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Fig.9. GMPP power variation in (a) SP, (b) BL, (c) HC, and (d) TCT-configurations under different shading scenarios and number of cells per bypass
diode (BD, bypass diode). Color scale from red to blue indicates high-to-low power levels.

is for TCT. Similar to the maximum power, current values show a clear
decline with more pronounced reductions in cases where a higher
number of modules are shaded (e.g., scenario 30). For scenarios with
the same number of shaded modules, similar results are obtained
depending on the configuration. This is particularly evident for sce-
narios 20-24 in the TCT-configuration, where the interconnection
design ensures that rows with an equal number of shaded modules
exhibit similar current values [38]. While increasing the number of
cells per bypass diode generally results in a decreasing current trend,
in some scenarios, fluctuations occur depending on the location and
intensity of shading. This behavior is most pronounced in the SP, BL,
and HC configurations, leading to larger deviations in global I, The
TCT configuration demonstrates a more stable current profile, with
minimal changes.

The voltage at GMPP values has larger voltage deviations under
more severe shading conditions in comparison to the unshaded
reference case. For the same shading scenario, different PV configu-
rations do not exhibit similar voltage responses, indicating that the
interaction between shading patterns, array configuration type, and
bypass diode placement leads to distinct outcomes. For instance, in
scenario 2, the SP configuration (Fig. 11(a)) shows a decrease as the
number of cells per bypass diode increases, while the BL (Fig. 11(b))
and HC (Fig. 11(c)) configurations show an initial increase in voltage

and then a decrease. In contrast, TCT in Fig. 11(d) provides relatively
stable but slightly fluctuating voltage values. Similarly, in Scenario
30, SP shows an initial increase followed by a decrease in voltage
with fewer bypass diodes, while TCT shows the opposite trend. These
variations indicate the need to evaluate current and voltage behav-
ior together to accurately interpret the performance of each array
configuration. In some shading scenarios, voltage values exceed the
unshaded case, indicating that the operating voltage shifts closer to
the open-circuit voltage region due to a significant drop in current
at GMPP. It is a direct consequence of the shift of GMPP toward a
different voltage-current pair, indicating that the GMPP has moved.
The presence of bypass diodes introduces multiple maxima in the
P-V curve depending on the shading level [38, 39]. This causes the
GMPP to shift as a function of irradiance levels. Under shading con-
ditions, certain groups of cells are bypassed, altering the effective
current paths and leading to MPP relocation along the voltage axis.
While BL, HC, and SP exhibit moderate voltage variations across
shading scenarios, TCT consistently demonstrates the highest stabil-
ity in voltage values.

A more quantitative assessment is provided by Table IV, which shows
the average values of the voltage, power, and current at GMPP across
all the configurations. The table includes the average values of P,,,,,
Vier @nd |, over the 30 partial shading scenarios considered. It



Electrica 2025; 25: 1-14
Sezgin Ugranli. Number of Bypass Diodes Effect on PV Array Performance

E Al
wa 30
i 35
= 20
€=
g — 10
£ S
°3 : 30
O = »
(&) q,{b
25
20
15
10
5
> 0
(b) ° 18 12 6 0
Number of Cells per B
<
% a 30
- 35
= 20
€=
g = 10
£ S
8 30
og Ny
25
20
15
10
5
A
N > o4 18 12 6 Bg
Number of Cells per

Fig. 10. GMPP current variation in (a) SP, (b) BL, (c) HC, and (d) TCT-configurations under different shading scenarios and number of cells per
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allows a comparative analysis of the impact of configuration type
and bypass diode placement on overall PV performance. Compared
to the unshaded reference case in Table Il (6014.8 W at 45°C), the
average power obtained across all partial shading scenarios is sig-
nificantly lower, often falling around 4000 W. This substantial decline
is primarily due to the high shading intensity and nonuniform irradi-
ance distribution. The above explanation is supported by the aver-
age GMPP results which a larger number of bypass diodes (i.e., 6 cells
per bypass diode) consistently results in higher power output across
all configurations. As the number of cells per bypass diode increases,
a progressive decrease in P,,,, is observed. The SP exhibits the steep-
est decline, from 3904.1 W to 3368.6 W, followed by HC (4028.9 W
to 3599.9 W) and BL (4133.9 W to 3790.6 W). The BL configuration
exhibits a smaller percentage decrease in power output compared
to the SP configuration, while the HC configuration follows a simi-
lar performance trend to that of BL. Among all configurations, TCT
demonstrates the least power reduction, decreasing from 4326.9
W to 4146.2 W, thereby highlighting its superior adaptability under
shading conditions. On the other hand, the current values of all
configurations are notably lower than the reference case under uni-
form irradiance which is 38.92 A. When comparing the extremes—6
cells and 24 cells per bypass diodes—SP exhibits the largest current
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reduction with a difference of 3.231 A, followed by BL with 3.426 A,
HC with 3.661 A, and TCT with the smallest decrease of 1.825 A. In
conclusion, the results underscore the critical role of both array con-
figuration and the number of bypass diodes in determining PV array
performance under partial shading conditions. Among the evaluated
configurations, TCT consistently achieves the highest performance
in mitigating mismatch losses, primarily due to its inherent intercon-
nection flexibility and its compatibility with increased bypass diode
utilization. Increasing the number of bypass diodes effectively allevi-
ates the adverse effects of shading by minimizing significant drops
in the GMPP. In contrast, the series-connected nature of the SP con-
figuration leads to current bottlenecks, where a single shaded mod-
ule restricts the current flow of the entire string, thereby triggering
frequent bypass diode activation. These findings highlight that the
combination of an optimized bypass diode placement strategy and
a robust array configuration, particularly the TCT topology, plays a
vital role in enhancing PV system efficiency and energy yield under
realistic operating conditions.

These findings collectively emphasize the critical role of bypass
diode count in shaping array performance under nonuniform
irradiance. Configurations employing a higher number of diodes
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Fig. 11. GMPP voltage variation in (a) SP, (b) BL, (c) HC, and (d) TCT-configurations under different shading scenarios and number of cells per
bypass diode (BD, bypass diode). Color scale from red to blue indicates high-to-low voltage levels.

consistently demonstrate improved power output and voltage sta-
bility due to reduced mismatch losses and more efficient current
routing. By protecting smaller cell groups, more diodes reduce the
reverse bias stress and allows for improved power extraction during
irregular irradiance, contributing to higher long-term energy yields
and operational stability [40]. This design choice also introduces
specific manufacturing and operational trade-offs. Integrating more
diodes requires additional interconnection points and soldering
steps, which increases assembly complexity. This can lead to higher
manufacturing costs due to the additional interconnections, precise
soldering, and extended quality control required. In the long term,
the higher number of contact points can increase the risk of thermal
and mechanical degradation, which can lead to higher maintenance
costs and shorter lifecycles [41, 42]. Furthermore, complex bypass-
ing schemes can introduce multiple local maxima in the P-V curve,
which can complicate MPPT operation [43].

Although including additional bypass diodes introduces manu-
facturing and operational challenges, the long-term performance
advantages effectively offset these drawbacks. A greater number of
diodes improves thermal protection by limiting reverse bias stress
on shaded cells, thereby substantially reducing the risk of hotspot

development [40]. This is a critical factor in long-term module deg-
radation. Additionally, increased segmentation improves the resolu-
tion of voltage steps in the P-V curve, enabling more accurate GMPP
tracking under variable shading conditions [33, 39]. These benefits
support higher energy yield and operational stability, particularly in
shade-prone environments [44]. Consequently, although the initial
cost and design complexity may be higher, the long-term efficiency
and durability gains have the potential to justify the investment,
making these configurations especially advantageous for shade-
prone PV applications.

V. CONCLUSION

Partial shading remains a major obstacle to maximizing the energy
yield of PV systems, particularly in real-world environments where
dynamic and nonuniform irradiance conditions are unavoidable.
This study systematically investigated the impact of bypass diode
configuration—specifically the number of cells per bypass diode—
on the performance of four commonly used PV array configurations:
SP, BL, HC, and TCT. Using a MATLAB Simscape model, 30 several par-
tial shading scenarios are simulated to evaluate power, current, and
voltage behavior at the GMPP.
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TABLE IV. AVERAGE VALUES OF GMPP PARAMETERS FOR 30 PARTIAL
SHADING SCENARIOS

Cells per
Bypass Averageof Averageof Average of
Configuration Diode Ppax (W) Ve (V) Lypp (A)
Series-parallel 6 3904.1 137.95 28.321
12 35758 137.275 26.297
18 3457.7 138.305 25427
24 3368.6 135.85 25.09
Bridge-link 6 41339 148.573 27.865
12 39156 15022 26.194
18 38386 153.38 25.159
24 3790.6 156.61 24439
Honey-comb 6 40289 141.85 28432
12 37448 145.296 25977
18 36589 148.182 24973
24 3599.9 147.32 24.771
Total cross-tied 6 43269 154.663 27.999
12 4200.6 155714 27.022
18 4156.8 156.67 26.61
24 4146.2 158.853 26174

The results reveal that both array and bypass diode configurations
significantly influence the system’s ability to mitigate mismatch
losses. Increasing the number of bypass diodes consistently led to
improved performance, particularly under severe shading condi-
tions. Among the configurations, TCT demonstrates the highest
robustness, maintaining relatively stable power output, current, and
voltage levels across all scenarios. In contrast, the SP configuration
suffers from the greatest performance degradation due to its sensi-
tivity to series-connected current bottlenecks. While BL and HC offer
intermediate resilience, their performance is still notably affected by
the choice of bypass diode configuration.

Average performance metrics across all scenarios further confirm
that more bypass diodes yield significant gains in GMPP power and
current, regardless of array type. However, the degree of improve-
ment is closely tied to the underlying interconnection strategy of
each topology. These findings highlight the critical role of bypass
diode design in optimizing PV system reliability and energy output.
Future PV array designs, especially those for shaded or urban environ-
ments, may strategically integrate more bypass diodes in association
with robust array configurations such as TCT to ensure superior mis-
match handling and energy harvesting performance. Consequently,
rather than making generalized comparisons between array con-
figurations, it would be more appropriate to conduct site-specific
evaluations that account for both the number of bypass diodes and
the severity of partial shading condition.
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