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Abstract—Soiling poses a significant challenge to the perfor-
mance of photovoltaic (PV) systems in desert climates. This phe-
nomenon can be attributed to three primary factors: 1) the ac-
cumulation of nondispersed shades, 2) the emergence of multiple
power peaks, and 3) the inability of conventional maximum power
point trackers (MPPTs) to locate the global MPP (GMPP). To
address these issues, this study proposes a new array design that
disperses shades caused by soiling through the relocation of PV
modules. Distinct to existing works, this method not only enhances
power delivery during soiling conditions but. also ensures inverter-
friendly MPP tracking by aligning the GMPP with the array’s
open circuit voltage. This alignment is crucial for eliminating volt-
age fluctuations, allowing even conventional MPPTs to effortlessly
track the GMPP without the need for complex tracking algorithms.
Furthermore, an advanced tracking strategy has also been pro-
posed to improve the tracking speed. For validation purposes, both
shade dispersion and GMPP tracking capabilities of the proposed
method are fully tested using various soiling shade profiles. The
results clearly demonstrate that this developed methodology offers
the flexibility to operate the PV array in both MPP and constant
power generation modes, making it highly advantageous for grid-
connected applications.

Index Terms—Maximum power point (MPP), photovoltaic (PV),
reconfiguration and interconnection schemes.

Manuscript received 15 February 2023; revised 29 June 2023 and 17 August
2023; accepted 28 September 2023. Date of publication 3 October 2023; date
of current version 6 December 2023. This work was supported by Technology
Development Program to Solve Climate Changes through the National Research
Foundation of Korea (NRF) funded by the Ministry of Science, ICT under
Grant 2021M1A2A2043894. The work of J. Prasanth Ram was supported by
the National Research Foundation of Korea funded by the Ministry of Science
and ICT under Grant 2020H1D3A1A04079991. Recommended for publication
by Associate Editor T. Qian. (Dhanup S. Pillai and J. Prasanth Ram are co-first
authors.) (Corresponding authors: J. Prasanth Ram; Young-Jin Kim.)

J. Prasanth Ram and Young-Jin Kim are with the Energy Systems Lab,
Department of Electrical Engineering, Pohang University of Science and Tech-
nology, Pohang 37673, South Korea (e-mail: drjppram@postech.ac.kr; power-
sys@postech.ac.kr).

Dhanup S. Pillai and Juan Lopez Garcia are with the Qatar Environment
and Energy Research Institute, Hamad Bin Khalifa University, Qatar Founda-
tion, Doha 34110, Qatar (e-mail: dsomasekharanpillai@hbku.edu.qa; jlopezgar-
cia@hbku.edu.qa).

João P. S. Catalão is with the Research Center for Systems and Technologies
(SYSTEC), Advanced Production and Intelligent Systems Associate Laboratory
(ARISE), Faculty of Engineering, University of Porto, 4200-465 Porto, Portugal
(e-mail: catalao@fe.up.pt).

Color versions of one or more figures in this article are available at
https://doi.org/10.1109/TPEL.2023.3321601.

Digital Object Identifier 10.1109/TPEL.2023.3321601

I. INTRODUCTION

G LOBAL energy crisis has fostered the penetration of
photovoltaic (PV) systems to conventional power grids

and has been instrumental in meeting the increasing power
demands [1]. However, PV system operation is often challenged
by meteorological changes and raises major concerns about sys-
tem reliability [2]. Particularly, in desert climates, partial shade
events induced by nonhomogenous soiling reduce power gener-
ation by almost 4%, even with optimized cleaning scenarios [3].
Therefore, attaining maximum power during such conditions
becomes mandatory, which is usually achieved using dedicated
maximum power point trackers (MPPTs). However, tracking
the global maximum power point (GMPP) is complicated due
to the presence of multiple power peaks in the I-V curve [3].
Moreover, as MPPTs cannot enhance the overall power avail-
ability from a shaded PV array, new array design strategies that
could improve the power performance and guarantee reliable
GMPP tracking seem to be a more viable option for addressing
this issue worldwide.

To better understand the importance of GMPP tracking and its
barriers during shade scenarios, a literature study is presented.
Conventional MPPT algorithms like Perturb and Observe (P&O)
[4], Hill Climbing [5], and Incremental Conductance [5], inte-
grated with most commercial inverters operate at the rightmost
power peak (RPP) near the open circuit voltage (Voc) in an
I-V curve, irrespective of whether it is a local MPP (LMPP)
or global MPP (GMPP) [6]. As it is, in most shade cases, GMPP
operation is not guaranteed [7]. On the other hand, optimization
algorithms like Particle Swarm Optimization (PSO) [7], Flower
Pollination Algorithm [8], Jaya-differential Evolution (DE) [9],
DE-PSO [10], Fireworks algorithm [11], Firefly algorithm [12],
Ant colony algorithm [13], Spline control [14], and Hybrid ap-
proaches in [15], [16], [17], and [18] are reliable to track GMPP,
even during shade events. Unfortunately, these techniques em-
ploy extensive I-V curve scanning, usually associated with high
voltage and power oscillations, serious computational burden,
and complex parameter tuning [4]. Besides, grid-connected PV
inverters are generally deployed with P&O for reliable operation
with voltage stability [6].

In addition to the above, inverters must also operate in constant
power generation (CPG) mode in case of excess power avail-
ability. Thus, grid-connected inverters either operate in CPG
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or MPP mode based on the incident irradiance on the collector
plane [19], [20], [21]. Note that the P&O algorithm is mandatory
to realize the CPG mode and is usually termed the CPG-P&O
technique in literature [20]. The above observations suggest the
benefits of having the GMPP near to Voc (RPP) for inverter
friendly GMPP tracking with guaranteed CPG operation, even
in partial shade conditions. Though GMPP tracking can be
easily achieved by having the GMPP as RPP, it would not be
possible to realize the same using conventional series-parallel
(SP) module interconnection schemes. Also, SP interconnec-
tion significantly reduces the power output during partial shade
conditions [22]. Therefore, this research proposes a new total
cross-tied (TCT) PV array design architecture. The approach is
to perform permanent circuit rewiring during the commissioning
stage based on a predefined mathematical strategy, such that
the overall shade profile is effectively dispersed over the entire
PV array. To be specific, rewiring is performed by virtue of a
new mathematical procedure, named as the “Sum of Position
Squares” (SOPS) technique. Once the architecture is modified,
the modules are electrically connected in such a way that the
total deliverable power is pointedly improved and the GMPPs
are always relocated near to the Voc. In summary, the prime
benefits of adopting such a strategy are:

1) power enhancement during shaded/soiled conditions;
2) smoother output I-V characteristics;
3) easy and flexible GMPP tracking;
4) cost effectiveness.
Note that the proposed rewiring method is specifically ap-

plicable to the central inverter configuration and the two-stage
power conversion process. In addition, it is essential to em-
phasize that the dispersion of soiling shade is limited in its
applicability to microinverters. The rewiring approach offers the
following distinct advantages in mitigating the effects of soiling
shade in conventional setups compared to microinverters

1) cost—effectiveness;
2) greater flexibility in operational modes;
3) enhanced efficiency;
4) enhanced ease of maintenance [22], [23].
More details on rewiring PV arrays with different applications

other than the proposed ones can be found in [24], [25], and [26].
Further to the aforesaid improvements, a modification has also

been introduced to the P&O algorithm. Since the convergence
time of the conventional P&O method is high, a two-stage P&O
method is applied in this work. In the first stage, tracking is
performed with an adaptive step size and is later switched back to
the conventional mode with a reduced step size once the GMPP
region is identified. Detailed simulation and hardware tests have
been performed in this article to verify the compatibility of the
proposed convention utilizing four different test shade cases.

Based on the investigations carried out, the innovations and
novel contributions of this work can be summarized as follows.

1) A new array design architecture has been developed
to mitigate the shade effects due to soiling in PV
systems.

2) The proposed approach not only enhances the power out-
put, but also improves the GMPP tracking efficiency of
inverters during multiple shade conditions.

Fig. 1. Normal operating conditions (a) PV array, (b) P-V characteristics,
soiled conditions, (c) PV array, and (d) P-V characteristics.

3) The SOPS algorithm-based rewiring produces smooth
power-voltage characteristics (resembling a single peak
curve) and relocates GMPP to a voltage near to the Voc.

4) An improved and adaptive P&O method that tracks GMPP
with better convergence time has been conceptualized.

5) The proposed concept has a key application toward CPG
operation in grid-connected PV arrays that always guar-
antees GMPP operation in CPG mode.

II. IMPORTANCE OF INVERTER FRIENDLY MPP OPERATION IN

SOILED PV ARRAYS

Soiling is a challenging phenomenon, especially for those
PV systems located in desert climates [3]. To understand the
effect of soiling, a simple PV array (illustrative only) under
normal/uniform operating conditions is presented in Fig. 1(a)
and its expected P-V curves at various irradiance levels are
presented in Fig. 1(b), respectively. As can be seen, an unsoiled
PV array possesses simple operating regions with a unique MPP
point to facilitate easy power conversion. It is important to
mention that Fig. 1 only intends to create an understanding of
a practical scenario for the readers, and the I-V characteristics
are not representative of the exact pattern seen. Similarly, the
soiled PV array shown in Fig. 1(c) is expected to produce
much-complicated P-V characteristics based on various shading
patterns that can be created due to the accumulation of dust. For
which, some examples are shown in Fig. 1(d). Thus, it is obvious
that the P-V characteristics of a soiled PV array are identical to
those with partial shade conditions, and hence, can be modeled
identically. However, it is important to mention that no data
is available in the literature pertinent to the nonhomogenous
soiling patterns recorded onsite. As it is, one future scope of
this work would be to identify real-world soiling patterns and
test the proposed approach for the same patterns. Therefore, the
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Fig. 2. 5 × 5 PV arrangement for (a) conventional series–parallel connection, rewired TCT in soiled conditions: (b) low (4 modules shaded), (c) moderate
(10 modules shaded), and (d) heavy shading (16 modules shaded), note: Wiring color– +ve rail– red, −ve rail-blue.

soiling patterns used in this work are those widely assumed in
the literature itself [28].

In contrast to shading, soiling demands different mitigation
methods—usually manual or robotic cleaning of PV modules
[29]. However, the power conversion efficiency even after de-
ploying cleaning mechanisms depends on the frequency of the
cleaning cycles. In this context, note that this work is not an
alternative mitigation approach for soiling. Rather, the objective
is to enhance the power performance during soiled conditions
in noncleaned systems and also between cleaning cycles in
cleaning-deployed systems, which subsequently helps to opti-
mize the cleaning schedules based on the power generated. Thus,
in a nutshell, the idea is to reduce the shade effect due to soiling
to enhance power generation. However, as mentioned earlier,
MPP tracking also plays a crucial role in achieving this task.

To understand the MPP tracking and its complexity during
soiled cases, discussions on the reconfigured PV arrangement
along with conventional PV arrangement are elaborated further.
Note that, in conventional PV arrangements, most PV inverters
equipped with conventional tracking algorithms fail to track
GMPP during soiling/shading conditions. To better understand
this effect, three various soiling events namely low, heavy,
and moderate shading have been modeled in a 5×5 TCT
interconnected PV array (with 100 W PV modules). The
definition of heavy, moderate, and low soiling cases is derived
based on the number of irradiance changes, and the total number
of modules involved in irradiation change. As the number of
irradiance changes increases, the complexity of the P-V curve
also increases since the number of bypasses and thereby, the
number of power peaks in the output characteristics increase.
Note that the shading levels based on the irradiance changes are
the only criterion used for comparison between different cases.

For a better understanding of rewiring, the conventional PV
arrangement, and the reconfigured PV array in three different
shade events are presented in Fig. 2(a)–(d), respectively. For
identification, the positive rail of a PV panel in a string is marked
by “red” wire, and the negative rail with blue color. Further-
more, to explain the PV array reconfiguration and its impact
on PV characteristics, the numerical procedure adopted in [1]
is considered here to better understand the shade dispersion.
Similar shade profiles are also verified for the proposed rewiring
scheme in the following sections, to test the shade dispersion

Fig. 3. PV characteristics of (a) conventional and (b) reconfigured PV array.

ability with the proposed rewiring scheme. For the given shade
patterns, the corresponding P-V characteristics obtained for each
case are presented in Fig. 3(a) and (b), respectively. As seen
from the P-V characteristics, except for case 3 (low shading),
the GMPP is not the RPP. As a result, the tracking efficiency
decreases and additional power is lost, thereby aggravating the
issue of soiling. Furthermore, for cases 1 and 2 (moderate and
heavy shading), GMPPs are observed at a voltage nearly equal
to 0.4 Voc, mandating a broader voltage band search for attaining
GMPP, even if advanced algorithms are deployed.

On the other hand, when the array design is modified by
changing the electrical interconnections within a TCT approach
as in Fig. 2(c)–(d), the overall power performance in each case
has been significantly improved [see Fig. 3(b)]. More impor-
tantly, the GMPPs are now relocated as RPPs with a much
linear PV characteristic resembling uniform shade cases. The
relocation is so significant that the inverters always operate
at the GMPP, and the power enhancement is achieved with a
limited voltage band search itself, which is particularly helpful
in grid-connected systems.

The voltage band search limits in conventional and rewired PV
arrays are expressed in (1). With the above benchmark findings,
a reliable array design compatible with all shade profiles is
conceptualized in Section III

VPV =

{
Vmin − Vmax, for SP PV array

Vmin−P&O−Vmax, for reconfigured PV array
.

(1)
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Fig. 4. Illustration of CPG and MPP modes in conventional SP and rewired
TCT interconnected PV array. (a) I-V and (b) P-V characteristics.

A. Achieving CPG and MPP Modes

In grid-connected systems, both CPG and MPP operation
modes are essential based on the constraints given in (2) [19].
The system is supposed to operate in the CPG mode (PCGP) when
PV power generation (PPV) exceeds the grid limits (Plimit) and
in MPP mode (PMPP) otherwise. For a detailed understanding
of CPG and MPP modes, readers may refer to [2], [20]

PPV =

{
PMPP, when PPV ≤ Plimit

PCGP, when PPV ≥ Plimit
. (2)

To understand the relevance of array design modification to
grid-connected systems, two random shade events (cases 1 and 2
in Fig. 2) are considered. For the same test cases, the I-V and P-V
characteristics obtained for conventional SP, and rewired TCT
design are shown in Fig. 4(a) and (b), respectively. Furthermore,
the MPP and CPG modes are highlighted as well as the voltage
band requirement to operate at GMPP.

From which, the following observations are evident.
1) Power generation from conventional interconnected PV

array is significantly low for both cases (below PLimit),
and hence CPG operation mode is not possible;

2) Locating GMPPs for SP interconnection during dynamic
shade occurrences (marked as “A” and “B,” respectively,
for cases 1 and 2) is difficult, and a broader search region
within the I-V curve becomes mandatory (indicated as
Vmax and Vmin) for MPP operation;

3) The rewired TCT configuration enhances the power gen-
eration substantially for both cases;

4) Array modification mitigates the issue of multiple peak
occurrences;

5) Rewiring relocates GMPPs as RPPs (points “C” and
“D”), and eases the GMPP search process and the region
(Vmax and Vmin−P&O). In summary, by relocating GMPPs,
both CPG and MPP modes can be achieved using the
conventional P&O tracking algorithm itself with better
power generation.

B. Significance of P&O in Inverter-Friendly Tracking

If the P&O method is implemented for the shade events (cases
1 and 2) with a duty cycle value of 0.1 (constant voltage regions)
in the case of a conventional PV array, it is likely to get settled
to the right most local power peaks (marked as “E” for cases

Fig. 5. Experimental results for MPP tracking. (a) PSO method. (b) P&O
method; switching transient 3D plot. (c) PSO method. (d) P&O methods.

1 and 2 in Fig. 4), whereas the same on a rewired PV array is
expected to track the relocated GMPP points (RPPs “C” and
“D”). To verify this, the P&O tracking pattern is experimentally
verified for case 1 on a laboratory prototype (details provided in
Section VI). Furthermore, to evaluate the impact of switching
transients, the performance is compared with a PSO algorithm.
Note that PSO is applied to the SP interconnected system to
illustrate the power difference.

From the results shown in Fig. 5, it is evident that rewiring
has had notable power enhancement, and P&O easily locates
and settles to the GMPP (RPP). Another notable improvement
is that P&O method has very fewer switching transients, while
the PSO method shows significant transients and oscillations
prior to reaching convergence. For clarity on the significance
of switching transients, the first 50 samples of PSO and P&O
methods for shade case 1 are considered as a function of power
and voltage and plotted as three-dimensional charts in Fig. 5(c)
and (d), respectively. It is seen that the PSO method has wide
unsettled power and voltage oscillations for a long time, while a
flat and steady convergence is observed with the P&O method.

Note that the flexibility to operate in CPG mode (at Plimit)
is also a noticeable advantage of relocating the GMPP in grid-
connected systems. However, experimental discussions on CPG
mode are not performed since it is out of the scope of this work.

III. PROPOSED ARRAY DESIGN AND TRACKING APPROACH

The previous discussions exemplify dynamic performance
degradation in PV arrays during soiled/shaded conditions and
the impact of power enhancement and inverter-friendly MPP
tracking that could be achieved via rewiring a TCT-based PV
array. However, not all reconfiguration approaches provide
similar benefits, and such an algorithm would be competent
enough to enhance power generation by dispersing the shades
in such a way that the RPP is always GMPP, irrespective of
the incident shade pattern. Another key compatibility indicator
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Fig. 6. Illustration of the SOPS method–5 × 5 PV array. (a) Simple TCT interconnection. (b) Determining “Q” value for the first column based on SOPS
procedure. (c) Rewiring the first column elements “11,” “21,” and “31.” (d) Rewiring the first column elements “41” and “51.” (e) Illustration of the “reserved”
PV panels in the first column. (f) Final PV arrangement of SOPS-PV arrangement. (Note: wiring color– +ve rail – red, −ve rail – blue).

in TCT interconnected rewiring is row current difference
minimization [1]. To achieve the above objectives, a new
SOPS algorithm-based array design is proposed in this article.
Furthermore, an enhanced P&O tracking approach is also
developed. For modeling and validation, a 5×5 PV test system
is considered since the proposal seems to be ideal for small-scale
systems in a microgrid environment.

A. SOPS Approach for Rewiring

The proposed SOPS method is a simple mathematical
approach to rewire the PV modules based on their initial
position indices. For brevity, let us consider the position of a
module expressed as “ij,” where “i” refers to the row and “j”
to the column numbers [see the positions indicated in Fig. 6(a)].
Note that to avoid wiring complexities, only column-wise
rewiring is intended to be performed. The procedure starts by
obtaining the SOPS value of each module to be relocated, by de-
termining the numerical value of (i+ j)2. If the resultant value
is a single digit number (Q), the respective module is assumed to
be relocated to an “Q” number of places vertically downwards
[see Fig. 6(b)]. If (i+ j)2 yields a double-digit number (say
with digits “mn”), the number of vertical displacements
required is determined by performing sequential additions,
(say m+ n=Q) until a single digit is obtained. Once the new

positions are identified, the electrical connections are altered to
maintain the same “Q” number of module locations within the
column.

The rewiring process within the first column elements of
the considered 5×5 PV array based on the SOPS values is
graphically shown in Fig. 6(b). From this, it is observed that the
module with position “11” is electrically relocated to position
“51”. Similarly, module “21” is relocated nine places sequen-
tially to position “11”. On the other hand, for module “31,” the
SOPS value is “16,” and henceforth, the relocation needs to be
performed by 7 places [refer to Fig. 6(c)]. As can be seen, if
the preferred position is preoccupied (in this case “11”), the
respective step is reserved for a later relocation after completing
all possible steps. A similar case is seen for module “41” as well
as illustrated in Fig. 6(d). As it is, module “51” is first relocated
[see Fig. 6(d)], and then, the previously reserved modules (“41”
and “31”) are allocated to the empty places in descending order
as shown in Fig. 6(e). Identically, the remaining columns are also
rewired, and the resultant interconnection is shown in Fig. 6(f).

B. SOPS Rewiring—Step-Wise Procedure

Assuming the variable “i” as the row number and the variable
“j” as the column number of the PV module, “ij” denotes the
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PV module position in the PV array. For instance, number “52”
denotes the PV panel located in the 5th row and 2nd column.

Step 1: SOPS: For the given PV array, perform SOPS (i+ j)2

for each PV panel to determine the single-digit numerical value
“Q.” If the result of (i+ j)2is a double-digit number, denoted as
“mn,” perform sequential additions of the digits (m+ n) until
a single digit “Q” is obtained, which determines the number of
vertical displacements required [see Fig. 6(b)];

Step 2: Vertical displacements (rewiring) in strings: For the
given PV array, starting from string 1, each PV panel in the string
will undergo “Q” number of vertical displacements to relocate
to a new position [see Fig. 6(c)];

Step 3: “Reserve” status in relocation: During relocation,
if any of the cells is pre-occupied, “reserve” the respective
PV panel for later relocation. Nevertheless, continue relocating
other PV panels in the string via vertical displacements [see
Fig. 6(d)].

Step 4: Optimizing the placements for “reserved” PV panels:
After relocating all the PV panels in a column, the reserved PV
panels should be placed in the empty cells in reverse chronolog-
ical order [see Fig. 4(e)].

Steps 2–4 are repeated for all the strings of the given PV array
to achieve the final one-time reconfiguration. It is important to
note that the procedure is straightforward and can be applied to
any PV array structure to disperse the effect of soiling.

C. Proposed Two-Step/Adaptive GMPP Tracking

Since the proposed SOPS approach guarantees to relocate
GMPP to RPP via rewiring, advanced optimization algorithms
are no longer required to track GMPP. While the conventional
P&O method is sufficient to serve this purpose, it is also impor-
tant to address the slow convergence associated with P&O-based
techniques [27]. Therefore, a few alterations are introduced to
the fundamental P&O method to enable fast tracking. The P&O
method being a perturbation approach, the change in duty cycle
(ΔD) per iteration is a key factor that decides convergence speed.
As it is, an adaptive P&O methodology having two various adap-
tive step sizes in duty cycle perturbation is proposed in this work.

To explain the adaptive approach, the resultant I-V character-
istics of the basic TCT and rewired PV array are considered, and
the same is shown in Fig. 7. From the figure, it is seen that the
output characteristics of the rewired PV array become smooth
with GMPP relocated as the RPP. Therefore, tracking starts from
the right-hand side of the I-V curve, achieved with a duty cycle
of 0.1 initialized in the constant voltage region.

Once initialized, the value ofΔD is updated with a higher step
size (10%) until reaching the GMPP vicinity (see Fig. 7). It can
be noticed that the duty cycle is constantly updated from 0.1 to
0.5, and the GMPP region is identified during the update from 0.4
to 0.5, since the operating power of P&O at duty 0.5 is relatively
less than that at 0.4. The above steps are mathematically given as

if P (t+ 1) > P (t) , D (t+ 1) = D (t) + ΔD; ΔD = 10%
(3)

where “P ” is the instantaneous power, “t” is the iteration
number, and “D” is the duty cycle. Once P (t+ 1) < P (t), the
value of D is redeclared as the average of D(t− 1) and D(t),

Fig. 7. I-V characteristics of TCT and rewired PV array.

Fig. 8. Generalized flowchart for (a) SOPS Approach and (b) two-
phase/adaptive P&O tracking.

and also, ΔD is changed to 2%

ifP (t+1)<P (t) , D (t+1)=
D (t)+D (t−1)

2
; ΔD = 2%.

(4)
Post redeclaration, the tracker explores the MPP region in a

narrow range to locate the GMPP. For a clear understanding of
the overall rewiring process assisted by adaptive GMPP tracking,
a generalized flowchart is presented in Fig. 8.

IV. NUMERICAL STUDIES

This section presents the implementation of four test cases
for validating the proposed SOPS rewiring scheme in a 5×5 PV
array. The conventional TCT interconnection and SOPS final
arrangement for the test system is analyzed for four various
soiling profiles, and the trial runs via MATLAB simulation are
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Fig. 9. Soiled case 1: (a) conventional and (b) SOPS PV array; soiled case 2: (c) conventional and (d) SOPS PV array; soiled case 3: (e) conventional and
(f) SOPS PV array; soiled case 4: (g) conventional and (h) SOPS PV array; P-V characteristics for Cases 1–4: (i) conventional and (j) SOPS rewired PV array,
(note: wiring color– +ve rail – red, −ve rail – blue).

TABLE I
GMPP VALUES OBTAINED BY CONV. AND SOPS INTERCONNECTION

made to identify the maximum power generation. These four
different shade profiles that are likely to emulate real-time dust
accumulation events have been considered for evaluations based
on the existing literature [24], [25], [26], [29]: (i) short wide
(SW), (ii) long wide (LW), (iii) long narrow (LN), and (iv) short
narrow (SN). Simulations are performed to evaluate the power
performance of SP/TCT and the proposed SOPS schemes. For
modeling, Shell S36 W modules have been used.

For a detailed understanding of the PV array in different
soiling conditions, the representation of conventional and SOPS-
rewired PV arrays for four various soiling profiles is presented
in Fig. 9(a)–(h). Subsequently, the results obtained for conven-
tional, and SOPS technique-based PV arrangement are plotted
in Fig. 9(i) and (j), respectively. Furthermore, the GMPP power
values obtained in each case are recorded and indicated in
Table I. Pertinent to each shade profile, multiple current changes
are created in the conventional system, which subsequently leads
to multiple power peaks [see Fig. 9(i)] in the P-V curve. Note that
the impact of shade is considerably lower on shade patterns 2

TABLE II
THEORETICAL ROW CURRENT CALCULATION FOR SHADE PATTERNS 1 – 4

and 3, and simulated P-V characteristics are therefore smoother
compared to cases 1 and 4.

On the other hand, owing to the SOPS approach, better output
characteristics have been obtained for all shade profiles when
the array is rewired, compared with the conventional schemes.
More importantly, irrespective of the shade profile, the GMPPs
have been relocated to a new RPP in the P-V curve [see Fig. 9(j)].
Also, the GMPP power values show substantial improvements.
From the tabulated values in Table II, it is worth pointing out
that the proposed array design has generated significantly higher
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Fig. 10. Wiring length and connector requirements for (a) series parallel (SP), (b) TCT, and (c) SOPS interconnection, (note: wiring color– +ve – red, −ve –
blue).

power in all the test cases: 142 W, 44 W, 17 W, and 39 W
respectively for SW, LW, LN, and SN shade profiles.

A. Comparison With Conventional TCT and SOPS Approaches

TCT interconnection performs identically to the SP scheme
unless suitable design approaches are applied. Therefore, to
verify the compatibility of the proposed SOPS rewiring design, a
theoretical study highlighting the maximum attainable voltage,
row current, and power values is performed, and the results are
tabulated in Table II. Note that row current difference is a critical
parameter controlling the number of bypasses and, thereby, the
shape and peaks of the I-V characteristic [28].

Therefore, it can be established as a reliable variable to gauge
the success rate of the proposed technique. In this context, row
currents of TCT and SOPS approach are separately analyzed
for each shade profile considered. Note that “Vm” and “Im”
values in Table II denote the maximum voltage and current
values delivered by each row (marked as R1– R5). From the
results, it is evident that the SOPS application has reduced the
row current difference considerably, which has helped to im-
prove the curves previously examined in Fig. 9. Also, the GMPP
occurrence in the conventional TCT method is not consistent,
while the proposed method has always guaranteed to relocate the
GMPP to the maximum voltage at RPP (5 Vm). Consequently,
independent of the shade patterns, the power coefficient of the
SOPS method is always high, which portrays the capability of
the developed approach to improve shade dispersion, compared
to the conventional array designs. To summarize, the proposed
method showcases tremendous potential to encounter perfor-
mance degradation issues in soiled/shaded PV arrays.

B. Cost Computation Analysis

The arrangement of the SOPS configuration, although com-
putationally proven to yield high power in soiled conditions,
necessitates a comprehensive explanation for readers due to
its lengthy interconnecting ties, sensor requirements, additional
terminal connectors, and wiring needs. Therefore, the capital
expenditure (CAPEX) cost of the proposed SOPS method for
a simple 5×5 PV arrangement has been compared with those
of the SP and total-cross-ties (TCT) interconnections. Since the

S36 PV panel is utilized in our research [30], we have derived the
dimensions of the PV module from the datasheet to determine
the cabling requirements.

Based on the module dimensions, the estimated PV string
length for the given five modules in portrait orientation of
SP and TCT interconnections is depicted in Fig. 10(a) and
(b), respectively. Note that the CAPEX cost computation also
includes real-time MC4 connectors for all the PV modules
and the respective interconnection schemes. For SP and TCT
interconnections, the estimated cabling length for a string is
3.175 m, and the row cabling length is 2.75 m. In the case of TCT
interconnection, additional cabling length is considered due to
the excess cabling requirement in the cross-link (interconnection
ties).

In contrast to conventional PV arrangements, the SOPS con-
figuration demands additional cabling requirements, which vary
for each individual string. The estimation of cable length for all
five strings in the SOPS approach is presented in Fig. 10(c).
Unlike electrical array reconfiguration schemes, the SOPS ar-
rangement is a one-time rewiring scheme; hence, the additional
cost for sensors and electronic switches is completely neglected.
Despite the additional cable requirements in the strings, the
row-wise cabling length remains identical to SP and TCT in-
terconnections. Table III presents the total cabling length and
the MC4 connector requirement for SP, TCT, and SOPS PV
arrangements. Furthermore, the proposed approach relies only
on column-wise relocations, i.e., modules in one column remain
in the same column even after relocation. This significantly
reduces the overall cost compared to alternative approaches in
the literature.

Referring to the wiring and connector requirements in
Table III, the cost computation for SP and SOPS arrangements
is performed and presented in Table IV. According to various
online shopping websites, the cost of PV cable is found to be 10
USD for 10 m, and each MC4 connector costs 1 USD. According
to these cost values, the CAPEX cost for wiring and cabling of
SP and SOPS arrangements is determined as 74 USD and 166
USD, respectively. Note that the TCT cost computation is ig-
nored since the SOPS arrangement involves rewiring performed
within the TCT itself. On computations, the SOPS arrangement
necessitates an additional 92 USD as CAPEX cost, compared
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TABLE III
ESTIMATION OF WIRING LENGTH AND CONNECTORS FOR CONVENTIONAL AND

SOPS METHODS

TABLE IV
COST COMPUTATION FOR CONVENTIONAL AND SOPS METHODS

to conventional PV systems. Also note that the real benefit of
reconfiguration comes from the enhancement in the average en-
ergy yield, which has a much higher impact on the levelized cost
of energy (LCOE). In fact, the CAPEX of real-world PV systems
is already very high, and therefore, additional cost requirements
for cabling do not contribute to a significant percentage increase
in CAPEX. Instead, considering LCOE as the key figure of merit
to assess the system’s cost competitiveness, the benefit of higher
yield is more impactful. Discussions on energy savings, income
generation, and payback returns that contribute to LCOE are
discussed in the next subsection.

C. Energy saving, Payback Returns, and Income generation

To evaluate the power conversion potential of the proposed
SOPS array design, an extended power generation analysis is
presented as a function of energy saving and income generation.
For this analysis, various shade patterns at soiled conditions,
which are simulated earlier in this section, are considered.
Moreover, the soiled patterns are found randomly repeated in
a sequence from morning 8 A.M.–6 P.M. for a period of five
days (day 1–day 5) as shown in Table V. Furthermore, the
analysis is performed on the assumption that the PV array is
always ensured to operate at MPP for all the shade patterns.
The analysis intends to provide an overview of the payback
returns for the additional cost (92 USD) consumed in CAPEX
investment of SOPS arrangement.

Given the MPP values plotted in Fig. 9, various data like
total power generation (kW/h), units generated, and revenue

TABLE V
PROGRAMMED SOILED SHADE PATTERN FOR ENERGY SAVING ANALYSIS

TABLE VI
ENERGY SAVING AND UNIT GENERATION CALCULATION

Fig. 11. Comparison chart: (a) units and (b) power generation.

generation are calculated as shown in Table VI. Note that
the units are only estimated after carefully evaluating the ef-
fective sun hours (i.e., 8) daily. From the tabulated data, the
conventional system has generated 34.75 units and the SOPS
array has generated 37.69 units, respectively. On calculating the
total revenue generated at 12 USD per unit, the conventional
and SOPS PV arrangements have earned 416.9 USD and 452.29
USD separately. This data eventually confirms that the proposed
SOPS approach is guaranteed to yield higher energy savings by
a margin of 36 USD. It is important to mention here that the
analysis is made only for five days and if the same is extended for
a year, a monumental income generation is obvious. In addition,
the excess CAPEX cost consumed by the SOPS arrangement
can be covered within 15 days, having eight effective sun hours
every day. However, the real-time soiling conditions are sub-
ject to change in outdoor environment conditions. Nonetheless,
the payback returns for the excess CAPEX cost can easily be
recovered in minimal time, and more importantly, the income
generation is substantial.

In addition to the cost benefits, the SOPS arrangement is
guaranteed to enable flexible operation between CPG and MPP
modes even when soiling conditions are inevitable for PV power
generation. For a better understanding of improved units and
revenue generation, a bar chart to represent the quantitative
comparison between the conventional and SOPS approaches is
presented in Fig. 11. Even though the SOPS approach has the
drawback of complex wiring, the income generated from the
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Fig. 12. Laboratory prototype for experimental testing.

TABLE VII
PARAMETERS OF P&O AND TWO-PHASE P&O METHOD

SOPS approach is always found high. Adding to the earlier,
the rewiring process is a one-time procedure, which will always
ensure the reproduction of GMPP closer to VOC. Moreover,
the SOPS approach guarantees inverter-friendly MPP operation,
which is a notable benefit in real-time PV deployment.

V. EXPERIMENTAL TRACKING RESULTS

The previous section demonstrates the power enhancement
capabilities of the SOPS approach. However, it is mandatory
to also validate the inverter-friendly tracking capability of the
proposed method. Hence, a laboratory prototype comprising of
ETS Terra SAS PV simulator and dc-dc Boost converter has
been developed, and the proposed adaptive P&O approach is
programmed to emulate real-time MPP tracking. A picture of
the experimental setup built in the energy systems laboratory at
POSTECH is shown in Fig. 12. The current and voltage sensors
designed and utilized are LA25P and LV55P, respectively, whose
analog values are then fed to the Arduino UNO controller to
generate the control signals. For switch isolation, the Infineon
EVAL-1ED44176N01F driver circuit has been employed. Other
design parameters for the boost converter include switching
frequency (10 kHz), inductance (1 mH), capacitance (650V,
100 µF), and load resistance (100 Ω, 15 A).

To align with the earlier findings and theoretical conclusions,
experimental testing is also performed by considering the same
PV system to derive the results. However, the current values
are downsized by 50% to meet the hardware design values.
Furthermore, shade patterns discussed in Section IV have been
used to test the proposed tracking scheme, along with some
dynamic transition studies between two various shade patterns.
For in-depth analysis and understanding of the power oscilla-
tions as well as the tracking speed, the results obtained are also
compared with conventional P&O and adaptive P&O methods.
Various parameters tuned for P&O and the developed adaptive
P&O methods are presented in Table VII. For brevity, TCT
interconnected shade patterns are programmed for conventional
P&O methods to exemplify the importance of GMPP and RPP
locations, whereas the output characteristics of the rewired array
design are emulated in the PV simulator is tested with the same

conventional P&O and adaptive P&O methods to contribute
for a fair comparison. Comprehensive discussions pertinent to
switching transients, voltage, power, and current convergence
for each pattern are also presented in the forthcoming sections.

A. Soiling Patterns 1 and 2

For soiled pattern 1, the programmed data patterns in the
PV simulator for the TCT and rewired PV interconnection are
presented in Fig. 13(a) and (b), respectively. During the trial
run, the conventional P&O method is initially applied to the
TCT/SP configuration, and the results obtained are presented in
Fig. 13(c). It can be observed that the P&O method is initialized
in the constant voltage region and tracks the first immediate
peak originating from the right side, which represents the LMPP
(V= 98.95 V, P= 219.57 W). It is worth noting that if a different
assumption was made regarding the previous position of the
P&O algorithm, assuming it to be in the constant current region,
it would have settled to the GMPP. A similar hardware imple-
mentation is shown in Fig. 13(d) for the SOPS configuration.
With the same duty cycle value, a significant power enhancement
is observed as the SOPS approach produces 321.2 W (92.16 V,
3.46 A). It should be noted that in both cases, the tracking time
(indicated as search windows) required to reach the GMPP is
quite high. However, the adaptive P&O method implemented
for the SOPS configuration [Fig. 13(e)] showcases much faster
convergence.

The I-V and P-V characteristics of the TCT and SOPS array
design programmed for soiling case 2 in the PV simulator are
shown in Fig. 14(a) and (b), respectively, while the tracking re-
sponses of the conventional P&O algorithm for the correspond-
ing patterns are presented in Fig. 14(c) and (d), respectively.
As can be seen, unlike case 1, the P&O algorithm has attained
the GMPP for shade case 2 in the soiled TCT (380.12 W) as
well as for the SOPS soiling mitigation approach (400.7 W).
It is noteworthy that a comprehensive power enhancement of
nearly 50 W is achieved by the SOPS implementation, and the
GMPP has been relocated to the RPP itself. Furthermore, like
soiling pattern 1, the adaptive P&O method exhibits superior
convergence performance by reaching the GMPP within five
samples when implemented with the SOPS configuration [see
Fig. 14(e)]. Overall, the proposed tracking scheme improves
the convergence characteristics, the SOPS approach enhances
the power performance, eliminates the need for entire I-V curve
scanning, and reduces voltage oscillations.

B. Soiling Patterns 3 and 4

In the case of soiling pattern 3, a similar situation to case
2 is observed, where the GMPP is already located at the RPP
for both the TCT and SOPS interconnection methods. However,
the TCT/SP interconnection induces multiple local power peaks
in the output characteristics. The programmed PV simulator
characteristics for TCT and SOPS approaches are presented in
Fig. 15(a) and (b), respectively. Fig. 15(c) and (d) exemplifies the
tracking response of the conventional P&O algorithm in the TCT
interconnection (attaining P = 363.2 W at 91.5 V) and SOPS
interconnection (attaining P = 372.9 W at 92.1 V) respectively.
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Fig. 13. Programmed P-V characteristics of PV simulator. (a) TCT arrangement. (b) SOPS arrangement. Experimental results for (c) P&O method in TCT
arrangement, (d) P&O method in SOPS arrangement, and (e) adaptive P&O in SOPS arrangement—soiling case 1.

Fig. 14. Programmed P-V characteristics of PV simulator. (a) TCT arrangement. (b) SOPS arrangement. Experimental results for (c) P&O method in TCT
arrangement, (d) P&O method in SOPS arrangement, and (e) adaptive P&O in SOPS arrangement—soiling case 2.

Fig. 15. Programmed P-V characteristics of PV simulator. (a) TCT arrangement. (b) SOPS arrangement. Experimental results for (c) P&O method in TCT
arrangement, (d) P&O method in SOPS arrangement, and (e) adaptive P&O in SOPS arrangement—soiling case 3.

Fig. 16. Programmed P-V characteristics of PV simulator. (a) TCT arrangement. (b) SOPS arrangement. Experimental results for (a) P&O method in TCT
arrangement, (d) P&O method in SOPS arrangement, and (e) adaptive P&O in SOPS arrangement—soiling case 4.

While the SOPS approach demonstrates better power perfor-
mance by dispersing the shade caused by soiling, the application
of the proposed adaptive tracking method also improves the
tracking performance. As observed in Fig. 15(e), only six per-
turbations are required to track the GMPP located at (373.12 W,
92.1 V) when the adaptive P&O method is implemented. This
showcases a power capture of 371.82 W at the RPP voltage,
which is nearly equal to 92 V, with minimal oscillations, con-
vergence time, and tracking complexity.

In contrast to pattern 3, case 4 is more complex as it
involves four irradiance changes, as shown in Fig. 9, resulting in

four major peaks in the I-V characteristics, as depicted in
Fig. 16(a). However, by benefiting from the SOPS approach, the
power attainment has been significantly increased, with a 52 W
increment, when the array is rewired, as shown in Fig. 16(b).
The tracking results of the P&O method applied to the TCT and
SOPS arrangements are presented in Fig. 16(c) and (d), respec-
tively, confirming the aforementioned findings. It is important to
note that for both cases, the GMPP is located at the RPP itself. On
the other hand, the tracking performance is improved once the
proposed two-phase adaptive P&O methods are implemented,
as shown in Fig. 16(e).
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Fig. 17. Experimental results for irradiation change from case 1 to case 2. (a) P&O method in TCT arrangement. (d) P&O method in SOPS arrangement.
(e) Adaptive P&O in SOPS arrangement.

C. Dynamic Changes in Soiling Patterns

This experiment aims to evaluate the response of the pro-
posed tracking scheme in dynamic irradiance variations. Both
the conventional P&O method and the adaptive P&O method
were tested for rapid transitions from soiling case 1 to soiling
case 2. The tracking responses of the P&O method applied to
the dynamic variations in the TCT and SOPS interconnections
are presented in Fig. 17(a) and (b), respectively.

It is observed that the P&O method achieves convergence
with power differences of 100 and 25 W in cases 1 and 2, respec-
tively. However, by implementing the adaptive P&O method, the
GMPPs of case 1 (323.3 W, 92.9 V) and case 2 (401.2 W, 92.1 V)
are tracked faster [see Fig. 17(c)] with fewer voltage oscillations.
This improved tracking effectiveness can be clearly understood
by comparing the search windows for the three cases, which
are almost 25% of the conventional tracking duration for the
proposed approach.

VI. CONCLUSION

In this work, a new PV array design that always guarantees
GMPP operation and inverter-friendly power tracking in
nonhomogenously soiled/shaded PV arrays has been proposed.
Furthermore, to address the limitations associated with conven-
tional P&O, an adaptive P&O tracking methodology (flexible)
was proposed. The investigations performed have highlighted
the feasibility of the SOPS rewiring approach to transform
RPP to GMPP during complex shade/soiled conditions. This
subsequently has proven to be a viable approach to track GMPP
more efficiently by inverters. Also, experimental evaluations
suggested that the proposed adaptive P&O method improves
the convergence characteristics as well. Though out of scope,
the findings in this article also have key applications to flexible
power tracking in grid-connected systems, which could allow
CPG operation at GMPP even during partial shade conditions.
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