shaded, TCT is the best
= choice.

-271-




Vol.43, No.2. July 2024

o = { Static and TCT 4x3 180 to - This paper presented a new | - The power converters
8 & ] reconfigurable. 1000 method which avoided the | circuit had to be
=1 gg/_: existence of multiple peaks | modified.
= on the PV characteristic curve | - Complex algorithm.
o> through  current  injection
3 < using power electronics.
x - The method is combined
- with static TCT
configuration.
» 3 | Reconfigurable | L-shaped 4x4 100, - A new method based on | - A variable shading
=S 400, reshaping the array | pattern has not been
== 600, connections to be in the form | tested over a
s 800 and | of the letter “L”. continuous  period  of
§ 950 - Eight overlaid shading | time.
@ patterns with extraordinary | - It needs an equal-
radiation levels. dimensional system
o | Static and LS-TCT 4x4 300, - Two new methods have | - Relatively complex
§% reconfigurable. | Shape-do-ku 500 and | been introduced (the first was | reconfiguration process.
o % 1000 a static method and the |- Only one small
g- > second was a reconfigurable | system was used for
2 2 one) testing the method.
— 3 - The results were verified
&5 experimentally  and  the
methods were compared with
TCT and Su-Du-Ku methods.
o 3 | Static and Reconfigurable | 2x3, 300 and | - Covered all possible shading | - Limited to small-scale
o & | reconfigurable. | total cross tied | 2x4, 1000 patterns for one level of | systems only.
== (RTCT) 2X5, shading. - Studied only two
o5 2x2 - Covered all systems that can | levels of solar radiation.
§ and be configured with ten
=z 3x3 modules or less.
'Z - Focused study on small-
S scale systems.
2 - Introduced the RTCT
a method and measuring its
performance.
o « | Static and Column-wise | 5x5 200, - Presented a new method | - Has not been
o T | reconfigurable- | reconfiguration 500, based on in-column reshaping | compared with another
= § column (CWR) 600 and | only. reconfigurable
i = 900 - Creatively relying on the | methods.
- deployment of aggregated
5 shaded modules across the
entire system.
> 3 | Static and Review on - More than 36 methods | - Not all methods have
=l g reconfigurable | more than 36 including both fixed and | been tested on a system
%9’ methods reconfigurable methods are | with the same
= § demonstrated and discussed. dimensions and under
-8 the same shading
N g patterns
-8 - Column-wise
reconfigurations  have
not been included.
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the enhanced improvement rates.

w | Staticand Review on | 10x10 | 100, - Providing a good review of | - No comparison was
i reconfigurable | more than 64 200, many methods that have been | made with the column
2 methods have 300, presented (64 methods) up to | reconfiguring method.
= been 400, 2020.
iy introduced 500, - Introducing a new method
= until 2020 600, that reshapes the system
3 700, based on the optimal
New  method 800, performance method based on
based on 900 and | the social-democratic
Social- 1000 algorithm.
democratic - Coverage of shading
algorithm. occurrence over a continuous
period of time that included
ten different shading patterns.
- Comparison of ten methods
based on  meta-heuristic
algorithms..
z Reconfigurable | Reconfigurable | 6x3 50% - It is based on Genetic | - Not compared with
Y based on and algorithm other reconfigurable
=) Genetic 100% - GA switches between SP | methods and  only
% algorithm and TCT to get the best | compared with static
S (GA) performance between them | methods.
é according to the shading | - Using only two
Q pattern shading patterns to test
Z the method with only
@ one shading radiation
@ level.
=3 - Complex and does not
] necessarily reach the
= best possible
performance.
o < | Reconfigurable | Reconfigurable | 6x6 200, - Introduced a new method | - Not compared with
3 g NSD method 500, and tested it under nine | other reconfigurable
§§ 700 and | different shading patterns. methods and  only
) 1000 - Not restricted to specific | compared with static
= . .
=R dimensions, such as the Su- | methods.
'as% Du-Ku method, which | - A variable shading
=5 requires a 9x9 system. pattern has not been
= - The proposed method | tested over a
showed higher performance | continuous period of
in most of the studied shading | time.
patterns.
— | Static and TCT 5x5 Static What's new in research is:
=. | reconfigurable | RTCT and 200, - Comparison of three methods belonging to the three
B CWR 10x10 | 500, different configurations (fixed - reconfigurable at the
3 600 and | column level and at the total array level).
- 900 - The three techniques are simulated under four fixed
different shading patterns as well as a time-varying
and shading case containing ten different patterns.
dynamic | - The comparison was made at the level of the small
from system 4x4 and the relatively large-10x10 system.
100 to - Recommendations are provided on upgrading
1000 photovoltaic systems from static to reconfigurable with

2. Mathematical Modeling

The solar cell can be modelled in a variety of

ways,

including the single diode model

(SDM), double diode model, and triple diode

model. SDM presents a reasonable level of
simplicity and a respectable level of accuracy
[20]. Figure 1 shows the analogous circuit for

SDM.

- 273-




Vol.43, No.2. July 2024

The module voltage, thermal voltage, series
and parallel resistance, and diode ideality
factor are all related to the PV cell's current in
the following formulas:

I ¥ Ish

. CA) D

Rsh Vpv

Figure 1. Single diode model

Vpu+ipuRs

Ip=Ipn =o€ @0 — 1) — 2L

1)
Where:

Ipv output current of the PV cell

lo reverse saturation current

loh light generated current

Vi thermal voltage

K Boltzmann’s constant

Ns number of series cells

G solar irradiance

Isc short circuit current

Ky temperature voltage coefficient

a diode ideality factor

Rs series resistance
Rsh shunt resistance
T absolute temperature in Kelvins
q electron charge
Ki temperature coefficient of short
circuit current
Tstc reference temperature
Voc open circuit voltage
STC Standard test conditions: Gstc =

1000 W/m?, air mass ratio = 1.5,
and temperature of the module =
25°C

The module's thermal voltage is indicated by:
KTN
Vt=
1 )
The amount of irradiance has a direct impact
on the generated current, as

Lpn=Iscstc + Ki(T —Tsrc)) *

G
Gsrc (3)
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Finally, it is possible to extract the reverse

saturation current from
_Iscstc+Ki(T-Tsrc)

Iy

e th

-1

(4)
3. Methodology:

The unevenness of solar radiation on all
modules in the system severely reduces the
value of the power produced. Several
configurations have been presented in the
literature to improve the solar energy system
performance under these conditions. Static
configurations are characterized by not using
switches. The TCT configuration has proven
to be superior to many other static methods.

Other techniques tended to reposition the
shaded module within the same column it was
in. So that, the column is reconfigured
without moving the shaded module to another
column. Among the most recent methods
presented in this field is the column-wise-
reconfiguration (CWR) method, which has
proven to improve the performance of the
solar energy system. In this method, each
module is numbered by row and column
numbers. This number is then squared, and
the module moves a number of steps
according to the squared result. If the result of
the square is a number with more than one
digit, then the digits are added together to
produce the new moving single-digit number.
After moving the module, if the new location
the module is moved to is reserved by another
module, it will be kept in the save box. After
completing the repositioning of all modules,
the modules in the save box are placed in the
remaining vacant places. A more detailed
explanation of the method is available in [27].

Other reconfiguration methods focused on
reconfiguring the entire system so that the
shaded module could be moved to any row or
column. The researchers in [16] introduced a
unique reconfiguration method called
reconfigurable total cross tied (RTCT). This
method relied on the descending order of the
shaded modules from the most shaded to the
least shaded, and the arrangement starts from
the nearest corner. The second column starts
from where the first column ended. This
method has been tested on more than a
hundred shading patterns applied to five
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systems of different dimensions and showed a
remarkable improvement in the output power
value under the majority of shading patterns.

In this study, a comparison are
investigated between the three methods of
static, column reconfiguration, and array
reconfiguration represented by the TCT,
CWR, and RTCT methods, respectively. The
three methods are tested in two parts. The
first part involves static shading patterns, and
the system are tested under five different
shading patterns on a 5x5 system as shown in
Figure 2.

600 | 600
600 | 600

500
600

500
600

600
600

Pattern No. 1

Pattern No. 2

600
600
500
500

600
600
500
500

600
600
600

500

500 |00

Pattern No. 4

Pattern No. 3

500

500
500

600
600

600

Pattern No. 5
Figure 2. Static shading patterns
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Three levels of radiation are approved; the
first is the full radiation and represented by
900 W/m?, the second is medium radiation
which represented by 500 and 600 W/m?, and
the third is weak radiation and represented by
200 W/m?. As shown in the literature review
table, there is no specific standard for
representing radiation levels, but the main
criterion is to cover the gradation of different
radiation levels.

In the second part, the three methods are
tested on a system of one hundred modules,
arranged in 10x10 array, and under a dynamic
solar radiation pattern that changes over time
in ten patterns. Radiation levels started from
1000 W/m?and decreased to 100 W/m?at a
rate of 100 W/m? so that the system is
exposed to ten different radiation levels at the
same time. This dynamic pattern was derived
from the review [29] and Figure 3 illustrates
it.

The percentage of improvement compared
to the first method is measured through the
equation:

P method — A

Improvement ratio (IR%) = T %100 %

PTCT
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Figure 3. Dynamic shading pattern [29]
In the first part, the 5x5 system was exposed
to five static shading patterns as follows:

4. Results and discussions:
A comparison is investigated between the

three selected methods, each of which proved
superior to its counterparts using the same
methodology. Two selected systems were
built using Suntech Power STP300-24/Vd
module. Simulations were carried out using
MATLAB/Simulink, and the VOC, ISC,
VMP, IMP and PMP values were extracted,
as well as characteristic curves for each case.

Pattern No. 1:

This pattern represents the shading of entire
rows with varying shading levels. A solar
radiation of 900 W/m? is considered for the
unshaded modules and two degrees of
shading are applied with values of 600 and
200 W/m?,

600

600

600 | 600

600

600

600

600 | 600 | 600 600

600

600 | 600 | 600

600

600 | 600

@ TCT

(b) CWR

(c) RTCT

Figure 4. Techniques response to pattern No.1

600 600

500 600

500 | 500

600 500

600 | 600

500 500

(a) TCT

(b) CWR

() RTCT

Figure 5. Techniques response to pattern No.2

- 276 -



Vol.43, No.2. July 2024

600 | 600 500
600 | 600 600 | 500 500
600 | 600 500 600 | 500
500 | 500 500 | 600 600 | 500
500 | 500 500 600 | 600
(@ TCT (b) CWR (c) RTCT
Figure 6. Techniques response to pattern No.3
600 | 500 %
600 600 | 500 500
600 | 500 600 600
600 | 500 600 | 600
(@ TCT (b) CWR (c) RTCT
Figure 7. Techniques response to pattern No.4
280N 500 .
500 500 600 600
500 | 500 500 | 600
500 | 600 500 600 500 | 600
600 | 600 [ 200 ] 500 | 600 500 | 500
(@ TCT (b) CWR (c) RTCT

Figure 8. Techniques response to pattern No.5

Figure 4 shows the response of each of the
three methods as a result of exposure to the
shading pattern. CWR achieved an
improvement rate of 27.81%, while RTCT
provided the highest improvement rate of
about 32.49%. Both methods also provided
an acceptable level of voltage and current
values compared to TCT. Figure 9 shows the
characteristic curves of the three methods
under the influence of this pattern.

Figure 9. (I-V) and (P-V) characteristic
curves of the PV system under shading
pattern No. 1

Pattern No. 2:

Pattern No. 2 expresses the occurrence of
shading in the corner. This is represented by
the shading of two close levels of 500 and
600 W/m?. The locations of the new shaded
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modules after applying the three methods are
shown in Figure 5. CWR and RTCT methods
achieved an equal improvement of 5.1%
compared to TCT. Figure 10 shows the power
and current versus voltage curves.

Figure 10. (I-V) and (P-V) characteristic
curves of the PV system under shading
pattern No. 2

Pattern No. 3:

Longitudinal shading is possible, so it was
taken into account in this pattern. Shading of
two adjacent columns with two different
levels of solar radiation was considered. The
places of the modules are reconfigured based
on the three methods to become as shown in
Figure 6. It is noted here that both
reconfiguration methods are equal in the
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amount of power, voltage and current values
as shown by the curves in Figure 11. And the
improvement was 1.68% (with a power
increase of 96.6 W) comparing with TCT.

Figure 11. (I-V) and (P-V) characteristic
curves of the PV system under shading
pattern No. 3

Pattern No. 4:

Pattern 4 represents three different shades of
200, 500, and 600 W/m? The system is
exposed to them in a gradual, ladder-like
manner, while the rest of the modules have an
equal radiation rate of 900 W/m?. Figures 7
and 12 show the new shape after
reconfiguring the array and the characteristic
curves, respectively.

RTCT provided the highest improvement rate
of 15.15% with a power increase of 782.9 W,
while CWR was second with an improvement
rate of 13.66%. Both methods provided
acceptable levels of VMP and IMP.

Voltage (V)

Figure 12. (I-V) and (P-V) characteristic
curves of the PV system under shading
pattern No. 4

Pattern No. 5:

This pattern takes into account diagonal
shading. It is represented by three levels of
shading (200, 500 and 600 w/m?) that occupy
the diagonal of the array. Figure 8 shows the
response of each method and Figure 13
indicates the characteristic curves of the three
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compared methods with the no-shading case.
RTCT method achieved an improvement of
1.45% compared to TCT. Also, it is important
to note here that CWR has a negative
improvement by -6.6% which means that
static TCT is better than CWR.

The results of all measured values, along with
the percentage of improvement, are recorded
in Table 2. The no-shading case represents
equal radiation on all modules with a value of
900 W/m? For further explanation, the
resulting power values are plotted under each
shading pattern in the bar graph shown in
Figure 14.

Figure 13. (I-V) and (P-V) characteristic
curves of the PV system under shading
pattern No. 5

Outout power (W)

Figure 14. Bar chart of the three techniques'
output power under the shading patterns
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Figure 15. The 5x5 system showing the

S I . ] 1
E@“ 7@$ “I“%I Em f@f} bypassing diodes
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Table 2. Output values measured under different shading patterns
Method Voc (V) Isc (A) Vwvp (V) Ivp (A) Pmp (W) IR%
No-shading All 223.9 39.08 184.41 | 36.64 67575 | ---
TCT 220.9 39.08 109.31 | 36.62 4003.0 | ---
Pattern No. 1 CWR 221.4 36.48 188.55 | 27.14 5116.4 | 27.81%
RTCT 2214 33.87 18455 | 28.74 5303.4 | 32.49%
TCT 223.2 39.08 190.40 | 31.41 5980.4 | ---
Pattern No. 2 CWR 223.2 39.08 185.13 | 33.95 6285.6 |5.1%
RTCT 223.2 39.08 185.09 | 33.96 6285.6 |5.1%
TCT 222.4 39.08 186.44 | 30.88 5756.9 | ---
Pattern No. 3 CWR 222.5 35.61 185.31 | 31.59 5853.5 | 1.68%
RTCT 222.5 35.61 185.31 | 31.59 5853.5 | 1.68%
TCT 222.6 39.08 195.62 | 26.42 5168.2 | ---
Pattern No. 4 CWR 222.7 39.08 186.48 | 31.50 5874.4 | 13.66%
RTCT 222.7 36.48 186.08 | 31.98 5951.1 | 15.15%
TCT 221.8 33.87 188.06 | 28.83 54215 | ---
Pattern No. 5 CWR 221.8 39.08 192.02 | 26.37 5063.5 | -6.6%
RTCT 221.8 33.00 186.17 | 29.55 5501.1 | 1.45%

For further analysis, the activation of the
bypass diodes within the system was studied
under the conditions of the five patterns.
Figure 15 shows the system, with bypass
diodes numbered from D11 to D55. The
bypass diodes were recorded in the state of
activation; through which a current is passing,
and simulated under the application of the
three methods. It is noticed that the row with
the least shading, (with the highest radiation),
contains the non-activated bypass diode. And
if two rows have equal total radiation

summation, the bypass diodes of the two
rows are not activated. It is also noted that all
the bypass diodes in the same row are subject
to the same conditions for activation or not,
due to the TCT connection which makes all
the bypass diodes in the same row have the
same voltage at both ends. The two methods,
CWR and RTCT, have activated more of
these diodes, which means more ability to
pass current outside the shaded modules,
which means higher power output in the end.

Table 3. Bypassing diodes activation states
TCT CWR RTCT
P1 D11 D12 D13 D14 D15 D11 D12 D13 D14 D15 D11 D12 D13 D14 D15
OFF OFF OFF OFF OFF OFF OFF OFF OFF OFF ON ON ON ON ON
D21 D22 D23 D24 D25 D21 D22 D23 D24 D25 D21 D22 D23 D24 D25
OFF OFF OFF OFF OFF ON ON ON ON ON ON ON ON ON ON
D31 D32 D33 D34 D35 D31 D32 D33 D34 D35 D31 D32 D33 D34 D35
OFF OFF OFF OFF OFF ON ON ON ON ON ON ON ON ON ON

- 279 -




Vol.43, No.2. July 2024

D41 D42 D43 D44 D45 D41 D42 D43 D44 D45 D41 D42 D43 D44 D45
ON ON ON ON ON ON ON ON ON ON ON ON ON ON ON
D51 D52 D53 D54 D55 D51 D52 D53 D54 D55 D51 D52 D53 D54 D55
ON ON ON ON ON ON ON ON ON ON OFF OFF OFF OFF OFF
P2 | D11 D12 D13 D14 D15 D11 D12 D13 D14 D15 D11 D12 D13 D14 D15
OFF OFF OFF OFF OFF OFF OFF OFF OFF OFF OFF OFF OFF OFF OFF
D21 D22 D23 D24 D25 D21 D22 D23 D24 D25 D21 D22 D23 D24 D25
OFF OFF OFF OFF OFF ON ON ON ON ON ON ON ON ON ON
D31 D32 D33 D34 D35 D31 D32 D33 D34 D35 D31 D32 D33 D34 D35
OFF OFF OFF OFF OFF ON ON ON ON ON ON ON ON ON ON
D41 D42 D43 D44 D45 D41 D42 D43 D44 D45 D41 D42 D43 D44 D45
ON ON ON ON ON ON ON ON ON ON ON ON ON ON ON
D51 D52 D53 D54 D55 D51 D52 D53 D54 D55 D51 D52 D53 D54 D55
ON ON ON ON ON ON ON ON ON ON ON ON ON ON ON
P3| D11 D12 D13 D14 D15 D11 D12 D13 D14 D15 D11 D12 D13 D14 D15
OFF OFF OFF OFF OFF ON ON ON ON ON OFF OFF OFF OFF OFF
D21 D22 D23 D24 D25 D21 D22 D23 D24 D25 D21 D22 D23 D24 D25
ON ON ON ON ON ON ON ON ON ON OFF OFF OFF OFF OFF
D31 D32 D33 D34 D35 D31 D32 D33 D34 D35 D31 D32 D33 D34 D35
ON ON ON ON ON OFF OFF OFF OFF OFF ON ON ON ON ON
D41 D42 D43 D44 D45 D41 D42 D43 D44 D45 D41 D42 D43 D44 D45
ON ON ON ON ON ON ON ON ON ON ON ON ON ON ON
D51 D52 D53 D54 D55 D51 D52 D53 D54 D55 D51 D52 D53 D54 D55
ON ON ON ON ON OFF OFF OFF OFF OFF ON ON ON ON ON
P4 | D11 D12 D13 D14 D15 D11 D12 D13 D14 D15 D11 D12 D13 D14 D15
OFF OFF OFF OFF OFF ON ON ON ON ON ON ON ON ON ON
D21 D22 D23 D24 D25 D21 D22 D23 D24 D25 D21 D22 D23 D24 D25
OFF OFF OFF OFF OFF ON ON ON ON ON ON ON ON ON ON
D31 D32 D33 D34 D35 D31 D32 D33 D34 D35 D31 D32 D33 D34 D35
ON ON ON ON ON ON ON ON ON ON ON ON ON ON ON
D41 D42 D43 D44 D45 D41 D42 D43 D44 D45 D41 D42 D43 D44 D45
ON ON ON ON ON ON ON ON ON ON OFF OFF OFF OFF OFF
D51 D52 D53 D54 D55 D51 D52 D53 D54 D55 D51 D52 D53 D54 D55
ON ON ON ON ON OFF OFF OFF OFF OFF ON ON ON ON ON
P5 | D11 D12 D13 D14 D15 D11 D12 D13 D14 D15 D11 D12 D13 D14 D15
ON ON ON ON ON ON ON ON ON ON OFF OFF OFF OFF OFF
D21 D22 D23 D24 D25 D21 D22 D23 D24 D25 D21 D22 D23 D24 D25
ON ON ON ON ON ON ON ON ON ON ON ON ON ON ON
D31 D32 D33 D34 D35 D31 D32 D33 D34 D35 D31 D32 D33 D34 D35
ON ON ON ON ON OFF OFF OFF OFF OFF OFF OFF OFF OFF OFF
D41 D42 D43 D44 D45 D41 D42 D43 D44 D45 D41 D42 D43 D44 D45
ON ON ON ON ON ON ON ON ON ON OFF OFF OFF OFF OFF
D51 D52 D53 D54 D55 D51 D52 D53 D54 D55 D51 D52 D53 D54 D55
OFF OFF OFF OFF OFF ON ON ON ON ON ON ON ON ON ON

In the second part, the 10x10 system was
exposed to a dynamic shading patterns as
shown in Figure 3. The patterns changed over
time in ten different shapes. The results
recorded for each shape and the average are
shown in Table 4 where the output power
without and shading equals 30032 W. RTCT
provided the highest improvement rate for all
cases with 9.5% for average of the total
period where CWR achieved 6.9%.Also, it is
observed that the effectiveness of the two
methods increased mainly with increasing the

shading depth. In the first five minutes, the
improvement rate did not exceed 1% as the
shading depth was small. CWR and RTCT
presented an improvement rate with priority
to RTCT of 2.6% comparing to CWR.

Then in the next five minutes, the shading
depth was more. So, the improvement rates
were higher. For example, in the 9" minute,
RTCT and CWR achieved rates of 30.56%
and 23.95% respectively. That means more
than 5.9 KW for RTCT and that's a rich plus.

Table 4. Output values measured under different shading patterns

No. | TCT(W) | CWR(W) |
1 | 29477 | 29563 |
2 | 29077 | 29211 |
3 | 28667 | 28792 |

RTCT (W) | CWRIR% | RTCT IR%

29605 | 0.29 | 0.43
29245 | 0.46 | 0.58
28831 | 0.43 | 0.57
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4 | 282711 | 28310 | 28344 | 0.14 | 0.26
5 | 27419 | 27493 | 27583 | 0.27 | 0.60
6 | 24056 | 25534 | 26680 | 6.14 | 1091
7 | 22085 | 25570 | 26259 | 1578 |  18.90
8 | 20149 | 24523 | 25600 | 2171 |  27.05
9 | 19358 | 23994 | 25274 | 2395 | 3056
10 21458 24276 26335 13.13 22.73
Average 25002 26727 27376 6.90 9.50

6. Conclusion

When the modules of the PV system are not
exposed to equal amounts of solar radiation,
the value of the total power produced by the
system is greatly reduced. In this study, a
comparison was made between three
methods to increase the power output under
the influence of these conditions. The three
methods are based on different techniques:
static, reconfiguring the column, and
reconfiguring the array. The TCT, CWR, and
RTCT methods were chosen to represent the
three techniques, respectively. The three
methods were tested in two parts. The first
part included five different static shading
patterns and have been tested on a 5x5
system. RTCT showed superior results
compared to the other two methods. It
improved power output in all five patterns
with rates ranging from 1.45% to 32.49%.
While the CWR method achieved
improvement in four patterns with lower
percentages (between 1.68% and 27.81%),
and one pattern was lower than the static
TCT. Therefore, direct development of static
systems into array reconfiguration using
RTCT is recommended if the goal is to
obtain the maximum possible power. The
effect of the three methods on the diodes was
also studied, and it was found that the two
methods, RTCT and CWR, activated a larger
number of bypassing diodes, which gives a
greater opportunity for the string currents to
pass outside the shaded modules and then a
higher output capacity was produced.
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