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This study proposes a strategy for determining the optimal configuration of photovoltaic (PV) module
arrays in shading or malfunction conditions. This strategy was based on particle swarm optimization
(PSO). If shading or malfunctions of the photovoltaic module array occur, the module array immediately
undergoes adaptive reconfiguration to increase the power output of the PV power generation system.
First, the maximal power generated at various irradiation levels and temperatures was recorded during
normal array operation. Subsequently, the irradiation level and module temperature, regardless of oper-
ating conditions, were used to recall the maximal power previously recorded. This previous maximum
was compared with the maximal power value obtained using the maximum power point tracker to assess
whether the PV module array was experiencing shading or malfunctions. After determining that the array
was experiencing shading or malfunctions, PSO was used to identify the optimal module array connection
scheme in abnormal conditions, and connection switches were used to implement optimal array recon-
figuration. Finally, experiments were conducted to assess the strategy for identifying the optimal recon-
figuration of a PV module array in the event of shading or malfunctions.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Among the many renewable energy sources, photovoltaic (PV)
power generation systems produce the lowest amount of pollu-
tants. To increase the power generation efficiency, PV systems
must be located in open spaces without shade. However, shading
inevitably occurs. Because PV systems are located outdoors for
long durations, they are subject to the forces of nature, such as
typhoons or lightning, which may lead to the deterioration and
eventual malfunction of PV modules. When shading or malfunc-
tions occur, the power output of the system declines significantly
[1-4]. Therefore, resolving problems caused by shadows or mal-
functions is paramount for increasing the efficiency of PV power
generation systems.

Some studies of the behavior of PV arrays with different config-
uration of their bypass diodes [5,6] have been carried out to prove
that different configuration of bypass diodes can reduce the power
loss of PV arrays due to the shadowing of their PV modules. Among
them, in the PV module array with no-overlapped bypass diodes,
the power losses are only produced by the power consumption
of the diodes, but it would be noticeable if there were too many

* Corresponding author. Tel.: +886 4 2392 4505x7272; fax: +886 4 2392 2156.
E-mail address: chaokh@ncut.edu.tw (K.-H. Chao).

http://dx.doi.org/10.1016/j.enconman.2015.04.080
0196-8904/© 2015 Elsevier Ltd. All rights reserved.

bypass diodes and shadowed PV modules. In addition, it still gen-
erates multiple peaks in the power-voltage (P-V) characteristic
curve. Therefore, an inverter connected to the PV module array
cannot always achieve the maximum power point (MPP) because
of its voltage range of work and the MPPT algorithm.

When PV modules experience shading or malfunctions, the
affected module cannot operate normally. This alters the cur-
rent-voltage (I-V) characteristic curve of the module array, and
generates multiple peaks in the power-voltage (P-V) characteristic
curve. The proposed solutions to this issue [7-15] involve using
maximum power point tracking (MPPT) techniques that do not
track local maxima if characteristic curves exhibit multiple peaks,
and instead track the true maximum in standard test conditions
(STC) to reduce the effects that shading or malfunctions exert on
module arrays. Although these methods can increase the system
power output, extremely severe shading or malfunctions can still
reduce the overall power output because the connection scheme
of the module array is fixed. This limits the extent of improvement
provided by MPP trackers.

Another solution involves dividing a PV module array into two
parts: a fixed end and an adaptive bank [16], as shown in Fig. 1.
When the modules in the fixed end are partially shaded, these
modules can be connected to those in the adaptive bank using an
array switch. This reduces the effect that shading exerts on the
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Fig. 2. Connection scheme of the module array in normal conditions presented in
[16].

overall power generation system by altering the characteristics of
the module connections. The module connection schemes under
normal and shaded conditions are shown in Figs. 2 and 3, respec-
tively. Although this method can effectively increase the overall
power output of the system, numerous voltage and current sensors
and connection switches must be configured to connect the adap-
tive bank to the fixed end. Substantial increases in the power out-
put require a greater number of PV modules to be installed in the
adaptive bank, which poses a substantial financial burden. Other
experts and scholars have suggested using multiple MPP trackers
rather than a single MPP tracker in module arrays [17] to minimize
the effect that partially shaded or malfunctioning modules have on
the overall system power output. This architecture is shown in
Fig. 4. Although this method effectively increases the overall power
output, the number of DC-DC converters required also increases
equipment costs. Finally, previous research has suggested exclud-
ing shaded modules from arrays by using connection switches
[18] to avoid affecting normally functioning PV modules and thus
reducing the overall system performance. Figs. 5 and 6 show the
connection schemes of the proposed architecture in normal and
partially shaded conditions. Although this method can increase
the overall power output, the connection between modules is
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Fig. 3. Connection scheme in partially shaded conditions in [16].
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Fig. 6. Connection scheme of modules in partially shaded conditions in [18].

relatively complex, and a higher number of connection switches
are required.

Accordingly, a new connection scheme for PV module arrays is
proposed in this study. This configuration features only one MPP
tracker and does not require a high number of connection
switches. When a PV module array experiences partial shading or
malfunctions, an optimization algorithm can be used to enable or
disable connection switches to reconfigure the connection scheme,
thereby increasing the power output of the system.

2. The power-voltage and current-voltage output
characteristics of PV module arrays in normal and abnormal
conditions

The I-V and P-V characteristic curves of PV module arrays differ
in normal and abnormal conditions. Fig. 7(a) and (b) shows the P-V
characteristic curves during various shading and malfunction con-
ditions for an array of Sanyo HIP-2717 modules [19], specifically,
four in series and one in parallel, with 1000 W/m? irradiation
and a PV module surface temperature of 25 °C. Fig. 7(a) shows that
if partial shading occurs on a PV module array, the P-V character-
istic curve exhibits multiple peaks. However, when partial mal-
function occurs, although the P-V characteristic curve does not
exhibit multiple peaks, the power output decreases significantly.

3. PV module array architectures

Configurations of PV module arrays are widely investigated by
contemporary experts and scholars. The following six module con-
figurations are commonly observed [20,21]:

(1) Series Array: All PV modules are serially connected, as shown
in Fig. 8(a). Although a serial configuration can increase the
voltage output of the array, if modules experience partial
shading or malfunctions, the overall voltage output declines
substantially.

(2) Parallel Array: All PV modules are connected in parallel, as
shown in Fig. 8(b). Although a parallel configuration can
increase the current output of the array, if modules experi-
ence partial shading or malfunctions, the overall current
output decreases.
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Fig. 7. The P-V characteristic curves of a Sanyo HIP-2717 array (four in series and
one in parallel), with PV module surface temperature of 25 °C and irradiation of
1000 W/m?: (a) when the modules are 30% shaded; and (b) when malfunctions
occur.

(3) Series-Parallel (SP) Array: All PV modules are first connected
serially then in parallel, as shown in Fig. 8(c). This type of
configuration can increase the voltage and current output
of the module array, and the connection scheme is simple
and easy to construct. Consequently, series-parallel arrays
are the most commonly employed configurations.
However, when any branch of a series-parallel array experi-
ences partial shading or malfunctions, the overall current
output declines substantially.

(4) Total Cross-Tied (TCT) Array: All PV modules are connected
serially and then cross-tied in parallel, as shown in
Fig. 8(d). This configuration involves a scheme in which
the modules are connected in parallel and then in series.
Multiple PV modules are first connected in parallel; these
parallel modules are then connected in series. This connec-
tion scheme can resolve the disadvantages of series and par-
allel arrays.

(5) Bridge-Linked (BL) Array: All PV modules are connected using
a bridge architecture, as shown in Fig. 8(e). When configura-
tions of this type are partially shaded, the neighboring mod-
ules are also affected, reducing the overall voltage and
current output. The MPPT method proposed in [7] cannot
be applied to this connection scheme.

(6) Honeycomb (HC) Array: All PV modules are connected in a
honeycomb-like architecture, as shown in Fig. 8(f). Such
configurations can reduce power output losses in some,
but not all, shading conditions. Therefore, this connection
scheme possesses insufficient robustness.

The voltage, current, and power outputs of the six PV module
connection schemes are summarized in Table 1.

The power outputs of the six configurations mentioned previ-
ously are approximately equal at identical irradiation levels and
temperatures when no shading or malfunctions occur. However,
when shading or malfunctions occur, the power outputs of the
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Fig. 8. Configurations of PV module arrays: (a) serial connection scheme; (b) parallel connection scheme; (c) series-parallel connection scheme; (d) total cross-tied
connection scheme; (e) bridge-linked connection scheme; and (f) honeycomb connection scheme.
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Table 1
The voltage, current, and power outputs of all PV module connection schemes.

Configuration Output

Output voltage Output current Output
of array of array power of
array
Series array Viy = Zﬁjé‘vk —24v* Ilpyw=L=I" Ppy =24VI
Parallel array Vpy=V,=V Ipy = Zgi?ln —24] Ppy = 24VI
SP array Vpy = E;?Vk —6V Ipy = Zﬁz‘]‘]ﬂ — 4] Ppy =24VI
TCT array Vey = K8V, =6V Ipy = S04, = 4l Ppy = 24VI
BL array Vey = Y5y, =6V Iy =1 +7144? Lo +Iis  Ppy=24VI
HC array Vpy = Y43V = 6V Iv=h+ _154+ Ly +17  Ppy=24VI
Notes: V* is the voltage output of a single module.
I'** is the current output of a single module.
% : O
% % e O

Fig. 9. The proposed connection scheme for a PV module array.

configurations differ primarily because of differences in the con-
nection schemes. When a PV module is shaded, its voltage and cur-
rent outputs are reduced, which further lowers the voltage and
current outputs of neighboring series- or parallel-connected PV
modules, thereby inducing a decline in the overall power output.
Accordingly, this study proposes a strategy for optimizing the con-
figuration of module arrays when shading or malfunctions occur to
improve the power output of PV module arrays even in shaded or
malfunction conditions.

Fig. 9 shows the connection scheme of the optimal configuration
for PV module arrays. Connection switches were installed between
all branches. An optimization algorithm was employed when shad-
ing or malfunctions occurred to control the activation of switches
that connect or disconnect branches to increase the power output
of the entire system. The algorithm used to determine the optimal
configuration was based on particle swarm optimization (PSO),
which is thoroughly explained in the following section.

4. Particle swarm optimization

PSO was developed in 1995 by Kennedy and Eberhart [22,23],
and is a swarm intelligence technique and a branch of evolutionary
algorithms. PSO was inspired by observing the group foraging
behavior of birds and is used to solve search and optimization

problems [24]. The method involves envisioning a bird, known as
a particle, flying in a space. The movement of each particle in the
search space possesses a corresponding fitness value, and each par-
ticle is aware of its current optimal fitness value and optimal posi-
tion, which is known as the personal best (ppes:). This information
represents the experience of each particle. Each particle also knows
the optimal value and position of the entire swarm, which is
known as the global best (gp.s). During each iteration, the velocity
and position of each particle is updated and adjusted according to
the experiences of both the individual and the swarm. At the start,
when particles are randomly dispersed throughout the space, if
any particle is near the optimal target value in a particular region,
all particles in that region swarm toward that value to search for
the optimal solution. However, the optimal value for that region
may only be a local optimal solution. Therefore, the search results
of all particle swarms must be employed to adjust the position of
the global best, thereby ensuring that all particles contribute to
the swarm effect, and the global best is gradually approached [25].

The preceding explanation indicates that PSO involves dis-
tributed searches and memory, and is suitable for searches in con-
tinuous domains. Two studies have shown that fluctuations in the
velocity of each particle are based on the particle velocity and dis-
tance from the individual optimal solution, as well as the distance
from the global optimal solution. New velocities are used to adjust
the position of the particle and update the search distance and
direction of all other particles. A flowchart of the PSO algorithm
is shown in Fig. 10, and the steps are described below [26].

Step 1. Establish the objective function to be optimized.

Step 2. Initialize and randomly generate a new position and
velocity for each particle in the swarm.

Step 3. Using the established objective function, calculate the
fitness value of each particle. Compare the fitness value of all
particles to identify the personal best ppes.. Use ppest to adjust
the search direction of each particle.

Step 4. Compare ppes: to the global best, gpes:. If Ppest is superior to
Zhest, COTTECE Zhesr, and use the new g5, to adjust the individual
search velocity of all particles.

Step 5. Update the velocity and position of each particle by
using the PSO kernel equation:

k

Z)].Jrl =W X Ujl»( + Cy x rand(-) x (p;;es[j _Xjk) + G x rand()
X (gbes[ 7X]"() (1)
k+1 _ yk k+1
XET X4 o @

where vj’.‘“ and vj’F are the velocities of particle j at times k + 1
and k, C; and G, are learning factors, w is the inertial weight,
p’l;mj is the personal best for particle j at time k, g is the global

best, XJ’.‘*1 and XJ(‘ are the positions of particle j at times k + 1 and
k, and rand( - ) is a random real number between 0 and 1.

Step 6. Repeat calculations of the fitness value based on the
objective function until the global optimal solution is achieved
or the greatest iteration number is reached.

5. The proposed controls for optimal configurations of PV
module arrays

5.1. The proposed connection scheme for PV module arrays

Fig. 11 is a diagram of the system architecture for optimal con-
figurations of PV module arrays. The primary subsystems were a
boost converter, MPPT controller, and optimal configuration con-
troller. The MPPT controller was used to control the boost
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Fig. 11. A diagram of the system architecture for optimal configurations of PV module arrays.

converter to ensure that the PV module array can achieve the max-
imum power transfer. Under normal conditions, the optimal con-
figuration controller is inactive and maintains the original

Table 2
Electrical parameter specifications for Sanyo HIP-2717 modules.

Maximum output power (Ppna.x)  27.87 W Short-circuit current 1.82A

(ISC)
Maximum power point current ~ 1.63 A Open-circuit voltage 216V
(Impp) (Vo)

Maximum power point voltage 17.1V
(Vmpp)

L Inverter Load
v Y Y YN . i
D —AAN—
. | YL

connection scheme of the PV module array. However, when shad-
ing or malfunctions occur, the optimal configuration controller
detects the voltage and current output of the module array and cal-
culates the optimal power. The controller then determines the con-
nection scheme capable of generating the optimal power output in
the specific shading or malfunction conditions. Subsequently, the

Table 3
PSO parameters.

Particle number 4
Learning factor (C;) 1
Learning factor (G,) 2

Inertia weight (w)
Interaction
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Fig. 12. Scenario 1: The connection scheme: (a) before; and (b) after reconfiguration.

va %
W) After reconfiguration
260
240
220
200 Before
180 F reconfiguration
160
140 |
120
100
80
60
40
201
oAy,
0 10 20 30 40 50 60 70 80 90 (V)

Fig. 13. Scenario 1: A comparison of the P-V characteristic curves before and after
optimizing the configuration.
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Fig. 14. Scenario 1: Changes in the gpes: calculated using PSO.

optimal configuration controller sends control signals that enable
or disable connections to achieve this connection scheme. By using
this optimal configuration, the power output of the module array
was enhanced, and the effects of shading or malfunctions were
reduced.

5.2. MPPT of PV modules when shading or malfunctions occur

In PV power generation systems, if the PV module array is
directly connected to the load, the power output of the array is
determined by the power required by the load, and solar energy
cannot be effectively or fully converted into power. Therefore, to
ensure that the power output of the PV power generation system
remains at the MPP in all operating conditions, an MPP tracker is
used to connect the PV module array and the load to facilitate
MPPT at all times. The commonly employed tracking methods
include the voltage feedback method, constant voltage tracking
method, power feedback method, perturb and observe method,
and incremental conductance method [27]. However, when a PV
module array experiences shading or malfunctions, the output
characteristic curve may exhibit two or more peaks. Using current
tracking methods, when a local MPP is found, the MPP tracker set-
tles on the local peak and cannot track the actual MPP. Therefore,
in this study, PSO was used to formulate the MPPT algorithm to
eliminate the problem of tracking local MPPs, thereby increasing
the overall power generated by the PV module array. The algorithm
steps are described below [28].

Step 1. Initialize PSO parameters, and set the duty cycle of the
boost converter as the particle location (XJ’-‘). Establish the objec-
tive function to be optimized (P(V,I)=Vpy x Ipy). Here, the
objective function value is the power output value of the PV
module array.

Step 2. Output the particle duty cycle to the boost converter.
Determine the voltage and current outputs of the PV module
array, and calculate the power output of the module array.
Here, the power output of the module array is the objective
function value.

Step 3. Compare the observed current power output and ppes; of
each particle. If the current power output value is superior to
Dbests Update Dbest- Compare Dbest O 8pest- prbest is SuperiOF tO Zbest,
then replace gpess With ppest.

Step 4. Using the PSO kernel equation, update the velocity and
position of each particle.

Step 5. Repeat Steps 2-4 until the maximum iteration number
is reached.

Step 6. Evaluate whether the shading or malfunction conditions
have changed. If changes in the conditions are observed, return
to Step 1. If not, remain at Step 6.
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Fig. 15. Scenario 2: The connection scheme: (a) before; and (b) after reconfiguration.
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Fig. 16. Scenario 2: A comparison of P-V characteristic curves before and after
optimizing the configuration.
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5.3. Integrating MPPT and the optimal configuration of PV modules

To maximize the power generation and efficiency of PV module
arrays, MPPT and a strategy for configuration optimization were

adopted in this study. Current MPP readings in specific irradiation
and module temperature conditions were compared with the MPP
tracked by the MPP tracker. When a discrepancy between the MPPs
confirmed the occurrence of partial shading or malfunctions, the
optimal configuration strategy was activated. The algorithm steps
are described below.

Step 1. Initialize PSO parameters and set the switch control sig-
nal as the particle location (X]’-‘). Establish the objective function
to be optimized (P(V, I) = Vpy x Ipy). Here, the objective function
value is the power output value of the PV module array.

Step 2. Output the particle control signal to the connection
switch to enable or disable the connection. Wait for the MPP
tracker to finish tracking.

Step 3. After tracking, determine the voltage and current out-
puts of the PV module array and calculate the power output
of the module array. Here, the power output of the module
array is the objective function value.

Step 4. Compare the observed current power output and ppes; for
each particle. If the current power output value is better than
Dbest» Update ppes,. Compare ppes; to the gpesp. If Ppes is superior
t0 Zpesr, UPdate Zpes:.

Step 5. Using the PSO kernel equation, update the velocity and
position of each particle.

Step 6. Repeat Steps 2-5 until the maximum iteration number
is reached.

Step 7. Evaluate whether the shading or malfunction conditions
have changed. If changes in the conditions are observed, return
to Step 1. If not, remain at Step 7.

6. Experimental results

For the experiments performed in this study, Sanyo HIP-2717
modules were connected in 4-series/3-parallel arrays. Table 2
shows the electrical parameter specifications of the HIP-2717
module in STC [19]. Parameters relevant to the optimization algo-
rithm used in this study are listed in Table 3. A PSoC microcon-
troller was used to implement the optimal configuration in
various shading conditions.

In the first scenario, three modules in the upper left corner of
the module array were 30% shaded, as shown in Fig. 12(a).
Fig. 12(b) shows the connection scheme after optimizing the
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configuration, and Fig. 13 shows the P-V characteristic curves
before and after reconfiguration. The measured global best (gpes:)
calculation process using PSO is shown in Fig. 14. The maximum
power output before and after reconfiguration are 250.51 W and

258.57 W, respectively. The results show that the maximum power
output of the module array P-V characteristic curve after optimiz-
ing the configuration was 8.06 W (approximately 3.22%) higher
than that before reconfiguration.

In the second scenario, three modules in the upper right corner
of the module array were 30% shaded, and three modules in the
lower left corner of the module array were 50% shaded.
Fig. 15(a) and (b) shows the connection scheme before and after
reconfiguration, respectively. Fig. 16 shows the P-V characteristic
curves before and after reconfiguration. The measured global best
(gpest) calculation process using PSO is shown in Fig. 17. The max-
imum power output before and after reconfiguration are 188.29 W
and 219.70 W, respectively. The results show that the maximum
power output of the module array P-V characteristic curve after
optimizing the configuration was substantially increased by
31.41 W (approximately 16.68%) after reconfiguration.

In the third scenario, one module was 60% shaded, two modules
were 50% shaded, and three modules were 30% shaded.
Fig. 18(a) and (b) shows the connection scheme before and after
reconfiguration, respectively. Fig. 19 shows the P-V characteristic
curves before and after reconfiguration. The measured global best
(gpest) calculation process using PSO is shown in Fig. 20. The max-
imum power output before and after reconfiguration are 195.74 W
and 208.30 W, respectively. The results show that the maximum
power output of the module array P-V characteristic curve after
optimizing the configuration was substantially increased by
12.56 W (approximately 6.42%) after reconfiguration.

In the fourth scenario, a malfunction occurred in the second
module in the second series. Fig. 21(a) shows the connection
scheme before reconfiguration. Fig. 21(b) shows the connection
scheme after optimizing the configuration, and Fig. 22 shows the
P-V characteristic curves before and after reconfiguration. The
measured global best (gp.s) calculation process using PSO is shown
in Fig. 23. The maximum power output before and after reconfigu-
ration are 230.89 W and 240.40 W, respectively. The results show
that even when a malfunction occurred, optimizing the configura-
tion increased the maximum power output of the module array by
9.51 W (approximately 4.11%).

In the final scenario, malfunctions occurred in two modules in
the first series. Fig. 24(a) shows the connection scheme before
reconfiguration. Fig. 24(b) shows the connection scheme after opti-
mizing the configuration, and Fig. 25 shows the P-V characteristic
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Fig. 21. Scenario 4: The connection scheme of an array with a malfunctioning module: (a) before; and (b) after reconfiguration.
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Fig. 23. Scenario 4: Changes in the gy, calculated using PSO.
Fig. 22. Scenario 4: A comparison of P-V characteristic curves before and after
optimizing the configuration.
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Fig. 24. Scenario 5: The connection scheme of an array with malfunctioning modules: (a) before; and (b) after reconfiguration.
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Fig. 25. Scenario 5: A comparison of P-V characteristic curves before and after
optimizing the configuration.
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Fig. 26. Scenario 5: Changes in the gpes calculated using PSO.

curves before and after reconfiguration. The measured global best
(gpest) calculation process using PSO is shown in Fig. 26. The max-
imum power output before and after reconfiguration are 216.56 W
and 228.72 W, respectively. The results show that the maximum
power output of the module array P-V characteristic curve after
optimizing the configuration was substantially increased by
12.16 W (approximately 5.62%). Comparing to Scenario 4, the
results show that greater numbers of malfunctioning modules
increase the difference between the maximum power output
before and after reconfiguration, as well as the ratio between the
power output increase and the initial power output.

7. Conclusion

A PV module array with easily reconfigurable connection
schemes was proposed in this study. When the module array expe-
rienced partial shading or malfunctions, PSO was performed to
determine the optimal configuration for the module array.
Because PSO is an algorithm developed based on the group forag-
ing behavior of birds and uses distributed searches and memory,
it causes all particles to exhibit a swarm effect and thus gradually
approach the global best. This can reduce the effects that shading
or malfunctions exert on PV module arrays. This study also
explored the use of PSO in MPPT, employing the PSO characteristics
relevant to MPPT to ensure that the PV module arrays operate at
the actual MPP, thereby increasing the performance of PV power
generation systems. Finally, PV module arrays in various shading
and malfunction conditions were tested using experimental
results, and the feasibility of the proposed strategy was verified.
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