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PV System with Reconnection to Improve
Output under Non-uniform Illumination
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Abstract— Photovoltaic (PV) systems are often non-uniformly
illuminated owing to shadows of neighboring buildings, trees,
clouds, etc. In order to reduce the effect of shadows on solar panels,
we propose the concept of a PV system with reconnection; this
system consists of PV arrays that can be reconnected to minimize
the mismatch loss depending on the output of each of its module,
measured at regular time intervals. In this study, the relationship
between the output improvement with reconnection and the
switching interval is shown. For a 3 kW PV system, under
conditions of cloudlessness and cloudiness, a sharp difference in
the output improvement relative to the switching interval is not
observed. However, under the condition of shading, the output
improvement sharply decreases relative to the switching interval;
the output improvement at a 1 min switching interval is 0.15
kWh-h (+22.4%). For the 90 kW building integrated photovoltaic
(BIPV) system, during summer solstice, a sharp difference in the
output improvement relative to the switching interval is not
observed. However, during the vernal equinox and winter solstice,
when a large area of the PV system is shaded for a long period of
time, the output improvement sharply decreases relative to the
switching interval. The output improvement at a 1 min switching
interval is 6.5 kWh-d (+2.9%) during the vernal equinox and 2.3
kWh-d (+3.7%) during winter solstice.

Index Terms—PV, Grid Connected, Building Integration,
Mismatch

I. INTRODUCTION

hotovoltaic (PV) systems have become popular as a new
energy source. With an increase in the number of PV
systems being installed, there is also an increase in the number
of PV systems that are affected by non-uniform illumination
owing to shadows of neighboring buildings, trees, clouds, etc.
The loss due to partial shading of a PV array is not proportional
to the area of the shading; moreover, the array output might be
less than the sum of the outputs of all the modules in the array
[1]. In general, the loss due to the difference in the module
outputs is called a mismatch loss, and it depends on the type of
array connection [2]. Further, the modules not contributing to
the array output will heat up and might damage the PV system
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[3]. Therefore, it is necessary to minimize the decrease in the
array output and lower the risk of damage in cases when the PV
system might be non-uniformly illuminated.

The AC module technology has been proposed to reduce the
effect of problems caused by shading. The AC module converts
the direct current to an alternative current at each module,
considerably reducing the mismatch loss due to the difference in
the module outputs. However, currently, the cost of this module
is much higher than that of a conventional system composed of
modules and a central inverter. Therefore, in large PV systems
such as PV power generation system, the total cost of reducing
the mismatch loss will be higher. Furthermore, the additional
conversion loss of the system is not avoidable even if a PV
system is not shaded [4].

The other technology to reduce mismatch loss is the string
inverter with shade-tolerant maximum power point tracking [5].
This technology will minimize mismatch loss as compared to
performing MPPT at the array level. However, in the case of
almost all modules shaded in a string, this string inverter might
not obtain enough energy due to the lower limit of an inverter.

In this study, we suggest a PV system with reconnection [6] -
[8], where the array connection is reconnected at regular time
intervals to minimize the mismatch loss. Thus far, some studies
have shown effective array connections by taking into account
the effect of shading, to minimize the mismatch loss [9] - [11].
However, these studies assumed fixed PV array connections for
the installed PV systems without optimizing the connections.
Some studies have also shown a reconnection process based on
the assumption that the array connections change in real-time
[12] - [15]. In particular, Nguyen et al. [14] and Patnaik et al.
[15] have reported an improvement in the performance of PV
systems with reconnection. However, these studies have not
shown the effects of reconnection or evaluated the daily output
power. We have hitherto reported the effect of reconnection for
cases where a building integrated photovoltaic (BIPV) system
would be in the shadow of a neighboring building [16]. The
simulation assumed a 1 min switching interval. However, taking
into account mechanical factors such as loss by switching or
system reliability, longer time intervals are sometimes required.

Therefore, in this study, we aim to study the relationship
between the output improvement with reconnection and the
switching interval. The output energy of two PV systems was
evaluated by considering different switching intervals, as a case
study.
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II. PV SYSTEM WITH RECONNECTION

In this study, a PV system with reconnection is proposed to
minimize the mismatch loss. This PV system measures the
output characteristics of its module, such as output current or
voltage, and switches connections according to the module
output. Furthermore, the PV system can also be used to detect
module or their devise failure in detail by measuring the output
characteristics of each module. However, in some PV systems
such as a BIPV system, it might be difficult to detect module
failure and avoid large system loss. A PV system with
reconnection can be beneficial in this case. Up to now, we have
been studying the devise of this PV system for measuring or
switching [7]. In order to study the potential of this system for
minimizing the mismatch loss, reconnections were assumed to
change according to the output characteristics of the modules.

One of the processes involved in reconnection is the
optimization of array connections by calculating the output of
several connection patterns. The array connection with the
largest output is selected as the optimized connection. However,
the number of possible array connections may be extremely
large. Therefore, the calculated array connections are adjusted
in advance according to the following two requirements:

- The voltage of the array connection should satisfy the input
voltage of an inverter.

- The shaded and unshaded modules should be connected in a
sequence, because the resistance of a shaded module may result
in a decrease in the output.

Shaded and unshaded modules are differentiated by K-means
clustering [17] with respect to the short-circuit current of each
module. The array output is then calculated using the equivalent
circuit of a solar cell [18] and by applying Kirchhoff’s second
law to the array connections.

ITII. ANALYSIS OF A 3-KW FIELD PV SYSTEM

In order to study the relationship between the output
improvement with reconnection and the switching interval, the
output energy of 3kW field PV systems was evaluated
considering various switching intervals. The evaluation is based
on the experimental data of real-time short-circuit currents of
each module under conditions of cloudlessness, cloudiness, and
shading.

A. 3-kW Field PV System

This system has a total capacity of 3 kW and each array
consists of 20 modules (SHARP ND 150-AN) that include 3
bypass diodes per 14 cells. The installation is located at the
National Institute of Advanced Industrial Science and
Technology (AIST) (36°03'N, 140°08'E) in Japan. 10 modules
are connected in series as an array, as shown in Fig. 1. The
module specifications are listed in Table I. The PV system is
oriented south (180.0°) and is located in the shadows of trees.
The operation point of the power conditioner is determined to
be the peak power between 150 V and 500 V, using the
hill-climbing method.

2
TABLE I
SPECIFICATIONS OF THE PV MODULE OF THE 3-KW PV SYSTEM
maximum power (Pmax) 150 W
open-circuit voltage (Vo) 254V
short-circuit current (/sc) 8.09 A
operating voltage at maximum power (¥max) 20.5V
operating current at maximum power (/max) 732 A

(AM 1.5, 1000 W/m?, 25°C)
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Fig. 1. Experlmental PV array.

B. Real-time short-circuit currents

The short-circuit currents of each module are measured in
real-time using a clamp meter (KYORITSU AC/DC Clamp
Adaptor, Model 8113). Ambient temperature (thermocouple)
and direct irradiance on module 5 (EKO ML-020VM) are also
acquired simultaneously. Fig. 2 shows the non-uniform
short-circuit currents measured for 1 h under conditions of
cloudlessness, cloudiness, and shading. The plotting interval
was 1 s. Under the condition of cloudlessness, sharp changes in
short-circuit currents were not observed during the 1 h; however,
the short-circuit currents sometimes decreased owing to the
presence of clouds. The average standard deviation of the
short-circuit currents during 1 h was 0.09 A. The
non-uniformity in the short-circuit currents can be attributed to
inconsistent module performances. Under the condition of
cloudiness, the short-circuit currents occasionally changed
sharply as the direct irradiance decreased owing to the presence
of clouds. The average standard deviation was 0.11 A, which is
0.02 A higher than that under the condition of cloudlessness. As
the clouds moved, the standard deviation of the short-circuit
current reached a maximum value of 0.84 A. Under shading,
two modules were gradually shaded together. The average

standard deviation was 0.81 A and reached a maximum value of
1.4 A.
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Fig. 2. Short-circuit current of each module under cloudlessness, cloudiness,

and shading (A) — (C).
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C. Hourly output improvement by reconnection, considering

different switching intervals

On the basis of the experimental data, the output energy of the
system with reconnection is calculated using an equivalent
circuit of a solar cell and by applying Kirchhoff’s second law
according to the optimized array connections. Table II lists the
hourly output energy obtained for different time intervals
(kWh-h). The parenthetic values show the percentage of
increase in output when compared with the output of a system
with fixed array connection. The output of the system with fixed
array connection was 1.93 kWh-h (cloudlessness), 1.77 kWh-h
(cloudiness), and 0.61 kWh-h (shading). Fig. 3 shows the hourly
output improvement with reconnection, considering different
switching intervals. Under conditions of cloudlessness and
cloudiness, a sharp difference in the output improvement
relative to the switching interval is not observed. Hence, even at
a switching interval of 60 mins, sufficient output improvement
is expected when compared with the improvement at a short
switching interval. The output improvement at a 60 min
switching interval is 0.03 kWh'h (+1.6%) and 0.04 kWh'h
(+1.8%) under conditions of cloudlessness and cloudiness,
respectively. On the other hand, under the condition of shading,
the output improvement sharply decreases relative to the
switching interval. Lower output occurs than that of fixed array
connection at a long switching interval because large mismatch

loss is caused until subsequent reconnecting. At a 1 s switching
interval, an output improvement of 0.17 kWhh (+26.7%) is
achieved. However, switching array connections at intervals of
1 s might be difficult owing to mechanical constraints. A
comparison between the output improvements at a 1 min
interval and 5 min interval reveals that the difference in the
output improvements between the two is 0.10 kWh-h. Fig. 4
shows the output curves at 1 min and 5 min intervals under the
condition of shading. For a 5 min switching interval, the output
occasionally decreases sharply. Hence, switching intervals of
over 5 min would not be effective. However, the difference
between the output improvements at a switching interval of 1
min and 1 s is only 0.2 kWh-h. Therefore, in light of the
mechanical constraints stated earlier, a 1 min switching interval
would be effective. In this case, an output improvement of 0.15
kWh-h (+22.4%) is achieved.

TABLE I
HOURLY OUTPUT ENERGY ACCORDING TO DIFFERENT TIME INTERVAL
(KWH'H)

Cloudlessness Cloudiness Shading
Fixed 1.93 1.77 0.61
1 s interval 1.97 1.81 0.78

(+1.9%) (+1.8%) (+26.7%)
1 min interval 1.97 1.81 0.76

(+1.8%) (+1.8%) (+22.4%)
5 min interval 1.97 1.80 0.66

(+1.8%) (+1.7%) (+6.7%)
60 min interval  1.96 1.81 0.53

(+1.6%) (+1.8%) (-13.5%)
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Fig. 3. Hourly output improvement with reconnection according to switching
interval (kWh-h).
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Fig. 4. Output curves obtained for switching intervals under the condition of
shading.

IV. ANALYSIS IN 10-KW BIPV SYSTEM

In order to study the relationship between the output
improvement by reconnection and switching interval in another
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system, the output energy of 10 kW BIPV systems was also
evaluated. The evaluation was performed by carrying out
simulations on the systems under the conditions of shading
during the vernal equinox, summer solstice, and winter solstice.
The plotting interval of the shadow in the simulation was 1 min.

A. BIPV System

The BIPV system is installed vertically on the facade of a
building. The BIPV facade is oriented southeast (122.34°) at a
height of 150.0 m and is located in the shadow of the other
building; this orientation is similar to the actual location of two
buildings in Yokohama, as shown in Fig. 5. The system has a
total capacity of 90 kW and comprises seven arrays with a total
of 504 modules. Each array consists of 72 modules, and a 10
kW inverter is composed of 72 modules. The operation point of
the power conditioner is determined to be the peak power
between 200 V and 500 V. The module specifications are listed
in Table III. As seen in Fig. 6, each module is connected
longitudinally to minimize the mismatch loss occurring as a
result of shadows on the left and right parts of the array; these
shadows are found to appear most often. However, even if each
module is connected longitudinally, the mismatch loss will
occur under particular shadow patterns. Shadows on the corners
of the array or on the upper and lower part of the array often
cause large amounts of mismatch loss.

The BIPV system is placed in the shadow of the other
building. Fig. 7 shows the shadow profile on the BIPV facade.
During vernal equinox, the shaded region is significantly large
between 8:58 AM and 1:04 PM. During the summer solstice, the
shadow only lasts for approximately 49 min; thus, its effect on
the system output is small. During the winter solstice, all
modules are in the shade before 10:29 AM and are completely
exposed by 11:54 AM.
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Fig. 5. Schematic diagram of PV arrays under shadow.
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TABLE III
SPECIFICATIONS OF PV MODULE FOR BIPV SYSTEM

maximum power (Pmax) 168 W
open-circuit voltage (Vo) 302V
short-circuit current (/) 7.5A
operating voltage at maximum power (¥max) 240V
operating current at maximum power (/max) 6.8 A
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Fig. 7. Shadow profile on BIPV facade.

B. Solar Irradiance

The solar irradiance on the unshaded solar modules, 7,4, 1S
calculated as the sum of the direct irradiance on the tilted
surfaces, Itgq; diffuse irradiance, Itp; and irradiance for
reflection, Ir,, as follows:

I :IT,b+IT,d+IT,r (1

unsd

In the calculation, the Erbs and Perez models were used to
distinguish between the direct and the diffuse irradiances [19],
[20]. A module in the shade is assigned a direct irradiance of
zero. Fig. 8 shows the solar irradiation calculated for shaded and
unshaded modules during the vernal equinox, summer solstice,
and winter solstice. In the calculation, the scattering ratio was
determined to be 0.2 and the ratio of daily clearness was
determined to be 0.75 on a sunny day. The irradiance on the
unshaded module peaked at around 9:00 AM and decreased
gradually thereafter. After 1:00 PM, the irradiance was less than
200 W/m?; hence, the solar cell did not generate considerable
power. During the vernal equinox and summer solstice, the
irradiance on the shaded module was sometimes greater than
100 W/mz; hence, the shaded module could generate some
amount of power, even under the condition of shading. However,
during the winter solstice the irradiances were too low for the
shaded module to generate sufficient power.
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C. Output improvement with reconnection, considering
different switching intervals

The system output is given by the sum of the outputs of the
seven arrays. The cell temperature 7 used to calculate module
output is determined using the Sandia national laboratories
(SNL) model [21], based on real metrological data. Table IV
lists the daily output energies for the PV system with
reconnection and for the conventional system with fixed array
connections. The parenthetic values show the percentage of
increase in output when compared with the output of a system
with fixed array connection The outputs with fixed array
connections are 190.8 kWh-d (vernal equinox), 290.1 kWh-d
(summer solstice), and 45.9 kWh-d (winter solstice). Fig. 9
shows the daily output improvement with reconnection
considering different switching intervals. During the summer
solstice, a sharp difference in the output improvement is not
observed. Even at a switching interval of 1 min, an output
improvement of only 1.3 kWh-d (+0.2%) is observed. This is
because a small area of the PV system is shaded for a short
period of time during summer solstice. Thus, reconnection for
this short period of time might not be needed under light shading
conditions. During the vernal equinox and winter solstice, the
output improvement sharply decreases relative to the switching
interval. In particular, at a switching interval of over 10 mins,
the output of the PV system with reconnection might be less
than that of the PV system with fixed array connections. A
comparison between the output improvements at a 1 min
interval and a 5 min interval reveals that the difference in the
output improvement between the two is large This difference is

3.6 kWh-d during the vernal equinox and 1.1 kWh-d during the
winter solstice. Thus, under heavy shading conditions, a large
area of the PV system is shaded for long period of time. In this
condition, a 1 min switching interval would be effective. For the
1 min switching interval, an output improvement of 5.5 kWh-d
(+2.9%) and 1.3 kWh-d (+3.7%) is observed during the vernal
equinox and winter solstice, respectively. Fig. 10 shows output
curves obtained for different time intervals under the condition
of shading. For the 5 min switching interval, the output
occasionally changes sharply.

TABLE IV
DAILY OUTPUT ENERGY ACCORDING TO SWITCHING INTERVAL (KWH'D)

Vernal equinox Summer solstice ~ Winter solstice

Fixed 190.8 290.1 459

Reconnection 196.3 291.4 47.6

(1 min interval) (+2.9%) (+0.2%) (+3.7%)

Reconnection 193.9 291.1 46.5

(5 min interval) (+1.6%) (+0.1%) (+1.4%)

Reconnection 178.4 290.1 36.9

(60 min interval)  (-6.5%) (+0.0%) (-19.6%)
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V. CONCLUSION

In this study, a PV system with reconnection is proposed to
minimize the mismatch loss. Using this technique, mismatch
loss can be reduced even in the case of almost all module shaded
in a string where a string inverter might not obtain enough
energy. We have evaluated the relationship between the output
improvement with reconnection and the switching interval. The
output energy of two PV systems was evaluated considering
different switching intervals, as a case study.

The output energy of the 3kW PV system with reconnection
was calculated on the basis of the experimental data of real-time
short-circuit currents of each module under conditions of
cloudlessness, cloudiness, and shading. Under the condition of
shading, the output improvement sharply decreased relative to
the switching interval. The output improvement at a 1 min
switching interval was 0.15 kWh-h (+22.4%).

In the case of the 90 kW BIPV system that is installed
vertically on the facade of a building, the output energy with
reconnection was evaluated during the vernal equinox, summer
solstice, and winter solstice. The BIPV system was placed in the
shadow of the other building. During the vernal equinox and
winter solstice, when large area of the PV system was shaded for
a long term, the output improvement sharply decreased relative
to the switching interval. The output improvement at the 1 min
switching interval was 6.5 kWh-day (+2.9%) during the vernal
equinox and 2.3 kWh-day (+3.7%) during the winter solstice.
Thus, under heavy shading conditions, a short switching interval
would be effective. On the other hand, under light shading
conditions, a longer switching interval would provide sufficient
output improvement. The methodology is almost the same as the
other Si base module. Thus, we consider the relationship
between the output improvement with reconnection and the
switching interval is also seen for the other Si based module.
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