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Abstract. The partial shading effect (PSE) is responsible for most power losses in a photovoltaic (PV) system.
By modifying the interconnections between PV modules, called PV array reconfiguration, it is possible to
improve the power output under partial shading conditions (PSCs). Compared to research on static PSCs, the
impact of dynamic PSCs on PV arrays is rarely mentioned, although it deserves to be studied. This paper studies
the dynamic PSE on four traditional PV configurations and two reconfiguration techniques based on a 5 x 5 PV
array. The four traditional PV configurations are Series-Parallel (SP), Bridge-Link, Honey-Comb, and Total-
Cross-Tied (TCT). The two reconfiguration techniques are SuDoKu (SDK) representing Physical Array
Reconfiguration (PAR) and Electrical Array Reconfiguration (EAR). The dynamic PSCs are simplified to three
types based on the varying orientation: horizontal, vertical, and diagonal. Simulations are carried out with
Matlab & Simulink. The performance comparison for the four traditional PV array and two reconfiguration
techniques is based on daily energy losses. The results show that four traditional PV configurations techniques,
in all PSCs’ scenarios, EAR has the most stable performance and the lowest energy losses. The energy losses of
SP connection are the largest in all PSCs cases. Although their performance varies depending on the partial

shading case, Total-Cross-Tied and SudoDKu lead to the lowest energy losses.

Keywords: Dynamic partial shading / PV array reconfiguration / energy loss

1 Introduction

From 22 onwards, all new buildings have to be Near Zero
Energy Buildings, otherwise, 75% of EU buildings were
built before energy performance standards existed and the
refurbishment rate of buildings need to increase threefold
for the decarbonization targets to be reached [1]. A building
Integrated PV (BIPV) provides new solutions to achieve
the ambition of the clean energy projects in EU. By 2021,
although the share of the BIPV has only achieved 2%
over all PV installations, it still has a great developing
potential [1].

In urban areas, partial shading is one of the most
important factors causing energy losses in BIPV system [2].
The shading could be caused by adjacent buildings,
chimney, trees, moving clouds, etc. The author in [3]
shows that partial shading produced by a 2 meters high
chimney could contribute to 2-12.5% annual energy losses
for of a cut wafer-Si based solar system.

*e-mail: chuanyong.shao@centralesupelec.fr

Research works prove that altering the interconnec-
tions among PV modules helps to improve the output
performance of a PV array under partial shading
conditions (PSCs). This is known as PV reconfiguration
techniques. The traditional PV configurations including
Series-Parallel (SP), Bridge-Link (BL), Honey-Comb
(HC), and Total-Crossed-Tied (TCT) [4-7] can mitigate
the power loss under PSCs. Authors in [4] present detailed
modeling and simulation to estimate the performance of
Series, Parallel, SP, BL, HC, and TCT under PSCs. The
performance assessment is based on various shading
patterns. The authors in [4] found that the higher the
number of connections in series, the greater the power loss.
Nevertheless, it is found that the performance of the
previously mentioned PV configurations is highly sensitive
to the shading pattern, even for TCT, which has the best
performance [4,8]. To improve the performance (minimize
the power loss), PV reconfigurations are developed. They
improve the performance of PV arrays under PSCs by
adjusting the current through the electrical lines. There are
two main PV reconfiguration techniques: a static one
denoted Physical Array Reconfiguration (PAR), and a
dynamic one that is Electrical Array Reconfiguration

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (https: //creativecommons.org/licenses/by/4.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
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Table 1. The comparison between PAR and EAR.

Type  Advantages Drawbacks
PAR  Does not require any sensors’ reconfiguration The location of the modules in the TCT network
algorithm or switching matrix, in opposition to the is changed according to the skyscraper model in
dynamic technique case [17]. one go for all shadings [16].
Past method, the first column of the reconfigurable This method requires more wiring; this would
patterns remains unaltered [17]. increase the voltage drop in the PV systems [16].
Shading effects cannot be spread uniformly across
every row [16].
EAR  Flexibility The cost increases with a dynamic technique [17].

Dynamically controllable

The configuration becomes complex [17].
The reconfiguration algorithm is complex [18].

(EAR) [9]. Equalizing the irradiance in each row of the PV
array is the most commonly used method to achieve
reconfiguration [7]. Regarding PAR, the module’s physical
positions are rearranged without altering the electrical
connections [9]. Typical PAR methods apply puzzle-
solving ideas to distribute the shading, such as SuDoKu
(SDK), Zig-Zag, Magic Square, etc. [L0-12]. The authors in
[10] propose to rearrange the PV modules vertically in a
TCT-based configuration using the SDK algorithm, under
different PSC patterns. Their results showed that SDK has
a better output power than the original TCT configuration.
However, PAR is a one-shot design, which is not flexible
enough to handle time-varying PSCs.

Thus, the EAR is proposed to solve this problem [13]. In
the EAR, the PV module position is fixed. The EAR uses
groups of switches to change the interconnections between
the PV modules in real-time. There are also some adaptive
hybrid configuration systems, such as models in [14,15].
The authors in [16] designed an EAR method through the
simulated annealing algorithm, which minimized the
current difference in each row of the PV array. The results
showed that EAR performs better than TCT and SDK.
However, the EAR technique requires high switch resolu-
tion and is more expensive than the PAR system [7].
Table 1 summarizes their main characteristics.

Despite the extensive literature, the effectiveness of
reconfiguration in the case of dynamic shading has received
little attention. In most cases, the performance of a PV
array under PSCs is evaluated by comparing the power loss
under several static PSC scenarios [9,19]. The power loss
could indicate the performance of the PV arrays under
some PSCs, but it is not enough to evaluate the
performance of a PV array over a long time. The shape
of the shading that changes continuously in real lifeis
defined as Dynamic PSCs (D-PSCs) in this paper.

The objectives of this work are to compare the
effectiveness of the PAR and EAR under dynamic PSCs,
and evaluate under dynamic PSCs scenarios the perfor-
mance of the PV array with different reconfiguration
techniques through energy loss analysis.

This paper uses daily energy loss to evaluate the
performance of different PV configurations and reconfigu-
ration techniques under D-PSCs. In the D-PSCs cases, the
shape of the shadow can shrink or extend in one direction.
In this paper, assumptions of the D-PSCs are made

according to the direction of the varying shadow. Three
directions (Horizontal, Vertical, and Diagonal) of the
PSCs’ varying will be considered. Their effects on various
reconfigured layouts (the four typical PV configurations,
PAR and EAR) will be evaluated. The irradiance data are
obtained from the PVGIS database. The output perfor-
mance of different PV reconfiguration techniques will be
compared based on daily energy losses analysis.

2 Theory of partial shading effect

A PV array configuration defines the way in which the PV
modules are interconnected [20]. The advanced PV
configurations are developed from the elementary struc-
tures. The basic architectures of a PV array are series
connection and Parallel connection (Figs. la, 1b). In
Figure 1, G1 and G2 are two identical PV modules. A
series-connected set of PV modules is defined as a PV
string, while the parallel-connected one is a PV block. The
combination of series and parallel connections forms the
PV array. D1 and D2 are diodes connected to the PV
modules. In Figure la, the two PV modules are in series,
and a parallel-connected diode accompanies each PV
module. In Figure 1b, the two PV modules are in parallel,
and a series-connected diode is associated to each PV
module. In the series-connected PV modules, the diodes are
called bypass diodes, while in the parallel-connected PV
modules, they are blocking diodes (anti-reverse diodes).

To better understand the PSCs on different PV
configurations, this section illustrates the operating
mechanism for the two basic PV configurations. The
analysis starts with a uniform irradiance condition before
tackling the PSCs. The basic PV configurations refer to the
PV layouts in Figures 1a and 1b. The analysis is based on
the PV panel model in Simulink. Figure 1c is the classical
equivalent electrical circuit single-diode model. Figures 1d,
le, 1f represent a single PV model, a series-connected PV
configuration model, and a parallel-connected PV configu-
ration built in Simulink, in which the DC source acts as a
load by adjusting the output voltage. Table 2 states the
electrical parameters of the PV modules G1 and G2. The
output characteristics of the PV modules are represented
by the current—voltage (I-V) and power—voltage (P-V)
curves.
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Fig. 1. Models of basic PV configurations.

Table 2. The parameters of the PV module.

Number of cells Voc Isc

Vimp Imp Pm

60 36.3V 7.84 A

29V 7.35A 213.15W

2.1 Basic PV configuration performance under
uniform irradiance

The uniform irradiance condition means that PV modules

operate under the same irradiance. Our study does not

address the operating temperature of PV modules

(constant for all cases and equal to 25 °C). Therefore, we

can deduce:

— In a PV string, both PV modules are forward biased with
the same output current. Meanwhile, the bypass diodes
are reverse biased (not activated). The output voltage Vj

and current I of the PV string are given by equations (1),
(2). G1 and G2 are identical PV modules leading to
equations (2) and (3).

Vs=Voc1 +Voca, (1)
I, = Isc1 = Isco, (2)
Voci1 = Voce. (3)



C. Shao et al.:
12 T 500
Single
- - = In Series
10 7
IR % 400
- N
R e ,/_ — v
’ == ~ )
% L’ . \\ 300 o
. i =
g 61 i \\ “ g
=] 7] V) C?_
= 2 . 1200
4t L
\ 1
‘\
1
g “‘ll 1100
‘I
i
0 . . . : . . . 0
0 10 20 30 40 50 60 70 80
Voltage/V

(a) Series Connection

EPJ Photovoltaics 14, 21 (2023)

20 T 500
Single
== =In parallel
_____________________ R 400
151 2Tk
/’ \\ \\
= L’ M 1300 o
C . vy =
g 101 P \‘ \‘ g
8 // [ % | S
—~ ' 1200
’ AR}
’ "
i “w
5 . “
’ \
L’ “\ 1100
’ w
// W
. \
0 . . ' . ' . . 0
0 5 10 15 20 25 30 35 40
Voltage/V

(b) Parallel Connection

Fig. 2. [-V and P-V curves.

Voc1 and Isc; are the open circuit voltage and short circuit
current of PV module G1. Vpco and Igco are the open
circuit voltage and short circuit current of PV module G2.
Figure 2a presents the I-V curve and P-V curve of the

single PV module (solid line) and the PV string (dashed
line).

—In a PV block, the parallel connected PV modules
generate electricity together and the blocking diodes are
forward biased (conductive). The output voltage V,, and

current I, of the PV block are defined in equations (4)
and (5):

Vy=Voct = Voce,
I, = Isci + Isco,

Isc1 = Isco.

Figure 2b shows the I~V curve and P-V curve of the
single PV module (solid line) and the PV block (dashed
line). When G1 and G2 operate under uniform irradiance
condition, comparing Figure 2a with Figure 2b, the output
power of the series structure is dominated by the output

current, while it is mainly determined by the voltage in the
parallel structure.

2.2 Introduction to the partial shading effect

Partial shading means the PV modules in the same PV
array operate under different irradiance conditions. For a
single PV module, the short circuit current is proportional
to the received irradiance, while the open circuit voltage is
almost unaffected.

Under the PSC case, G1 and G2 receive different
irradiances, denoted as IR1 and IR2. The -V and P-V
curves are depicted in Figure 3. Under the PSC, we assume
that G2 is shaded, IR2 < IR1. G1 and G2 work under the

same temperature. Characteristic curves are obtained from
the simulations of the three layouts: single G1 or single G2

and connected G1-G2. The legend of the curves is as
follows:

— The solid lines in red refer to the characteristic curves of
G1 under irradiance IR1.

— The solid lines in green represent the characteristic
curves of G2 under irradiance IR2.

— The solid black lines indicate the characteristic curves
(under PSC) of the connected-G1&G2 group (In string or
parallel). The irradiance of G1 is IR1, and the irradiance
of G2 is IR2.

— Controlled simulation: The blue dashed lines are the
characteristic curves (Uniform irradiation) of the con-
nected-G1&G2 group (series/string or parallel/blocks).
The irradiances of G1 and G2 are IR1.

Comparing the blue dashed and the black solid PV
curves in Figure 3, no matter the PV connection structure,
there is always a power loss under PSC. Multiple Maximal
Power Points (MPPs) occur for series-connected PV
modules under PSC. Under the diodes’ protective function,
the output process of the connected PV under PSC can be

divided into several stages as described in the following for
two basic PV layouts:

For series connection

Stage 1:

— G1 and G2 supply the load together. The output voltage
and current change with the varying load.

— Because G1 and G2 are in a series connection, the
electrical circuit’s total current should be the same
according to the Kirchhoff Current Law.

— At this stage, the total current increases close to the
current of the Maximum Power point (MPP) of G2.

— The outputs of both PV modules are increasing.
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Fig. 3. The partial shading effect on usual PV configurations.

For parallel connection
Stage 2:

— The current of G2 goes across the MPP of G2.
— The output currents of the G1 and G2 still grow.
— The output of G1 keeps increasing.

— The output of G2 decreases, as well as the general output
power.

Stage 1:

— G1 and G2 supply the load in a parallel connection. The
output voltage and current change with the varying load.

— The total output voltage of the electrical circuit needs to
be the same according to the KVL.

— When G1 and G2 work together, the output voltages of
G1 and G2 are identical.

— When the voltage is lower than the MPP voltage of G2
(Vinpp2), the outputs of both PV modules increase.

— Once the voltage is more significant than the MPP
voltage of G2, the output of G2 starts to decrease.

Stages 3 and 4:

— The current produced by G1 goes above the short-circuit
current of G2, Igco.

— G2 isreverse-biased, acting as a load, and the diode D2 is
conductive under the reverse-biased voltage of G2.

— The diode bypasses G2, and only G1 provides the output
power. Before the current produced by G1 reaches its
limit I,,,p1, the general output power increases again.

— After the current goes across the MPP of G1, the general
output will decrease.

Stage 2:

— The output of G2 drops to zero, and the voltage of G2 is
reverse-biased. The voltages of G1 and G2 are no longer
equal.
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— The blocking diode protects the PV module from the
reverse current, and G2 stops operating.
— Only G1 supplies the output.

Equations (7)—(12) illustrate the output current and
voltage of the PV string and PV block under PSCs. The
mechanisms on how the PSC affects the operation of the
PV string and PV block are presented in Figure 3.

b= { ey Tl < e O
Vsout = Va1 + Ve, (8)
Iyout = Ic1 + I, (9)
Vi-out = { 52? ¥Z;Ht<§VX?uCtz < Voct’ (10)
Va1 =V, (11)
Isei _ IRy (12)

Isco IR

I_out, Vs—ous are the output current and voltage of the
PV string.
I,_outs Vp—out are the output current and voltage of the
PV block.

I, Igo are the load currents of PV modules G1 and G2,
respectively.

Va1, Vae are the load voltages of PV modules G1 and
G2, respectively.

Ir1, Izo are the in-plane irradiances received by PV
modules G1 and G2, respectively.

2.3 The four traditional PV configurations

Based on the analysis in Sections 2.1 and 2.2, we observe
that the performance losses under partial shading are
different for the two primary configurations. Therefore, it is

(c) HC

=
—
(@]
—

necessary to analyze the performance of the complex
configurations, which is done in the following. The four
most used PV configurations (Fig. 4) are: Series-Parallel
(SP), Bridge-Link (BL), Honey-Comb (HC), and Total-
Cross-Tied (TCT). For a PV array with Mx N dimension,
the definitions for the four traditional PV configurations
are explained as follows.

2.3.1 The SP configuration

The series-parallel PV configuration is presented in
Figure 4a. M PV modules are connected in series to form
astring, then Nstrings are connected in parallel to generate
the final output power.

2.3.2 The BL configuration

In the Bridge-Link PV configuration, every two sets of the
series connected modules are then connected in parallel
with each other, as shown in Figure 4b.

2.3.3 In HC configuration

In the Honey-Comb PV configuration, presented in
Figure 4c all the PV modules are interconnected in a
hexagonal shape similar to a honey comb [5].

2.3.4 In TCT configuration

The Total-Cross-Tied PV configuration is derived from a
SP connection, shown in Figure 4d. In TCT connection, N
PV modules are parallel connected to form M PV blocks.
Those blocks are then series connected to supply the
electricity to the external circuit.

2.4 The two PV reconfiguration techniques

Besides the four traditional PV configurations, there are
two PV reconfiguration techniques. Compared to the
traditional PV configurations, PV reconfiguration tech-
niques improve the performance of the PV array under
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PSC by changing the shadow distribution on the

PV array. They are usually developed based on

traditional PV configurations. The most used basic

configuration is the TCT connection, which is considered
in this paper.

— Physical Array Reconfiguration (PAR) is also seen as a
static reconfiguration method. The PAR relocates the PV
modules’ physical position without altering the PV array’s
electrical connection. The mainideaof PAR isto distribute
the shadings into different rows to balance the row current.
Figure 5a gives an example of the distribution of horizontal
shadings before and after the PAR. Typical PAR includes
Sudoku (SDK), Zig-Zag, Magic Matrix, etc. [7].

Comparatively, Electrical Array Reconfiguration
(EAR) technique is a dynamic reconfiguration strategy.
EAR modifies the electrical contacts among PV
modules directly through a switching matrix, shown
in Figure 5b [13]. The EAR method needs a great
number of sensors and switches. Hence, its cost is
higher compared to PAR.

3 Simulation
3.1 Dynamic shading cases

The size of the PV array under study is 5 X 5. The dynamic
shading cases are simplified into three main types based on
varying directions: horizontal, vertical, and diagonal. In a

dynamic shading case, the shape of the shadow changes
with time, along one direction. The shadow could extend or
shorten on the PV array, as depicted in Figure 6.

3.2 Factors affecting the PV array performance

The indicator considered to analyze the performance of PV
configurations is Daily Energy Loss DEL(%), defined in
equation (13).

Egppu — Egrp,ps

DEL(%) = =5 x 100, (13)
24

Ecppu = ZPGPP,U(t)a (14)
=1
24

Ecppps = ZPGPP,PS(t)a (15)

t=1

where, Eqppu, Eqppps are the generated daily energy
under uniform irradiance and PSCs, respectively. Pgpp v,
Pgpp ps are the Global Maximum Power of PV array under
uniform irradiance and PSCs, respectively.

3.3 Irradiance data

The irradiance data is from the open-access database of
PVGIS [21]. PVGIS is an online PV parameter tool offered
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by Europe Commission. In this article, the selected location
for the PV system is in Palaiseau, France (48.72°N, 2.25°E).
The curves of the best (August) and worst (January) daily
global irradiance (Tilted irradiance, the slope of the PV
panel is 35° the azimuth angle of the panel is 0°) are
displayed in Figure 7a. In this work, the best daily
irradiance is considered.

Figure 7b gives the composition of the daily irradiance.
The global irradiance is the sum of the direct and diffuse
irradiances. In this paper, the global irradiance is applied
on the PV array as the uniform irradiation condition.
When PS occurs, only the diffuse irradiance is considered.

4 Results and discussion

As mentioned in Sections 2 and 3, the main objective is to
compare the performance of different PV reconfiguring
methods under D-PSCs. The applied PV layouts are four
traditional PV configurations, SuDoKu (SDK) represented
PAR, and an irradiance-uniformization-based EAR. The
main idea of the irradiance-uniformization-based EAR is to
distribute the shadings to different rows. The adopted EAR
is sorting the irradiance in descending order with digits 1-
25, according to numbers 1-25, to fill in the PV array
vertically following the Z alignment, then using the
switching matrix to realize the rearranged PV layout.

Suppose that there is a shadow shortening from 11:00 to
12:00. The daily power curves of the three dynamic shading
cases are presented in Figures 8-10.

4.1 Horizontal D-PSC

The detailed performance is shown in Figure 8. It is obvious
that EAR and SDK have similar behavior under Horizontal
D-PSC, and is much better than the four traditional PV
configurations. Among the traditional configurations, SP is
relatively better than the others.

9 10 1 12 13 14
time/h

Fig. 8. Daily power curves under horizontal D-PSC.

4.2 Vertical D-PSC

The detailed performance is shown in Figure 9. It is found
that TCT, EAR, SDK have similar behavior under CASE2,
and are better than the other three traditional PV
configurations (SP, BL and HC).

4.3 Diagonal D-PSC

The detailed performance is shown in Figure 10. SDK
exhibits lower performance in Diagonal D-PSC compared
to Horizontal D-PSC and Vertical D-PSC: it is usually the
worst PV layout. EAR and TCT give the best outputs
during the shading time. HC connection sometimes has
high power losses, like SDK. SP and BL do not offer the
best output power, but their performance is more stable,
compared to HC.
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The simulation results are presented in Table 3. The
comparison of the different reconfiguration techniques is
depicted in Figure 11. It could be concluded that BL and
HC connections have the worst performance. The SP and
EAR are robust to all PSCs. EAR has the smallest daily
energy losses. Besides, TCT and SDK are second best
choices, but their performance is less stable as expected.
The diagonal D-PSC is responsible for the highest energy
losses compared to the other two cases with SDK
connection. For TCT layout, it is the horizontal case that
has the worst impact.

5 Conclusion

The simulation results show great differences on the
performance of various PV array reconfiguration techni-
ques. It could be seen that for different dynamic cases, the

—&—SP
—&—BL
HC
—&—TCT
~—&—SDK
EAR

Vertical

Diagonal Horizontal

Fig. 11. The Rida Figure of daily energy losses under D-PSCs.

Table 3. The DEL in % under the three D-PSCs cases.

S BL HC TCT SDK EAR

Horizontal D-PSC 2.12 2.18 2.15 2.06 1.16 1.16
Vertical D-PSC 146 1.34 136 1.21 1.16 1.16
Diagonal D-PSC ~ 2.12 2.15 1.86 1.16 192 1.16

strategies can be adjusted. EAR is always the best choice if
the power efficiency is the only factor under consideration.
The performance of SDK (PAR) is the second best,
nevertheless, it doesn’t work so well under Diagonal
D-PSC. Among the four traditional configurations, TCT is
the first choice. In fact, SDK could help to improve the
efficiency of the PV array under most of the D-PSCs cases.
Considering economic and efficiency factors, the PAR
could be better than EAR.

Even if this work is based on simplified D-PSCs cases, it
could be used as a reference thanks to the results showing
that the performance is different for the typical PV layouts.
In future works, the approach developed in this study could
be applied to the BIPV systems. The effects of real D-PSCs
on buildings and the performance of the different
reconfiguration techniques will be evaluated.

The authors thank the Chinese Scholarship Council for providing
the scholarship.
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