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Abstract. Efficiency of photovoltaic (PV) systems is decreased by mismatch losses resulting from uneven
panel irradiation. Current compensation techniques that inject compensatory current and measure currents
by periodic row short-circuiting are unavoidably blackout-causing. In this work, a novel current
compensation technique is presented that dynamically measures and reacts to variations in irradiance using
light sensors on each panel. The program compiles these data to determine the overall irradiance of each
row and to precisely modify the injected current to sustain output without any interruptions to operation.
The proposed approach lowers mismatch losses more effectively than traditional techniques, as
demonstrated by MATLAB/Simulink simulations of seven shading patterns. Under center shading, the
proposed approach raised system efficiency by 36%. These results indicate a move towards more flexible
solar energy solutions by implying that sensor-driven data analytics can increase PV system operational

efficiency and reliability.

1 Introduction

Renewable energy innovations solve carbon emissions
and fossil fuel depletion [1], [2], [3]. Development
usually favors renewable energy sources with simple
harvesting and low harvesting costs. Solar energy
conversion (SEC) has fewer drawbacks than direct
implementation and rural electrification. SEC systems
collect it wusing photovoltaics and solar thermal
conversion. Solar photovoltaic conversion is an efficient
and environmentally friendly way to electrify rural
areas. Solar PV systems convert sunlight into electrons
using the photovoltaic effect [4]. Commercial
applications included polycrystalline, monocrystalline,
thin-film, bifacial, and photovoltaic buildings [5].

PV cells are arrayed by power need. Array topologies
are classified as series-parallel or module interaction.
Mismatch losses are the biggest concern in array
construction. This mismatch loss is caused by PV
module power generation differences. Photovoltaic
(PV) systems also suffer from partial shade, hotspot,
delamination, degradation, diode failure, string burning,
and isolated PV cells or modules that cause mismatch
losses across PV array rows [6], [7], [8]. PV modules
and row creation generate electricity, which affects PV
array power output. Due to these factors, some rows
generate the rated power and others less. The power
difference between healthy and defective PV rows is
called MLs. When PV is integrated into the grid, it
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affects grid stability until the PV generates the expected
power [9]. To reduce mismatch losses, MPPT, array
configuration, PV array reconfiguration, and current
compensation are being investigated. Previous MPPT
versions used perturb and observation. Later,
incremental conductance MPPT methods were
developed. However, partially shaded photovoltaic (PV)
systems produce power (P)-voltage (V) and current (I)-
voltage (V) curves that are not smooth [10], [11]. A
non-smooth curve may have many local maximum
power points. There are many maximum power points,
making it hard to determine the Global Maximum Power
Point (GMPP). The majority of MPPT algorithms
produce inefficient GMPPs. MPPT optimizes and uses
soft computing to improve performance. MPPT is used
in fuzzy logic control, neural networks, Al, ant colony
optimization, particle Swarm optimization, and more.
[12]. Tracking the MPPT fails to track the GMPP in
difficult situations. The MPPT cannot distribute shade
throughout the PV array, another drawback. Besides
mismatch loss reduction, PV array reconfiguration is an
option[6], [13], [14]. This uses dynamic switching
circuits to change PV module interconnections to spread
faults across an array [15]. This technology is expensive
because it uses sensors, switches, and other controls
[16], [17]. External power compensation sources are
connected to each panel or row simultaneously to
compensate for power loss [18]. Thus, array mismatch
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losses are eliminated. Construction and maintenance of
this compensation method are costly.

Power demand with required specifications is usually
generated using array configuration. Partial shadowing
depends on array structure. Series, Parallel, and Series-
Parallel array configurations are common in PV
applications [19], [20]. However, these arrays cannot
disperse partial shade effects. Power output increases
when photovoltaic modules are dynamically connected.
The initial goal of the total cross-tied (TCT) system was
to connect each panel in parallel and series with nearby
PV modules. These conditions reduce the shaded panel
effect in series connections. PV row mismatch loss
occurs when a row is completely blocked. This reduces
power generation. Competent square, dominating
square, skyscraper, magic square pattern-based,
Sudoku, Futoshiki, honey-comb, bridge-linked, and
other array configurations can be used to reduce
mismatch losses in advanced TCT [21]. Each array
configuration uses different logic. Logics may have
mathematical formulations with constraints.
Honeycombs inspired the honeycomb-shaped PV string
connections. In a bridge-linked array, photovoltaic
strings are connected by bridges. Sudoku and Futoshiki
are used to build the PV array [22, 23]. Magic square
arrays have equal row, column, and diagonal sums.
After minor adjustments, the magic square array is
followed by competent and dominant squares [23], [24],
[25]. L-shaped propagation array row structure was
inspired by chess knight coin movement [26]. Along
with building the nodes, the spiral pattern array was
created [27]. These array setup combinations are the
most common and current. System mismatch loss can be
greatly reduced with new logic. The configurations are
better in some known environmental conditions, but
they failed to disperse loss-causing factors in some
worst cases. Incorporating new logics with efficient
operation in all configurations improves PV power
generation. This method addresses these challenges and
proposes a new solution for the reduction of mismatch
losses. The contribution of this proposed work are,

* Real-Time Irradiance Measurement: A new
technique was presented to dynamically modify
current injection, guaranteeing uniform current
distribution and lowering mismatch losses, by using
real-time irradiance measurements from light
sensors on each PV panel.

* Improved Performance Under Shading: Using
MATLAB/Simulink simulations, showed notable
increases in power output and system efficiency
across different shading patterns, outperforming
traditional Total Cross-Tied (TCT) configurations.

 Short-circuiting rows is not necessary for the
proposed technique to operate continuously, which
eliminates blackout periods and guarantees a steady
power supply.

* Reliability of PV systems is increased by the
simplicity of the system setup and the reduction of
possible points of failure brought about by the
removal of switches and current sensors.

2 Proposed Method

Photovoltaic (PV) systems experiences power loss for a
number of reasons. Efficiency is greatly reduced by
partial shading, in which structures or trees obscure
sunlight on portions of the PV array. Dirt and debris
building up on the panel surfaces causes soiling, which
reduces light absorption and total power output.
Variations in temperature are also quite important; high
temperatures can reduce module efficiency and raise
system resistance. Variations in module performance,
frequently brought on by aging, uneven irradiation, or
manufacturing variations, cause mismatch losses. Power
dissipation also results from electrical resistance in
connections and wires. Long-term environmental
exposure degradation reduces PV cell efficiency even
more. PV system performance optimization depends on
addressing these problems with efficient mitigation
techniques.

The Fig. 1 illustrate the significant impact of varying
irradiance levels on the electrical characteristics of
photovoltaic (PV) modules. The short circuit current
(Isc) rises in tandem with irradiance. This proves that
the PV modules produce more current at higher
irradiance levels. With changing irradiance, the open-
circuit voltage (Voc) varies comparatively little from the
current. While it rises somewhat with increasing
irradiance, the voltage is less sensitive to variations in
light intensity than the current. One Maximum Power
Point (MPP) on the power-voltage curve is associated
with each irradiance level. Higher MPPs indicate that
the PV module generates more power in higher
irradiance levels of sunshine. A PV module's power
output rises dramatically with increasing irradiance
levels. This emphasizes the need of optimizing light
exposure to increase PV systems' energy yield.
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Fig. 1. Performance of a PV system with respect to the
solar irradiance

In photovoltaic (PV) systems, mismatch losses result
from unequal irradiation of PV panels and greatly lower
system efficiency overall. In order to solve this problem,
we present a new current injection technique that
dynamically modifies the current across the PV array by
using real-time solar irradiance data. This approach tries
to increase efficiency and dependability by guaranteeing
constant current distribution across all rows without
operational blackouts. Fig. 2 shows the flow charts of
the conventional and proposed current compensation
methods.
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2.1 Conventional Current Injection Method

In the traditional approach, current mismatches are
measured and corrected for by a sequence of steps
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Measure Load Current (IL): The state of the system
is first ascertained by measuring the load current.
Wait for 5 Seconds: The present measurement is
stabilized by a little holding period.

Measure Load Current Again (Irnew): Following the
waiting time, the load current is taken once again.
Calculate Current Difference (AIL): The initial and
new load current differences are determined:

A[L = [L - IL,new
o .
Check if (A]L 25%): Verify if a big mismatch is
indicated by a difference more than 5%.
Short-Circuit All Rows (IR): The row currents are
measured by short-circuiting every row (IR).
Determine Injection Current (Iinj): This determines

Iinj =lge— 1

Where Istc the present of the standard test condition
is.

* Inject L to Each Row: To offset the mismatch, the
calculated injection current is injected into each row.
» Wait for Operating Period: Prior to the subsequent
measurement cycle, the system holds for a
predetermined operating period.
* Remove Injection Current: The system restarts
normally after the injection current is removed.
Among the many disadvantages of this approach are
blackout times during short-circuit measurements, more
switches and current sensors in the system, and a
delayed reaction to changing irradiance conditions.

how much injection current each row needs:
EXISTING CURRENT INJECTION METHOD
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Fig. 2. Flow chart of the proposed and conventional method

2.2 Proposed Current Injection Method

The proposed method offers a more efficient and
reliable approach by leveraging real-time irradiance
measurements:
« Start: The process begins with system initialization.
* Measure Solar Irradiance: A light-dependent resistor
(LDR) or other comparable light sensor is included
into every PV panel to measure solar irradiance
continuously.
 Calculate Row Current Using Irradiance vs. Current
Relation: The algorithm adds the irradiance values of
every panel in a row to determine the anticipated row
current based on measured irradiance:

n
]mw — ZI , X Gactual
panel; G
i=1 STC

compensation is determined by setting a threshold

value.: AIthrexlfmld

Calculate Injection Current: Every row's injection
current is determined by subtracting the measured
row current from the ideal row current (which is
obtained from the row with the highest irradiance):

[irgf (t) = ]max - [row (t)

Inject Ly (1) to Each Row: Dynamically injecting
the computed injection current into each
underperforming row equalizes the current across all
TOWS.

Wait for Operating Period: To allow stabilization,
the system waits for a predetermined operating
period before the next cycle of measurement and
adjustment.

* Fix the Threshold Value for the Injection Current:

The least deviation that initiates current 2.3 Comparison of the Methods

The traditional technique causes blackout periods when
no electricity is produced by periodically short-
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circuiting PV rows and current measurements.
Furthermore adding to the complexity and possible
failure points are switches and current sensors. Its
efficacy is further diminished by the delayed reaction to

The proposed method has been modelled and validated
in MATLAB/Simulink. Simulations are performed in
several shading patterns—corner, center, frame, Short
Narrow (SN), Short Wide (SW), Long Narrow (LN),

shifting irradiance conditions. Using real-time and Long Wide (LW)—were used to evaluate the
irradiance measurements from light sensors, on the other proposed current compensation method as shown in Fig.
hand, the proposed approach eliminates blackout 3.

periods and simplifies setup by doing away with ujief1s| 1|15

switches and current sensors. Because it calculates and e

injects current instantly using real-time data, it iTalalals

guarantees quick and ongoing adaptation to changing 51|52[53]54[55

Healthy

irradiance conditions. Mismatch loss mitigation is much
improved by this dynamic and continuous current

TR 3] 5]

. . . . 21 23 pry 23 24 25
adjustment, which raises PV system efficiency and = EE. s
dependability. By using sensor-driven data analytics to iz i [{ o mes
sustain uniform current distribution and maximize s1]52]5
power output under different shading conditions, the Diagonal Random

proposed current injection method provides a significant
improvement over conventional approaches.
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3 Simulation Analysis

Fig. 4. Different Kinds of Shading Pattern
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The MATLAB/Simulink model has shown in Fig. 4.
Key performance metrics including maximum current,
maximum power, and overall system efficiency were the
main focus of the comparison between the proposed
approach and the traditional Total Cross-Tied (TCT)
configuration. The simulations show that the proposed
technique greatly improves PV system performance in
various shading situations. In corner shading, for
example, the proposed approach demonstrated a
significant increase in current injection, so lowering
mismatch losses and enhancing overall performance. In
other shading situations as well, this pattern remained
constant.

Regarding center shading, which with traditional
techniques usually causes significant mismatch losses,
the proposed approach successfully made up for these
losses while preserving a more steady power output.
This shows that the proposed technique can manage
very dark situations where traditional techniques fail.
The characteristic curves under corner shading is shown
in Fig. 5. The proposed approach once more
outperformed the conventional method under frame
shading conditions, exhibiting a higher maximum power
output. The characteristic curves under center shading
and frame shading are shown in Fig. 6 and Fig. 7. This
shows that it works well to lessen the negative impacts
of partial shading, which is essential to preserving peak
performance in practical PV installations. Varying
irradiance levels are produced throughout the PV array
by the SN shading pattern. Under these circumstances,
the real-time adjusting features of the proposed
approach greatly improved system performance. In a
similar vein, the proposed approach was able to sustain
greater efficiency and power output than the traditional
TCT method under SW shading. The characteristic
curves under SN shading and SW shading are shown in
Fig. 8 and Fig. 9. The proposed technique efficiently
managed the LN shading pattern, which in conventional
systems results in large power losses. It also guaranteed
uniform current distribution. The characteristic curves
under LN shading and LW shading are shown in Fig. 10
and Fig. 11.. Similar to this, the proposed technique
successfully reduced the LW shading pattern, which
usually causes significant power losses, improving
overall performance. Real-time adjustments made by
the proposed approach emphasize its efficacy even
more. The proposed approach guarantees best
performance even in fast changing environmental
conditions by dynamically modifying the current
injection and continuously monitoring irradiance levels.
Compared to traditional techniques, which depend on
sporadic measurements and adjustments, resulting in

Current (A)

" 10 0 30 40 50 ] 0 0 30 40 50
Valtage (V) Valtage (V)

Fig. 9. Performance curves under SW Shading

delayed responses and lower efficiency, this real-time
response ability is a major advance. The required
injection current was measured in each case was
measured by the controller, and the injection current on
each shading cases are given in table 1. Similarly, the
performance of the proposed method over the
conventional method has been validated and compared.
This comparison result has been given in table 2.

Current (A)

Propused-TCT

Conventional-TCT

o 10 20 30 40 0 0 10 20 30 40 50
Voltage (V) Voltage (V)

Fig. 5. Performance curves under Corner Shading
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Fig. 10. Performance curves under LW Shading

A major benefit of the proposed approach is the removal
of blackout periods. The proposed approach runs
continuously and without interruption, unlike traditional
methods that need short-circuiting rows and so
experience periods of mno electricity production.
Consistent energy output depends on a steady power

supply, which this continuous operation guarantees in
addition to increasing overall efficiency. The results
show that, for all tested shading patterns, the proposed
current compensation technique routinely outperforms
the traditional TCT configuration in terms of power
output and efficiency. This shows the robustness and
flexibility of the proposed approach to different shading
situations, which are typical in actual PV installations.
The design of PV systems will be greatly impacted.
Several practical benefits of the proposed current
compensation technique include higher -efficiency,
higher reliability, and increased power output. Even in
the presence of some shading, PV systems can maintain
higher efficiency and power output by combining
dynamic current adjustments with real-time irradiance
measurements.

Table 1. Injection Current in each shading cases

Rows Corner Center Frame SN SwW LN LW
Ir Tinj Ir Tinj Ir Tinj Iinj Ir Iinj Ir Iinj Ir Imnj
Row 1 588 | 038 ] 625| 0.00| 3.63| 263 | 475| 150 | 575| 050 | 475] 150 | 4.00 | 2.25
Row 2 625| 0.00| 400 | 225| 475| 150 | 538 | 0.88| 538 | 0.88 | 463 | 1.63| 338 | 2.88
Row 3 625] 0.00| 425| 200] 550 ] 075 500| 125| 500| 1.25] 513 | 1.13| 463 | 1.63
Row 4 625] 0.00| 538| 088 | 525| 1.00| 625| 000 | 563| 063 ] 625| 0.00| 463 | 1.63
Row 5 525 | 1.00| 625| 0.00]| 275] 350 | 625| 0.00| 500| 125] 625]| 0.00]| 6.25| 0.00
Table 2. Power output of conventional and proposed method
Maximum Current Maximum Power Efficiency
S.NO Shading Type
IC P PC PP N N
1 Healthy 55 5.5 250 250 100.0% 100.0%
2 Corner 4.62 5.5 210 250 84.0% 100.0%
3 Centre 3.52 5.5 160 250 64.0% 100.0%
4 Frame 2.42 5.5 110 250 44.0% 100.0%
5 SN 4.18 5.5 190 250 76.0% 100.0%
6 SW 44 5.5 200 250 80.0% 100.0%
7 LN 4.07 5.5 185 250 74.0% 100.0%
8 LW 2.97 5.5 135 250 54.0% 100.0%

For installations in settings where shading is inevitable,
this makes the technique especially useful. All things
considered, the findings show that the proposed current
compensation approach is a workable and efficient way
to improve PV system performance and dependability.
Further algorithm optimization and validation by field
testing could be part of future work to verify the
algorithm's performance in practical settings. The
encouraging findings of this work imply that the
proposed approach, which provides a more robust and
effective way to controlling partial shading and
enhancing overall system performance, may be very
important in the next generation of PV systems.

4 Conclusion

This study presents a novel current compensation
method to mitigate mismatch losses in photovoltaic
(PV) systems caused by uneven irradiance. Using real-

time irradiance measurements from light sensors on
each PV panel, the method dynamically adjusts current
injection across the array, ensuring uniform current
distribution without interruptions. Tested under various
shading patterns using MATLAB/Simulink simulations,
the proposed method demonstrated significant
improvements in performance compared to the
conventional Total Cross-Tied (TCT) configuration. It
effectively reduced mismatch losses, maintained higher
power output, and improved overall system efficiency
across all shading conditions. The proposed method's
key advantages include real-time adjustments,
elimination of blackout periods, and a simplified system
setup by removing the need for switches and current
sensors. This dynamic adjustment ensures optimal
performance even under rapidly changing conditions,
making it robust and adaptable. In summary, the
proposed current compensation method offers a
practical and efficient solution for enhancing PV system
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performance and reliability, particularly in partially
shaded environments. Its ability to manage irradiance
variations dynamically holds promise for improving

solar

energy systems' efficiency and reliability,

contributing to broader renewable energy adoption.
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