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Abstract: Renewable energy systems, such as photovoltaic (PV) systems, still require a
great deal of research and development in order to improve efficiency, reduce overall
manufacturing costs, and to become more sustainable in the future. Solar power production
using PV modules has increased and is currently one of the fastest growing energy
technologies worldwide, leading to speculation that it will be the main source of electrical
power in future. This on-going research and implementation of PV modules and systems
necessitates the effective training of technicians, technologists and engineers required to
install, maintain or interface with these systems. The Department for Electrical, Electronic
and Computer Engineering at the Central University of Technology, Free State (CUT) in
South Africa has implemented a Higher Certificate in Renewable Energy Technologies
(HCRET) in January 2014. The purpose of this article is to outline a practical innovative
jig that was used to stimulate awareness and understanding of the fundamental operating
principles of one specific sustainable technology, namely PV modules. Electronic
measurements from this innovative jig are obtained by using an ARDUINO UNO board
which interfaces with LabVIEW. Student perceptions of using this innovative jig are
further presented, which indicate that the practical experiments were satisfying,
challenging, relevant and applicable to PV module operation.
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1. Introduction

“A man who has never gone to school may steal from a freight car; but if he has a university
education, he may steal the whole railroad” [1]. These words, by the 26th president of America
Theodore Roosevelt, drive home the point, not of stealing, but the potential which can arise from
developing and maintaining an educated mind. Acquiring an educated mind often starts with
elementary school education, while maintaining that educated mind requires life-long learning. In fact,
the connotation of China’s higher engineering education includes cultivation of a proper attitude of
engineering, a scientific attitude of quality, a concept of internationalized education and life-long
learning [2]. Life-long learning includes all types of social education activities [3] as well as the
production of knowledge in any field of study [4]. Subsequently, freshman students who enter the
engineering profession with the desire to become trained technicians, technologists or engineers must
be encouraged to engage in life-long learning, especially with regard to the on-going design and
development of more efficient PV modules in order to promote sustainability for future generations.

Poor performance and dropouts among freshman engineering students can, in part, be ascribed to
the poor matching of learning and teaching styles [5]. However, the use of different educational
technologies can appeal to a wide range of learning styles of engineering students. For example, the
use of computer based software packages, such as MATLAB or LabVIEW, involves inductive,
sequential, active and visual learning, as students are required to input specific data in a certain order and
interpret the results. In fact, previous research has shown how an ARDUINO board can be integrated
with MATLAB to achieve specific learning objectives and provide a successful engineering experience
for freshman engineering students [6,7]. Academics, therefore, need to adjust their preferred teaching
styles to accommodate the diverse learning styles of students [8] and to understand the connection
between particular forms of educational technology and their effects on learning and teaching styles [9].

The purpose of this article is to outline a practical innovative jig and its related practical
experiments, which were developed to assist freshman engineering students to better grasp the
operating principles of photovoltaic (PV) modules in order to promote this sustainable technology.
These students engage with inductive, sequential, active and visual learning as they manipulate
specific parameters and then visually observe the associated effects. A number of practical
experiments are outlined along with the correlated electronic measurements obtained in LabVIEW.
Perceptions of freshman electrical engineering students regarding these practical experiments were
also obtained using a questionnaire administered by means of an electronic response system.

This article firstly outlines and explains the context in which this study took place. Thereafter, the
innovative jig which was developed for freshman engineering students enrolled for a course in renewable
energy is explained. The practical experiments are then presented where students have the opportunity
to change specific parameters, viewing and measuring the associated effects via the developed
LabVIEW interface. Finally, student perceptions of using this innovative jig are given followed by
succinct conclusions.
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2. Context

In November 2013, the first solar farm of 75 MW near Kalkbult was connected to the South African
national grid [1]. Kalkbult was the first of many to follow. The Renewable Energy Independent
Producers Procurement Programme, directed by the Department of Energy, has so far approved
31 projects for the Northern Cape [6]. This area is also the main source of students for the Central
University of Technology, Free State (CUT), where The Department for Electrical, Electronic and
Computer Engineering is located. This provides CUT with a unique opportunity to create awareness
and provide effective training to students regarding the operating and installation of these renewable
energy systems. This opportunity aligns itself with the Department’s objectives for providing quality
education to students with regard to both electronic and power engineering, where the principles and
application of electricity, electronics, electrostatics and electromagnetism are discussed. A range of
sub-studies are also offered which focus on power electronics, control systems, signal processing and
telecommunications. Undergraduate freshman engineering students at CUT have the choice to enroll for
a number of different National Diplomas, which usually take a minimum of three years to complete.
These programmes often include both theoretical and practical instruction where students can
demonstrate vital graduate attributes, such as problem-solving and being technologically literate [2].

The Department for Electrical, Electronic and Computer Engineering implemented a Higher
Certificate in Renewable Energy Technologies (HCRET) in January 2014. This is the first
pre-graduate course in renewable energy that was approved by the South African Qualification
Authority (SAQA). This certificate was designed for individuals who want to engage more with
sustainable energy sources and enter the renewable energy field as technicians. Successful completion
of the HCRET indicates that students have been able to demonstrate the acquisition of specific learning
outcomes relating to the application, design, installation and operation of PV and Small Wind energy
systems [1]. This certificate requires one year of full time study which is divided in two semesters (six
modules are offered per semester, as shown in Table 1).

Table 1. Modules for HCRET [3].

Semester 1 Semester 2

Digital Literacy Health and Safety: Principles and Practice
Academic Literacy and Communication Studies Electrical Installation Practice
Mathematics I A Power Generation and Storage

Electrical Engineering | Solar Energy Systems 11

Applied Physics of Energy Conversion Small Wind Generation

Solar Energy Systems [ Mathematics [ B

Digital Literacy, Academic Literacy, Mathematics I A and Mathematics I B are compulsory
modules offered by service departments at CUT. The module entitled “Health and Safety: Principles
and Practice” is offered by a professional service provider from within this field.

Renewable energy has the potential to play an important role in providing sustainable energy to
millions of people in developing countries who have, as yet, no access to clean energy. Despite many of
these countries enjoying a variety of renewable energy sources, such as hydro, solar, wind, geothermal,
and biomass [4], access to sustainable energy remains elusive for many rural communities [5]. After a
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decade of astonishing worldwide growth in wind power generation, sustainable utilization of this
energy source has become an issue of utmost importance [6,7]. Solar PV energy could also play a
significant role in the replacement of fossil fuels leading to a clean energy solution with almost zero
environmental impact [8]. Because of its cleanliness, ubiquity, abundance, and sustainability, solar PV
energy has become well recognized and widely utilized [9]. Although both solar and wind energy
technologies are important in the South African context, this article focuses on experiments done in a
solar PV engineering laboratory.

3. Innovative Jig for Demonstrating PV Module Operation

The aim of the system was to assist electrical engineering students to comprehend the operating
principles of a PV module with the use of one single hardware and software setup. The layout of the
system is shown in Figure 1.
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Figure 1. System configuration of the innovative jig.
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The innovative jig comprises the following components, as shown in Figure 2:

A 10 W PV module mounted on an aluminium structure (F) where its tilt angle can be varied (E);
A USB connector (G) from an ARDUINO microcontroller located in a watertight box with
specific selectable load resistors (D) to enable the sensed data to be viewed and recorded in
LabVIEW on a PC;

A mechanism to adjust the distance of the light source to the PV module (A);

A switch where the two lights can be switched on or off individually (B); and

Two 500 W halogen lights (C) which serve as the light source.

Figure 2. Innovative jig.

With the aid of this system; an electrical engineering student may demonstrate the achievement of

the following learning outcomes:

Document the effect how various incident angles of illumination affect the output power of a PV
module [10];

Assess the influence of temperature on the output power of a PV module [11,12];

Verify the negative impact of hard shading (full shading) on the output power of a PV module [13],
Determine the I-V curve of a PV module [14,15]; and

Clarify the influence of different light intensities on the output power of a PV module [16].

The ARDUINO board that was used to relay the data to the LabVIEW software is an electronic
based platform that was originally designed to simplify the process of studying digital electronics.
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The ARDUINO board was selected which comprises a microcontroller, a programming language and
an Integrated Development Environment (IDE) [17]. This board can easily be integrated into
LabVIEW, where a customizable program can be developed according to end-user needs. Other
reasons for choosing this platform include [18]:

e [t is an open-source project where the software/hardware is extremely accessible and very adaptable;

e [t is flexible and offers a variety of digital and analogue inputs/outputs, serial interface and
digital and PWM outputs;

e [t is easy to change and update the program as it connects to a PC via USB and communicates
using standard serial protocol;

e [t is an inexpensive microcontroller for which the software is freely available; and

e [t has a large online community with a lot of references, example source codes and libraries to
refer to.

National Instruments LabVIEW is a graphical programming language that has its roots in
automation control and data acquisition. Its graphical representation, similar to a process flow diagram,
was created to provide an intuitive programming environment for scientists and engineers. The
language has matured over the last 20 years to become a general purpose programming environment.
LabVIEW has several key features which make it a good choice in an automation environment. These
include simple network communication, common communication protocols (RS232, GPIB, ertc.),
powerful toolsets for process control and data fitting, fast and easy user interface construction, and an
efficient code execution environment [19].
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Figure 3. LabVIEW user interface.
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The LabVIEW user interface that was developed and used for the practical experiments is shown in
Figure 3. Before the ARDUINO can be used in conjunction with LabVIEW, it needs to be loaded with
the LabVIEW base software [20]. In the LabVIEW software, the ARDUINO must be initiated, and
again closed at the end of every session. Voltage readings are obtained from the ARDUINO by using
the analog read function. The output power of the module is calculated by multiplying the measured
output voltage by the calculated current through the load. This current is then calculated in LabVIEW
by using the voltage across a known resistor that exists in series with the switchable loads.
Temperature readings for the module are obtained by a thermistor read function in LabVIEW. The
relative light intensities are measured with the use of a light dependant resistor. The tilt angle of the
module is measured with the aid of a variable resistor that is set up as a potential divider. The voltage
from the potential divider circuit is read by the analogue input pin, A0, of the ARDUINO UNO board
and passed onto LabVIEW, where it is interpreted and displayed as the tilt angle. The distance from
the lights to the PV module is not measured by a sensor. The circuit diagram for the innovative jig is
shown in Figure 4.

Halogen lights (220V AC)

PV Module

3.715 K <

L

NN

Figure 4. Circuit diagram of innovative jig.

Table 2. An example of part of a text file.

Date Timems CurrentmA Temp°C Angle® VoltageV Light int relative
26 May 2015 4800 50.13 34.34 1.09 15.14 89.35
26 May 2015 5000 50.13 34.34 1.36 15.14 89.36
26 May 2015 5200 50.13 34.36 1.36 15.14 89.36

The student can view the LabVIEW interface for interpretation of results and also the data that is
written to a text file at the end of each experiment (200 samples taken at an interval of 200 ms).
An example of a small part of this text file is given in Table 2. The student can use the data in this file
to complete his/her report. The number of samples and the sample interval can be changed in the



Sustainability 2015, 7 9107

LabVIEW software. The light intensity is measured with a light dependent resistor (LDR) and is a
relative indication of light intensity.

4. Practical Experiments and Their Associated Visual Results

This section presents some of the practical experiments that were carried out in a laboratory using
the innovative jig. It must be stated that the use of this computer-based learning activity, or educational
technology, facilitates consistent delivery, proof of completion and increased retention of information [21].
It exposes each student to the same practical experiment and affords each one the opportunity to
provide a practical report of the results, which helps to prove that the student has completed the
practical experiment successfully [22]. Other advantages to the student include self-pacing,
interactivity, and data storage via USB flash disk for future reference. Furthermore, using electronic
equipment within the teaching and learning environment supports the development of high-level
thinking in the following two ways [23]:

e [t provides students with opportunities to develop their problem-solving skills and
e [t may serve as a tool for thinking and problem solving.

4.1. Incident Angle of Illumination

The incident angle of illumination influences the amount of energy collected by a PV module [10].
The incident angle experiment may be done with the artificial light sources for demonstration
purposes. However, more accurate practical results are obtained when the sun is used as a light source
for the system. Figure 5 illustrates the influence that various incident angles of illumination exert on
the output power of a PV module, where an incident angle of 0° results in maximum output power.
However, when the surface of the PV module is turned away from the light source to a 49° incident
angle, an associated drop in output power is observed. This configuration is very effective in
demonstrating this important fundamental principle. However, the short distance between the artificial
light and the PV module, as well as the uneven distribution of light, may affect the accuracy of the
quantitative results.

A more accurate way of completing this experiment is to use the sun as a light source. In order to do
this, the artificial light is removed and the jig is used in direct sun light. An example of the experiment
that was done in direct sunlight is given in Figure 6. The experiment was done in Bloemfontein in
South Africa and thus in the southern hemisphere. Literature indicates that PV modules should be
installed at a tilt angle that is equal to latitude or at latitude —10° for summer months, or at latitude
+10° for winter months (Table 3 highlights the exact tilt angles for Bloemfontein). The experiment was
done in winter on the 26 May 2015 at 12H30 in the afternoon. It is, therefore, expected that latitude
+10° will yield a higher output power than a tilt angle that is set to a lower value. It must be kept in
mind that the specific instantaneous output power of a PV module is not only dependent on the tilt
angle, but also on various other factors, such as solar irradiation, size and type of module, temperature,
and also the associated load [24,25].
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Figure 5. Influence of the incident angle of illumination on the output power of the PV
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Figure 6 indicates that the output power (left hand side of the sketch) increases as the tilt angle

increases (right hand side of the sketch). However, the output power does not increase significantly
beyond a tilt angle of 40°, thereby indicating the optimum tilt angle for this PV module. As expected
the output power is higher at a tilt angle equal to latitude +10° for this winter day in Bloemfontein. As
the seasons change, students will be able to correlate the output power of the PV module to that of the
tilt angle, thereby confirming published literature in this regard. This in turn contributes to the

principles of constructivism, as students construct their own meaning about PV module operation from

what they visually see and experience.
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Table 3. Three different tilt angles based on research done by Heywood [26] and

Chinnery [27,28].
Author Latitude Tilt angle for Bloemfontein  Time Period Used
Heywood o —10° 29°—-10°=19° Summer
Heywood (0] 29° Autumn/Spring
Chinnery o+ 10° 29° +10° = 39° Winter

4.2. Temperature of the Module

A rise in surface temperature of a PV module negatively affects its output power [11,29]. Figure 7
illustrates this negative influence, where the output power of the PV module decreases as the module’s
surface temperature increases due to the heat that is generated by the close proximity of the two 500 W
halogen lights. Please note that it takes a few seconds for the system to stabilize before results can be
interpreted. The temperature sensor that was used is a thermistor that was mounted on the back of the
PV module.
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Figure 7. Negative influence of surface temperature rise on the output power of the
PV module.

The module that was used in the experimental setup is a 10 W polycrystalline silicon module.
Literature suggests a power loss of 0.19% to 0.56% per °C for temperatures above 25 °C [30]. This is
in line with the results obtained from the experimental data where an average power loss of 0.54% per °C
for temperatures above 25 °C was obtained. Figure 8 indicates the percentage power loss/°C above 25 °C
that was derived from using the innovative jig.
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Figure 8. Percentage power loss/°C above 25 °C calculated from experimental results.

4.3. Shading

The negative impact of shading on the output power of a PV module has been established [13,31].
However, this shading can be classified into two categories, namely soft shading and hard shading.
Partial hard shading, as well as full soft shading, can be done using shade nets in conjunction with the
innovative jig. Only full soft shading with irradiation from the sun is covered in this article. Figure 9

illustrates how the output power rises from 0 W to a maximum output power of 2 W when the system
is placed in full sunlight.

SINNE

0.75- L,'—

0-5_ [ T S
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Figure 9. Indication of output power with a 20%, 35% and 60% shade net between the
module and the sun.

A 20% shade net results in a decrease of output power from 2 to 1.7 W (time period between 5 and
10 s). A 35% shade net results in an output power of 1.4 W (time period between 15 and 20 s). Finally,
a 60% shade net results in an output power of 0.75 W (time period between 25 and 30 s), equating to a
62.5% reduction from the maximum output power (being 2 W). The results from the 35% and 60% shade
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nets may be correlated to previous published research in this regard (see Figure 10 for previous research
results). Research reports a 36% reduction in output power for a 35% shade net [31] that correlates well
with the 30% found in this experiment. Research further reports a 60% reduction in output power for a
61% shade net [31] that correlates to the 62.5% reduction established with the help of this innovative jig.

100% ’ . . . 100%
90% ! l l : 90%
80% : : : : 80%

E 70% . T 70% &

= 60% i z - 60% 2

o 0 ! ! e = ! o, B

S 50% - 50% ©

% | . | ! %

g 40% . 7 . : 40%

8 30% 7 ; . ; 30% §

S 20% ; ; ; ; 20% 5
10% L/ ; ; : 10% =
0% oo 0%

Shade Shade Shade Shade
0% 35% 41% 61%

Figure 10. Previous research showing power reduction in accordance with full soft
shading [32].

4.4. Maximum Power Point of a PV Module

In most cases, solar cells are not operated at the maximum power point due to the load
characteristics of a solar cell, a problem that can be resolved via a maximum power point tracking
(MPPT) approach [33]. This maximum power point is the point where maximum energy is harvested from
the sun [34], and may be visually represented by an I-V curve. Data obtained from the innovative jig,
which may be used to sketch the I-V curve, are shown in Figure 11, while the actual sketch is shown in
Figure 12. This I-V curve is obtained by plotting the corresponding current and voltage values obtained
from the innovative jig where different load resistors are used (see Figure 4 for the actual values).
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Figure 11. Influence of different resistive loads on the output power of the PV module.
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The load was initially set to 470 Q resulting in an output power of 0.8 W (time period from 0 to 10 s).
The load was then decreased to 260 Q resulting in an output power increase to about 1.4 W (time
period between 10 and 20 s). The maximum power point (2 W) was found to exist when the load was set
to 180 Q (time period between 20 and 30 s). The load was then decreased to 120 Q resulting in an
output power decrease to about 1.4 W (time period between 30 and 40 s). A further decrease in the
load to 68 Q causes the output power to decrease to 0.81 W (time period between 40 and 50 s). With
no load applied to the module there was no output power generated (time period between 50 and 60 s).
Voltages and currents used to calculate these load values where then used to sketch the I-V curve
shown in Figure 12.

I-V curve
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100 * B\
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} A
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PV Current (mA)

PV output voltage (V)

Figure 12. I-V curve sketched using the data derived from Figure 11.
4.5. Light Intensity

Different light intensities impact on the output power of a PV module [16,35,36]. Varying the light
intensity on the PV module can be achieved by switching on or off the 500 W halogen lights (see
Figure 13). Figure 13 represents the influence of light intensity on the output power of the PV module
when switching one of the halogen lights on or off. Switching both lights on yields an output power of
1.8 W (time period 30 to 40 s) while only one light yields an output power of 1 W (time period 10
to 20 s).
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5. Student Perceptions

Student perceptions of the practical experiments were obtained at the end of the course using a
questionnaire survey that was administered using an electronic response system. Student perceptions
may often be gathered to determine whether student academic satisfaction exists with regard to the
quality of engineering education being offered. The anonymous responses of the students indicated
that the use of this innovative jig was indeed enjoyable (see Table 4). The practical experiments were

relevant to the theory and helped the students to apply their newly acquired knowledge in a sustainable
energy laboratory.

Table 4. Summary of student perceptions (n=33).

Module Solar Energy 11
The following represents the percentage of students who agreed that the practical experiments:
Were enjoyable 92%
Were relevant to the theory 83%
Helped them to apply their new knowledge 84%

6. Conclusions

The purpose of this article was to outline a practical innovative jig and its related practical
experiments which were developed to assist freshman engineering students to better grasp the
operating principles of PV modules. Electronic measurements from this innovative jig where obtained
using an ARDUINO UNO board which interfaced with LabVIEW.

The use of this innovative jig along with computer-assisted equipment and software provides a single
experience that accommodates two distinct learning styles of visual and kinesthetic learners [37]. Visual
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learners comprehend and remember material most effectively when they see it demonstrated on the
computer’s monitor in relation to other related electronic equipment. Kinesthetic learners comprehend
and remember material most effectively when they physically interact with it by turning the PV
module’s tilt angle, adjusting the distance of the light source and switching on and off the halogen
lights. These practical experiments have been enjoyed by the freshman electrical engineering students,
enabling them to achieve the desired learning outcomes, thereby contributing to their having an
educated mind and a positive attitude towards sustainable technologies.
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