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PV Array Reconfiguration Based on the Shaded
Cells’ Number for PV Modules

Jun Qi, Xun Huang, Beijia Ye, and Dan Zhou

Abstract—Reconfiguration can increase the output power for
a PV array under partial shadows. However, traditional recon-
figuration methods consider the PV module as either totally
shaded or totally unshaded, and module-based simulation is
employed to evaluate the reconfiguration effect. Actually, there
is an unneglectable error when treating a partially shaded PV
module as totally shaded, through using a more accurate cell-
based simulation. Based on the analysis of the determinant factors
on MPPs’ power of a PV array, a new reconfiguration method is
proposed based on the exact partial shadow shape projected on
the PV array. This method restructures the electrical connection
among PV modules of a PV array according to the shaded cells’
number (SCN) of every PV module. Extensive cell-based simula-
tions are carried out on a PV array to verify the effectiveness of
the proposed SCN-based reconfiguration method. Comprehensive
comparisons among various reconfiguration methods and shadow
distributions clearly show its suitability to different irregular
shadows and its superiority in PV output power enhancement.

Index Terms—Maximum power point (MPP), partial shadow,
PV array, PV module, reconfiguration.

I. INTRODUCTION

CCORDING to the National Energy Administration,

China’s photovoltaic (PV) power generation capacity had
reached 253 GW by the end of 2020, accounting for nearly
11.5% of the national total generation capacity. Limited by the
installation area and panel cost of a PV array, improving the
power generation efficiency of a PV system has become an
important research field [1]-[4].

The structure of a PV array and the shape of a partial
shadow are the two key factors affecting a PV system’s
output power. There are many interconnection schemes to
form a PV array, such as Series-Parallel (SP), Total-Cross-
Tied (TCT), Bridged-Link (BL), Honey-Comb (HC), Triple-
Tied (TT), and various hybrid types evolving from them [5].
The TCT structure is a very popular scheme for output power
enhancement under partial shading [6], [7]. In addition, the
performance of a PV system depends largely on environmental
conditions, such as clouds, buildings and other objects which
will cast shadows on the PV arrays when the sun traverses the
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sky. This will result in irradiance loss across the PV surface
and mismatch power loss among PV modules [8], [9]. The
shadow shapes are usually irregular, and partially shaded PV
modules are very common in PV arrays. In recent years, many
reconfiguration techniques, including static and dynamic, have
been proposed to mitigate the mismatch power loss in PV
arrays [10]-[24].

For static reconfiguration, the power generation is increased
by optimizing the physical locations or the electrical inter-
connections of PV modules before the PV system is put into
operation. In [10], the PV modules in a TCT PV array are
arranged by the SuDoKu puzzle pattern so as to distribute the
shadow effect over the entire array. However, ineffective shade
dispersion is experienced with the SuDoKu method [11]. Fur-
thermore, in [12], an optimal SuDoKu reconfiguration method
is proposed to reduce the wiring arrangement and increase
the shading distribution over the array. In addition, the re-
configuration methods based on Futoshiki puzzle pattern [13],
dominance square method [14] and LoShu technique [15] are
put forward in succession to improve PV array power output.
However, all of these above methods are only applicable to a
square array. Furthermore, actual shadows change over time,
and it is impossible for these static reconfiguration strategies
to obtain the greatest power generation all the time.

Dynamic reconfiguration schemes can change the electrical
connection of a PV array timely according to actual shadow
conditions. In [16], the optimal reconfiguration of a PV array
is formulated as a mixed integer quadratic programming
problem, which is solved by the brand and bound algorithm.
In [17], the grasshopper optimization algorithm is applied to
the reconfiguration of a partially shaded PV array. In [18], the
parallel computation is used in particle swarm optimization
to achieve the best reconfiguration solution for a PV array.
In [19], the “irradiance equalization” strategy is proposed to
dynamically optimize the PV array’s configuration. In [20],
the series-voltage source is employed to make every PV
branch operate on its own maximum power point (MPP).
In [21], the two-step GA technique, based on a switching
matrix, is proposed to overcome partial shading. In [22], a
comparative study among all the published static and dynamic
reconfiguration approaches and the challenges facing each
approach are presented and discussed. To mitigate the high
cost and complex wiring during dynamic reconfiguration,
in [23], the electrical connections of a PV array is designed to
interchange automatically between SP and TCT configurations
under partial shading conditions; in [24] the optocoupler-based
electronic circuit is designed for each PV module to avoid an
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expensive sensing and complex switching network.

In all this research, the irregular partial shadow is simplified
as a conjoining of the PV module’s rectangular shape, which
is at also commonly seen in other PV application fields at
this time [25]. The difference between partially shaded and
totally shaded on a PV module is ignored since it is difficult
and incurs high-cost to obtain the exact shadow shape by
conventional electrical sensors. Inspired by the successful
image recognition of partial shadows on a PV array [26], the
approximation error of irradiance equivalence for a partially
shaded PV module is discussed in this paper. The dynamic
reconfiguration strategy is redesigned according to the ir-
regular shadow shape, which contains information about the
shaded cells’ number (SCN) of every PV module. Neither
complex iteration computations, nor massive electrical sensors,
are needed in this SCN-based method and it is applicable to
PV arrays with different row and column sizes.

In our research, we focus on the reconfiguration algorithm,
without considering reconfiguration costs on the switch ma-
trix, wiring, etc. The remainder of this paper is organized
as follows. Section II discusses the approximation error of
conventional irradiance equivalence for partially shaded PV
modules. The analysis of P-V peaks’ number and the determi-
nant factors on MPPs’ output power are presented in Section
III, followed by the new SCN-based reconfiguration method.
Simulation results and discussions are provided in Section IV.
Section V presents key conclusions.

II. DISCUSSION OF PARTIAL SHADOW
APPROXIMATION ERROR

A. TCT PV Array Under Partial Shadow

Due to its low terminal voltage and output power, it is
necessary to connect PV cells to form a PV module, and
further connect PV modules together to form a PV array. As
shown in Fig. 1, m-tier, n-column PV modules are connected
as an mxn PV array of a TCT structure, and every PV module
contains several PV cells in series inside. Each tier of the PV
modules is connected with a bypass diode in parallel. The
blocking diode is not considered here since maximum power
point tracking (MPPT) in a properly reconfigured TCT PV
array usually can avoid the reverse current. The PV module in
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Fig. 1. Structure relationship between PV array, PV module and PV cell. (a)
TCT structure of an m X n PV array; (b) series structure of a PV module.

tier  and column y is labeled as M, where, z = 1,2, --- ,m,
y=12--,n.

When the PV array is suffering from irregular shadows,
there are three possible PV module types: unshaded, totally
shaded and partially shaded. In this paper, for simplicity, the
irradiance within the shadow area is considered as uniform.
Denote the irradiance in the unshaded area and shaded area as
aW/m? and SW/m?2, respectively. Define the matrices Q and
P as follows.

Q11 Q1n
Q=| : : (D
le an
r -1 Py Py,
P=k]|: Lol =R=1 : 2
1 -1 P P,

where the element @), in the matrix @ is the shaded cells’
number in the PV module M, & is the total number of series
PV cells in every PV module and the element F,,, in the matrix
P is the unshaded cells’ number.

Under the standard test condition (STC), the values of
the short circuit current (Igc) and the open circuit voltage
(Voc) have been tested and provided by the manufacturers.
It should be noted that the irradiance and temperature will
significantly affect the actual values of Igc and Vpc. The
temperature across a PV array surface is usually similar and
thus is assumed to be uniform in this paper. The Igc of a PV
cell is proportional to the irradiance [27], therefore, when all
the series PV cells in a PV module are connected with only one
bypass diode outside, the Igc of a partially shaded PV module
is decided by the irradiance on its shaded cells. Meanwhile,
the Voo of a PV cell is in a logarithmic relationship with the
irradiance [27], thus it will slightly decrease with the drop of
irradiance. The Vo of a PV module is the sum of the Vi
of all the PV cells in this module.

Denote the short circuit current as Isc_, and Isc g, the
open circuit voltage as Voc_o and Voc_g for the PV cell under
unshaded irradiance (i.e., W/m?) and shaded irradiance (i.e.,
BW/m?), respectively. Based on the above analysis, the IS,
and V3¢ of the PV module M,, with Q,, shaded cells and
P, unshaded cells are given in (3).

3)

IS¢ = min(Isc_a, Isc_s) = Isc_s
VOT% = nyVOC_a + Qa;yVOC_,B

The PV modules of every tier in Fig. 1 are parallel-
connected, the Isc, and Ve, of the Tier x can be calculated
as in (4).

Isce = ZZ:l ISz(yj 4)
Voca & min (V34 V2, -+, VSE)
B. Approximation Error in Partial Shadow Equivalence

Conventionally, a partially shaded PV module is often
approximated as a totally shaded module for ease of simu-
lation [28], [29]. In order to evaluate the shading degree or
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shading strength of a PV module, the equivalent irradiance in
(5) is introduced by references [9].

Gay = [Ty + 1o (/"0 —1))] 5)

where G, is the equivalent irradiance of M, I, and V;, are
the measured output current and voltage under present shadow
conditions, respectively. v, Ip and nV7 can be evaluated from
the PV module parameters under STC. The STC parameters of
the PV modules in this section are presented in Appendix A.

Consider the 2 x 2 PV array in Fig. 2(a) where three PV
modules are partially shaded with o = 1000 W/m? and 3 =
500 W/m? in unshaded and shaded areas respectively. After
irradiance equivalence, the partially shaded PV modules in
Fig. 2(a) are now totally shaded in Fig. 2(b). The matrix @
of Array A & B are displayed in (6) and (7).

0 9
0 36
B 500 W/m? 600 W/m?
770 W/m? [ 1000 W/m?

— R

i ﬁ ’ ’
Tier 1

11 12 ﬁi My, M, ﬁx

.
‘f

Tier 2

AL 22 My, My,
(a) (b)
Fig. 2. Partially shaded PV array before and after irradiance equivalence:

(a) Array A; (b) Array B.

By applying the MPP current and voltage of Array A to
(5), the equivalent irradiance of M2 and Ms1/Mss in Array B
are 770 W/m? and 600 W/m?, respectively. The characteristic
curves of shaded modules before and after irradiance equiva-
lence are plotted in Fig. 3 by cell-based simulation. Numerical
results for comparison are listed in Table I. Since the shadow
irradiance on M2 in Array A is lower than Array B, the I32
in Array A is smaller than Array B according to (3), which
is consistent with Fig. 3. The I3}, and IZ2 are similar. In
addition, there is an evident error in MPP power by treating a
partially shaded module as totally shaded, especially for Mys.

It is worth noting that, in Array A, since the numbers of
shaded cells in My; and My, are equal, the characteristic
curves for them are identical, although the shadow shapes on
them are different. Therefore, given the irradiance on a PV
module, its output characteristic is determined by the number
of shaded cells. It can be approximately considered that the
number of shaded cells depends on the size of the shadow area.
In the following discussions, for convenience, the irregular
shadow shape on a PV module is uniformly represented as a
rectangle area with the same size.
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Fig. 3. Characteristic curves of shaded modules in Array A & B: (a) I-V
curves; (b) P-V curves.
TABLE I
APPROXIMATION ERROR OF THE PARTIALLY SHADED PV MDOULES

Module  Array IZZ (A) VT (V) Py%o.t W) APIEL %°
M A 0.335 21.33 6.00 -
12 B 0.516 21.20 7.67 +27.83
A 0.335 21.06 5.56 -
M21/Ma2 3 0402 2081 593 16.65

IPS&, is the maximum power of the PV module Mg,.
2APpp% = (Pypp | — Pafppla)/Prppla x 100

To further illustrate the approximation error of irradiance
equivalence on the whole PV array, the output characteristic
curves of Array A & B are plotted in Fig. 4. It can be found
that the MPP power of Array B is nearly 10% larger than
Array A. This means that if we treat partially shaded modules
as totally shaded, there is a considerable error in the MPP’s
power for the whole PV array. Therefore, it is reasonable and
better to employ the cell-based simulation to obtain a more
accurate result under irregular and partial shadows. Only in
this way can we obtain more accurate and convincing results
in comparing different reconfiguration methods.

III. SCN-BASED RECONFIGURATION PRINCIPLE
A. Analysis of P-V Peaks’ Number

Due to the bypass diode, usually there are multiple peaks
on the P-V curve of a partially shaded PV array before
reconfiguration [30], [31]. The dynamic PV array (DPVA)
is based on the TCT topology. For the DPVA shown in
Fig. 5, the physical location of every PV module is fixed,
while the electrical location of PV modules can be changed
by the switching matrix similar to [32]. In Fig. 5, every PV
module M, can be switched to connect with any electrical
location by the switching matrix according to a reconfiguration
strategy. It is worth noting that all the electrical locations
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Fig. 4. Characteristic curves of Array A & B: (a) I-V curves; (b) P-V curves.

(e.g., Ci1,Cha, -+ ,Cij, -oo, Oy of the iy, tier Ci(an)) in
any tier are electrically the same, and the sequence of tiers
(e.g Ciimn)s 5 Citimon)y 5 Cin(1~n)) has no effect on
the PV array’s output.

In order to reduce the mismatch power loss, the irradiance
differences between any two tiers of the TCT array should be
minimized [16]. Under uniform shadow, it should distribute
the shaded PV modules in each tier as evenly as possible.
Suppose that there are mc + d shaded modules in an m x n
DPVA, where ¢ = 0,1,2,--- ,n—1and d =0,1,2,--- ,m.
There are two possible scenarios:

1) When d = m, there are ¢+ 1 shaded PV modules in each
tier after reconfiguration. According to (3) and (4), the Isc of
each tier in the reconfigured PV array is equal. Therefore,
there is only one step in the I-V curve and one peak in the
P-V curve, for the reconfigured PV array.

2) When d # m, there are m-d tiers containing ¢ shaded

~
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modules and d tiers containing ¢ + 1 shaded modules after
reconfiguration, which means that there are two different
values for the tier’s Isc. Thus, for the reconfigured PV array,
there are two steps in the I-V curve and two peaks in the P-V
curve.

It can be concluded that no matter what the shadow shape
is like, after distributing the shaded PV modules in each tier,
as evenly as possible, there are at most two different levels
of tier’s Igc in a PV array and thus at most two peaks in the
P-V curve.

Mark the tiers with less shaded modules as “TWL, ” and
the tiers with more shaded modules as “TWM.” Use Array A
in Fig. 2(a) as an example. Obviously, Tier 1 in array A is
TWL and Tier 2 is TWM. The I-V curves for Array A and its
inner tiers are plotted in Fig. 6(a) by the cell-based simulation.
The I-V curve of Array A has two steps, whose first step with
lower voltage is determined by the TWL, while the second
step with higher voltage is determined by the TWM. The P-V
curve of Array A shown in Fig. 6(b) has two peaks, which
from left to right are corresponding to the first and second
step of Array A’s I-V curve respectively. In other words, the
left power peak is affected by the TWL and the right power
peak is affected by the TWM.

B. Determinant Factors on MPPs’ Power

Consider the 2 x 2 DPVA with irregular shadow distribution
in Fig. 7(a), where M, is totally shaded, Ms; and Myo are
partially shaded, and Mj> is unshaded. The STC parameters
of PV modules are listed in Appendix A. The matrix Q is
shown in (8).

—_— B - =Y
Switching matrix: Electrical location:
— meaa ) ]
Physical location: 1] ! (\:/ I Cul |Cia Cy Ci
""" . Loy | T = =
M| Mp,| - = :
o] SIS T ™ Tk
r o :C/u' Ci| |Ca Cij Cin| 4
Mxl M.\'2 Xy ) s _U_I - T {
I : : . [ ' |
* I‘: 7
Mml Mm2 Mmy an ) ol [ :C/ | le Cm2 ij Cmn
= Gt _ = il . Pl I
- © &
Fig. 5. Physical and electrical locations of PV modules in an m X n DPVA connected by a switching matrix.
- e ~ A:Tier 1(TWL)
- first strp |~ A:Tier 1(TWL .
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Fig. 6. Characteristic curves of Array A and its inner tiers: (a) I-V curves; (b) P-V curves.
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It is well-known that whether there is an up and down
exchange between tiers or a left and right exchange in every
tier, it will not change the electrical characteristics of the TCT
PV array. Therefore, the PV array shown in Fig. 7(a) can be
reconfigured to three different electrical configurations, which
are shown in Fig. 7(b)—(d), marked as EC;, EC, and ECj
respectively. In a conventional reconfiguration, these three
electrical configurations are considered the same.

From Fig. 7(b)—(d), it can be seen that Tier 2 contains one
more shaded module than Tier 1. Therefore, Tier 1 is taken
as TWL and Tier 2 as TWM. The differences among ECq,
ECs and EC3 are the electrical location of partially shaded
PV modules: My;, Ma; and Masy. Denote Q. (EC,,) as the
total number of shaded cells of Tier x in EC,,, where w = 1,
2, 3. Based on (8), we have:

Tier 1(TWL)Q1(EC3) > Ql(ECQ) > Ql(ECl)
Tier 2(TWM)Q2(ECl) > QQ(ECQ) > QQ(ECg)

®)

€))
(10)

According to (3), the Igc and Vpc of these PV modules
fulfill the following relationships:

1> 1 =13 = 1% an
Voo > Vg > Ve > Vo
According to (4), the short circuit current Isc,(EC,,) and
the open circuit voltage Vo, (EC,,) of Tier z in EC,, further
fulfill the following relationships:

Tier 1 | Isc1(ECq) = Isc1(ECs) = Isci1(ECs)

(12)
(TWL) | Voc1(EC1) > Voci (EC2) > Voci (ECs)
Tier 2 Isc2(ECy) = Isc2(ECy) = Isc2(ECs)

(13)
(TWM) | Voea(EC3) > Vocz(ECs) = Voca (ECh)

Consider the above conclusions that the left peak of the
P-V curve is primarily affected by TWL, whereas the right
peak is primarily affected by TWM. Pypp 1(EC,) and
Pyrp_r(EC,) denote the power value of the left and right
peak in EC,, respectively. Combining (9) and (12), for the
TWL case, the number of shaded cells in ECq is the least
among all the three electrical configurations, so that EC; has
the largest left peak’s power value. Combining (10) and (13),
for the TWM case, the number of shaded cells in EC3 is the

(© (d)

The 2 x 2 DPVA with irregular shadow distribution and its possible electrical configurations: (a) Irregular shadow distribution; (b) EC1; (c) EC2;

least, so that the right peak’s power value of ECs is the largest.
Then, we have:

Pupp_1,(ECy) > Pupp_.(EC2) > Pupp_1.(ECs)
Pupp_r(EC3) > Pupp_r(EC2) = Pypp_r(EC:)

To check the validity of the above analysis, cell-based
simulations are performed and compared for EC;, EC, and
EC3. Set a = 1000 W/m? and 3 = 200 W/m?, respectively.
The P-V curves of EC;, ECy and ECj3 are plotted in Fig. 8.
Part of the results are shown in Table II. It can be seen that
EC; has the highest left peak whereas EC3 has the highest
right peak, which coincide with the analysis results above.
Thus, we have these conclusions:

1) The less shaded cells in TWL, the higher the left peak on

the P-V curve.

2) The less shaded cells in TWM, the higher the right peak

on the P-V curve.

(14)
15)

TABLE II
COMPARISON OF MPPs’ POWER FOR EC;, ECy AND EC3

Electrical PMPP_L PMPP_R Pypp  Pupp change wrt.
Configuration (W) W) (W) EC3 (%)

EC1 11.70 8.97 11.70 +4.09

ECy 11.50 8.99 11.50 +2.31

EC3 11.24 9.32 11.24 -

There is up to a 4% power increase from EC3 to ECI.
Taken these differences among partially shaded PV modules
into consideration, the conventional reconfiguration methods
can be further improved. With the help of shadow image
recognition techniques, it is possible to figure out the shaded
cells’ number in every PV module. Thus, it is easy to carry
out the new SCN-based reconfiguration method as illustrated
in the next section.

C. SCN-Based Reconfiguration Flowchart

From Section III-A and III-B, we can summarize that:

1) There are at most two peaks on the P-V curve after
distributing shaded modules (including totally or partially
shaded) in each tier as evenly as possible;

2) Less shaded cells in the TWL/TWM leads to a higher
left/right power peak on the P-V curve.

In order to obtain a higher global MPP for the DPVA, the

relatively less shaded PV modules should be placed in TWL or



738 CSEE JOURNAL OF POWER AND ENERGY SYSTEMS, VOL. 9, NO. 2, MARCH 2023

TWM as much as possible. By comparing the two schemes,
the one with a larger global MPP is the final choice. The
flowchart of the SCN-based reconfiguration method is shown
in Fig. 9, including the following 8 steps:

Step 1: Set initial condition

Start from sunrise time, define a DPVA formed by m x
nPV modules, and record the current electrical configuration
as EC,.

Step 2: Determine the matrix Q

By shadow shape recognition, recognize the shaded PV
modules and compute the number of shaded cells of every
PV module. If all the elements Qg , (x = 1,2,---,m;

y = 1,2,--+ 'n) in matrix @ are 0, which means that the
-EC, ,
10 A
g ECZ ": ,_—\\‘
E -EC, ‘:’E ‘\‘\
2 s : 3
[=%
0
0 10 20 30 40
Voltage (V)
Fig. 8. P-V curves for EC1, EC2 and EC3 in Fig. 7(b)—(d).

| Define an mxn D PV A |
N2

| Record initial configuration as EC, |

%

1
| Compute shaded cells Q,,

<0-—=X

N

Step 3

Sort modules in descending order
according to O,

N2 L N2
Step 4 Generate candidate Generate candidate
configuration CC, configuration CC,
[ ]
2
Step 5 Calculate Pypp(CC,) and Pypp(CC,)

by simulation

Pypp(CC1) > Pripp(CCy)?

| Make reconfiguration |
€

| Update ECas ECqpy |

Wait for a period of time %

Fig. 9. Flowchart of the SCN-based reconfiguration method.

PV array is not shaded, then go to Step 7, otherwise go to
Step 3.

Step 3: Sort shaded modules by @,

Assume that the total number of shaded modules is mc+d,
where ¢ =0,1,2,--- ,n—1and d =0,1,2,--- ,m. Sort the
shaded modules in descending order according to the value of
Qzy- The sequence obtained is denoted as [ in (16).

l = {51752753; e aSmc-‘y-d}

where S is the module with maximum value of Q.y, Smctd
is with minimum value of Q.. After distributing these shaded
modules in each tier as evenly as possible, there will be m-d
tiers in TWL and d tiers in TWM.

Step 4: Generate candidate electrical configurations

Candidate configuration 1 (CC;) shown in Fig. 10(a): Put
the less shaded modules from Sy(.11)4+1 t0 Spetra in TWL,
and put the more shaded modules left in TWM.

Candidate configuration 2 (CCs) shown in Fig. 10(b): Put
the less shaded modules from S(,,_g)c41 10 Spmeta in TWM,
and put the more shaded modules left in TWL.

The distribution of non-shaded modules in CC; or CCy will
not affect the DPVA’s electrical output, so it is simplified in
this research.

Step 5: Compute and compare GMPPs

(16)

c+1 columns
f—%

- O
Detl
2 1
TWM 2 <
SIS MR <
1) ‘S« 1 '\/’(Ml»
L | .
b Bl M
% 1)+1 1) -
TWL = o
3
E <n @ %
S c+l d
L 1 °
%_/
¢ columns
(@)
¢ columns
O
Y MM M
£ [ 1
TWL E 3
—1)c+1 {l)c
L : T T
N v
" 1) 151 ) s[/ H+1)ctl
z [ T
TWM g <
=
M % %S
(! S‘/U( C
o B i wlll B~
%—/
c+1 columns
(b)

Fig. 10. Two candidate configurations for the DPVA under the same shadow:
(a) CCI; (b) CC2.
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Calculate the exact GMPP’s power Pypp(CCyi) and
Pypp(CCy) for CCy and CCy by the cell-based simulation
respectively. The configuration with larger GMPP’s power is
chosen as the optimal one, and defined as ECopr.

Step 6: Perform the reconfiguration

If ECopr is different from ECy, the DPVA is reconfigured
in terms of ECopr and ECj is updated as ECopr, otherwise
enters Step 7 directly.

Step 7: Wait for a period of time

After one round of reconfiguration, it takes a period of time
to wait for the change of shadow.

Step 8: Judge the end of reconfiguration

If the current time is later than the sunset time, the recon-
figuration algorithm will be ended for one day, otherwise go
to Step 2 for the next round of reconfiguration.

IV. SIMULATION AND DISCUSSION
A. Validation of the SCN-based Reconfiguration

To check the validity of the proposed SCN-based reconfigu-
ration method, a 5x 5 DPVA is constructed by adopting the PV
module TSM-195DCO01 A made by TrinaSolar. The modules’
STC parameters are presented in Appendix B. Fig. 11(a) is
the irregular shadow distribution on this DPVA’s physical
location, and the initial electrical configuration (ECy) is shown
in Fig. 11(b). The number of shaded cells on every PV module
is given by matrix Q:

0 1 0 0 O

17 55 41 33 3
Q= |37 72 72 72 33 17
24 72 56 60 52
4 21 5 7 15
The sequence [ in (16) after sorting is as follows:
I = {My2, M3y, M33, M3p, Myy, Mys3, Mo,
Mys, Moz, M31, M35, Mag, My1, M52,
Mai, M55, Msg, Ms3, Ms1, Mas, Mo} (18)
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By putting the less shaded modules in TWL or TWM, two
candidate electrical configurations CC; and CCy are shown in
Fig. 11(c) and Fig. 11(d) respectively. When o = 1000 W/m?
and 8 = 200 W/m?2, through cell-based simulation, the P-
V curves of ECy, CC; and CC; are presented in Fig. 12.
Part of the simulation results are provided in Table III. It
can be seen that CCy generates more MPP power than CC;.
So record CCy as ECopr, and reconfigure ECy in terms of
ECopr. By reconfiguration, the MPP power is increased by
33.52% compared with ECy. In addition, there is about 2%
increase from CC; to CC,, which are considered as the same
in conventional reconfigurations.

TABLE III
POWER CHANGE OF CC1, CC2 WITH RESPECT TO ECq

Electrical Configuration  Pypp (W) Power change w.r.t. ECo (%)
ECo 1070.6 -

CCy 1408.2 +31.53

CCsq 1429.5 +33.52

B. Comparison of Reconfiguration Methods

To further evaluate the SCN-based method, another two
reconfiguration methods are employed for comparison. One
is the Dominance Square (DS) method in [14] and the other
is the Optimized Irradiance Equalization (OIE) method in [19].
The DS method follows the dominant square puzzle pattern for
number placement in a square matrix. The OIE method adopts
an iterative and hierarchical sorting algorithm to establish a
near optimum configuration. Just like other conventional re-
configuration techniques, none of them distinguishes between
partially shaded and totally shaded PV modules. By changing
the irradiance values of « and 3 respectively, two groups of
cell-based simulations are carried out, and the power increase
effect of SCN, OIE and DS are compared in Fig. 13.

Case 1: Take o = 1000 W/m?, the value of 3 varies from
200 W/m? to 600 W/m?.

Case 2: Take S = 200 W/m?2, the value of « varies from
400 W/m? to 800 W/m?2.
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Shadow distributions on DPVA and its different electrical configurations. (a) Irregular shadow distribution on the 5 X 5 DPVA’s physical location;

(b) initial electrical configuration (ECp); (c) candidate configuration 1 (CCyp); (d) candidate configuration 2 (CCs).
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Fig. 13. Comparison of power increases by adopting different reconfiguration
methods for (a) Case 1; (b) Case 2.

From Fig. 13(a), it can be found that for Case 1 with o =
1000 W/m? fixed, when 8 > 300 W/m?2, the power rise by
adopting SCN method is about two times larger than that by
the OIE and DS methods. When 3 < 300 W/m?2, although all
the three methods provide satisfactory power enhancement,
the SCN method performs best. From Fig. 13(b), for Case
2 with 8 = 200 W/m? fixed, when o < 600 W/m?, SCN
method provides more than 6.5% power enhancement which
is two times larger than that of the OIE and DS methods.
When o > 600 W/m?, although all the three methods can
greatly increase the output power, the improvement by the
OIE method or DS method are obviously smaller than the
SCN method. The above analysis indicates that the proposed
SCN reconfiguration is superior in raising the output power of
the PV array under irregular shadow.

In addition, it is worth noting that the DS method is only
applicable to a square array. In the OIE method, a lot of
sensors are needed to measure the voltage and the current of
each module, and iterations are needed in the reconfiguration
process. In addition, the OIE method requires the row number
of the PV array to be a power of two. In contrast, for
the proposed SCN method, there is no iteration for every
reconfiguration round and it is applicable to the arbitrary size
of the PV array. Therefore, the SCN method is easier to
implement and more adaptable than the OIE method.

CSEE JOURNAL OF POWER AND ENERGY SYSTEMS, VOL. 9, NO. 2, MARCH 2023

C. Test under Different Shadow Distributions

Three different patterns of shadow distributions are shown
in Fig. 14 to simulate partial shadows caused by mountains,
buildings and trees around the PV array or bird droppings,
surface dirt and clouds above the PV array. They are the
Short-Wide (SW) shadow, Long-Narrow (LN) shadow and
Discontinuous (DIS) shadow, respectively. The total number
of shaded cells in these shadow distributions is set as equal.
Similar to the two case settings in Section 4.2, simulations
are carried out by varying irradiance values of « and S,
respectively. The results are presented in Fig. 15.
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Fig. 14. Shading patterns: (a) Short-Wide (SW) shadow; (b) Long-Narrow
(LN) shadow; (c) Discontinuous (DIS) shadow.
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Fig. 15. Comparison of power increase under different shading patterns for
(a) Case 1; (b) Case 2.

For the PV array under the SW shadow, the SCN method
provides the best output power enhancement. From Fig. 15(a),
when 8 < 350 W/m?, the power is increased by more than
60%. When 3 > 350 W/m?2, as {3 rises, the power enhancement
decreases. From Fig. 15(b), when o > 600 W/m?, the power
is increased by more than 60%. When a < 600 W/m?, as
« drops, the power enhancement decreases. The reason for
the apparent power rise is that the mismatch power under the
SW shadow is relatively the largest. After reconfiguration, the
impact of the mismatch can be greatly reduced. For the PV
array under the DIS shadow, the power can be improved by
about 20%. For the PV array under the LN shadow, the power
improvement is negligible as the mismatch power loss of the
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PV array under the LN shadow is the smallest. In other words,
the current configuration is close to the optimum one.

V. CONCLUSION

By adopting the cell-based simulation, the approximation
error caused by the conventional module-based simulation
after irradiance equivalence is exposed and compared. After
the detailed analysis of the P-V curve features under partial
shadow, a SCN-based reconfiguration method is designed
to optimize the electrical connections among PV modules.
Rather than requiring complex iterative algorithms, this re-
configuration method only requires a simple SCN sort process
which is welcome in engineering applications. The cell-based
simulations carried out under different partial shadows reveals
a large amount of output power increase after the PV array re-
configuration. By comparing the ability of power enhancement
under different shadow distributions, this SCN-based method
is shown to be obviously superior against the conventional
methods.

However, there are a lot of switches and wires needed by
the DPVA to implement reconfiguration, and it is still a long
way until large-scale commercial applications for PV array
reconfiguration technology are feasible. How to simplify the
DPVA wiring structure and cut down the number of switches,
and meanwhile maintain the power enhancement ability under
complex shadow types, is still a huge obstacle to be overcome
in the future.

APPENDIX A

PV Module (GHM10W) Data under STC
Number of series cells = 36
Nominal DC power = 10 W
Voltage at nominal power = 17.6 V
Current at nominal power = 0.57 A
Open circuit voltage = 21.6 V
Short circuit current = 0.67 A

APPENDIX B

PV Module (TSM-195DC01A) Data under STC
Number of series cells = 72
Nominal DC power = 195 W
Voltage at nominal power = 37.1 V
Current at nominal power = 5.25 A
Open circuit voltage = 45.6 V
Short circuit current = 5.56 A
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