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Abstract: - This paper investigates the performance of solar modules using the photovoltaic systems
equipment Lucas-Nülle to perform solar module simulations. These simulations include the arrangement
of solar modules in series and parallel combinations, analysing the performance by varying the irradiance
and evaluate the effect of shading on the modules’ output.
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extremely pure high-grade silicon which also causes
it to have a long life. Compared to other types of
solar panels with the same power rating,
monocrystalline solar panels are smaller in size
making them space-efficient. Applications can vary
from large-scale solar installations to powering
satellites. Polycrystalline silicon cells, unlike
monocrystalline cells, do not have a uniform
appearance and have lower efficiencies of 13%-16%
with the highest in a lab of 22.3% [2]. Unlike
monocrystalline cells, these are made by melting
lower-grade silicon and poured into a wafer mould.
The use of lower-grade silicon and almost no-waste
manufacturing process make polycrystalline
modules more cost-effective with a small efficiency
drop. Thin-film solar cell technology is made up of
several different types of PV cell technologies. The
main similarity is that they are typically produced
by applying thin layers of different semiconductor
materials on top of one another. The efficiencies
vary with the different types with the Gallium
Arsenide (GaAs) cell being the highest out of all
single-junction PV technologies with 28.8% lab
efficiency. Other common thin-film technologies
include Copper Indium Gallium Selenide (CIGS) at
21.7%, Cadmium Telluride (CdTe) at 21.0%,
amorphous silicon (a-Si) at 10.2% [5]. Thin-film
technology is a relatively new form of PV
technology but is rapidly growing due to its low
manufacturing cost and versatile applications. Thin
film cells can be made flexible and transparent
which
open
more
possible
applications.
Furthermore, shading on cells and operation at high

1 Introduction
Today, conventional sources of energy such as fossil
fuels and natural gas face several problems. The
more prominent ones are limited supply and
negative impacts on the environment. These sources
pale in comparison to the sun because of its
seemingly unlimited availability and “clean” nature.
This has sparked the increasing interest in
photovoltaics as a promising alternative to meet the
increasing energy demand while reducing emissions
that contribute to climate change.
Photovoltaic (PV) cells in a solar module are
made of light-sensitive semiconductors that produce
electricity via the photovoltaic effect i.e. the
phenomenon of producing an electrical voltage in
the presence of light. The amount of electricity
produced is determined by the efficiency of the PV
cells which in turn affects the performance of the
entire module. PV technology is costly to install and
have low energy conversion but due to
improvements in mass production techniques and
research to improve solar cell efficiency, solar
energy has become a strong competitor in the
energy sector [1].
In today’s solar energy market, there are many
types of PV modules readily available for purchase
and installation. The amount of power produced by
a solar module is heavily reliant on the efficiency of
its solar cells. Different types of solar cells have
different efficiencies. Monocrystalline silicon cells,
easily distinguished by its dark uniform colour, have
high efficiencies of 20% and above with the highest
recorded lab efficiency of 26.7% [2]. This high
efficiency is due to its fabrication process from
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performance of a system by simulating ideal
conditions and eliminating undesirable ones.
This paper presents the performance evaluation
of solar modules present in the Lucas Nülle
photovoltaic system emulator. Performance of solar
modules in series and parallel configuration under
different irradiances is evaluated. Also, the effect of
shading in solar modules is discussed.

temperatures only have minor effect on the
performance.
PV systems are usually classified into 2 types:
stand-alone or grid-tied. A stand-alone, or off-grid,
PV system usually includes a storage device, solar
charge controller and an inverter in the system.

2 Lucas-Nülle
Emulator

System

The Lucas-Nülle photovoltaic systems emulator
shown in Figure 2 consists of various sub system
equipment and can be connected to single and three
phase mains. This provides a broad scope of
possible simulations that may be conducted.
Solar module simulation CO3208-1A consists of
3 separate solar modules, each with adjustable
irradiance and integrated voltage and current
displays. Each module also has a bypass diode and a
port for additional external solar module is
available. Each module is rated at Open-circuit
voltage approximately 23V and short-circuit current
up to 2A and has short circuit protection to prevent
damage.
Solar battery CO3208-1E is a maintenance-free
lead-acid battery rated at 12V/7Ah with integrated
analogue displays for voltage and current. It will be
used as the storage element in this PV system.
Off-grid inverter CO3208-1F is a sinusoidal
inverter for a stand-alone PV system and is rated at
12V/230V, 50hz. It also has protection against deepdischarge for batteries and reverse polarity on the
DC connection side.
Load unit – 500W CO3208-1J is a potentiometer
that can used to record characteristics of the solar
modules.
Solar charge controller CO3208-1M is one of the
main components for the stand-alone system
experiments. It receives power from the solar
modules and regulates the power flow to and from
the battery. It has integrated displays for voltage and
current levels on the load side and coloured LEDs to
indicate its operation states. It also has protection
against deep-discharge and overload of the battery.
Analog-Digital Multimeter CO5127-1Z will be
used to record the data. It can display more than one
data type at a time and has a USB port that connects
to the PC. This allows the ‘Labsoft’ software in the
PC to read the data and plot the graphs. Other
instruments include circuit breaker CO3211-1A,
three-phase AC meter CO3208-1T and industrial
photovoltaics inverter CO3208-1S.

Fig. 1 Illustration of stand-alone PV system
As illustrated from Figure 1, the solar charge
controller (SCC) is connected to the solar modules
and a storage device such as a battery. A SCC is an
electrical component that contains a program for
maximum power point tracking (MPPT) is a major
component in PV systems. It maintains the accurate
charging voltage on the batteries and prevents it
from damage due to over-charging or deepdischarging [3] [4]. The DC power is then converted
to AC via an inverter for AC loads. As the name
suggests, a grid-tied PV system is connected to the
grid. A grid-connected system is like a stand-alone
system except that grid-connected systems hardly
includes a storage device. The main advantage of
domestic users with grid-tied PV systems is that the
excess electricity generated by the PV modules can
be sold to the local electrical supplier. Other
advantages include readily-available electricity and
ease of installation compared to a stand-alone
system [5].
In a PV system, there are additional factors that
affect the performance such as the environment
(incident irradiance, shading, etc) [6] [7] and system
limitations (inverter efficiency, wiring losses, etc).
Physical testing of a system may be costly, timeconsuming and environmental conditions are
uncontrollable [8][9][10]. Therefore, by using
simulations, it is possible to evaluate the
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Fig. 4 P-V curve for series configuration
Later all the three solar modules were connected in
a parallel configuration and their performance was
evaluated for various irradiance levels and the IV/P-V curves were obtained as shown in Figure 5
and 6 respectively.

Fig. 2 Photograph of Lucas Nülle Emulator

3 Investigation of the Effect of
Irradiance on Solar Module Output
Experimentation is performed to determine the
open-circuit voltage and short-circuit current under
various irradiance levels. The three solar modules in
Lucas Nülle were connected in series and the
irradiance was set to 200W/m2. The open-circuit
voltage and short-circuit current levels were
recorded at 200W/m2 and the irradiance is varied
until 1000W/m2. The experimental set-up was
modified by adding the potentiometer CO3208-1J to
plot the I-V and P-V curve for a specific irradiance
level. The potentiometer is set to 0Ω and then
slowly increased in steps of 1kΩ. The I-V/P-V
curves are obtained from the Labsoft software in
Lucas Nülle for different irradiance levels as shown
in Figure 3 and 4.

Fig. 5 I-V curve for parallel connection

Fig. 6 P-V curve for parallel configuration
In the case of irradiance, output power of the system
increases as irradiance increases. However, the
difference in series and parallel arrangements

Fig.3 I-V curve for series connection
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lowered to 200W/m2, the total output is equal to the
sum of all the 3 modules at 200W/m2 despite the
other 2 modules at 1000W/m2. From this
observation, it can be deduced that for a series
connection,

provides different types of power. The series
connection provides power that has a higher voltage
level while the parallel connection provides power
that has a higher current level. From the above
results, it is evident that the amount of irradiance is
directly proportional to the amount of output power
for both module arrangements. There is significant
increase in the current as the irradiance increases for
both series and parallel configurations. This increase
in current with respect to irradiance in turns affects
the power produced by the modules i.e. the higher
the irradiance, the higher the output power.
Although voltage and current levels for series and
parallel differ, output power is almost identical.

𝑃𝑃𝑜𝑜𝑢𝑢𝑡𝑡=𝑃𝑃lowest ×3

(1)

Where Plowest is the output power from the module of
lowest irradiance.

4 Investigation of Effect of Shading on
the Solar Module Output
Shading is introduced on one of the modules to
investigate the performance of the modules and to
mimic real-world scenarios. For this, irradiance is
fixed for two modules with the third module
irradiance at a reduced level to mimic the shading
effect. Shading greatly affects the electrical output
of solar modules. For convenience, the modules are
numbered as M1, M2 and M3. To investigate the
effect of shading, the experimentation is performed
with Module 1 and 2 irradiance fixed at 1000W/m2
and Module 3 with 200W/m2 and the results are
shown in Figures 7 and 8. The module with lower
irradiance reflects the shading of the module.

Fig. 8 P-V curve for SERIES connection with
shading introduced in M3
However, in parallel connection the shading didn’t
have much effect as shown in Figure 9. When
Module 3 is shaded, it only affects the output power
of that module, leaving Module 1 and 2 unaffected.
Output power will equal the sum of power produced
by the individual modules as illustrated in Figure
10.

Fig. 7 I-V curve for SERIES connection with
shading introduced in M3
Shading is a severe problem in photovoltaics. This
problem is highlighted in the shading experiment
when the modules are connected in series. Figure 8
demonstrates that when the irradiance at module 3 is

ISSN: 2367-8941

Fig. 9 I-V curve for Parallel connection with
shading introduced in M3

90

Volume 3, 2018

International Journal of Environmental Science
http://www.iaras.org/iaras/journals/ijes

Emirul Akbar Bin Sha’ari, R. T. Naayagi

in series. Bypass diode would be useful to mitigate
the effect of shading in solar modules.
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