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Abstract: Engineering students must be equipped with the right graduate attributes in order to 

contribute effectively to the socio-economic growth of their communities. These vital attributes may 

be demonstrated by students through the use of various educational technologies, including computer 

based simulations. The purpose of this paper is to describe the design of a simulated energy 

monitoring system that was developed at the Central University of Technology to enable freshmen 

engineering students to grasp fundamental energy generation principles relating to solar energy. This 

system enables students to grasp principles of energy flow in a typical PV system, as well as the 

importance that power efficiency exerts on the overall performance of the system. The majority of 

students exposed to this system have indicated that they enjoyed the simulations, having applied new 

knowledge in a practical environment. 
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1. INTRODUCTION 

“During my travels in Iraq, Israel, Gaza, Brazil, 

Indonesia, Japan, Europe and all over the United States, I 

have seen and heard the voices of people who want 

change. They want the stabilization of the economy, 

education and healthcare for all, renewable energy and an 

environmental vision with an eye on generations to 

come” [1]. These words by the musician, Michael Franti, 

point to society’s desire for a more sustainable future. 

This sustainable future requires energy monitoring, in 

order to ascertain the level and quality of sustainability. 

This monitoring leads to energy management which 

refers to an efficient and effective use of energy to 

minimize cost, improve energy efficiency, and reduce 

greenhouse gas [2]. This efficient and effective use of 

energy often requires some or other form of control. 

Dynamic modelling and computer based simulations 

(CBS) are valuable tools for product and process 

understanding, design, optimisation and control [3]. This 

aspect of control is especially important in renewable 

energy systems in order to mitigate energy losses and 

improve system efficiency. Moreover, interactive CBS 

can provide an “interactive-learning environment” in 

which participants can apply what they have just learned 

in a dynamic scenario, receiving instant feedback and 

being able to reflect on what can be improved through 

trial and error [4]. This improvement of the system is 

once again achieved through some or other control 

mechanism, where students can almost instantaneously 

visually observe the effects of their decisions. This brings 

to mind the various learning styles of students.  

CBS created in software packages, such as MATLAB or 

LabVIEW, appeals to a wide range of student learning 

styles, including inductive, sequential, active and visual 

learning styles. 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 [5, 6]. Academics therefore need to 

adjust their preferred teaching styles to accommodate the 

diverse learning styles of students [7] and to understand 

the connection between particular forms of educational 

technology and their effects on learning and teaching 

styles [8]. CBS are therefore key educational 

technologies which may be used to achieve this goal. 

CBS are used in the training of engineering students 

when it is difficult or impossible to expose them to real 

life contexts or equipment. Research has shown that CBS 

can provide opportunities for students to perform 

experimental manipulations that would be inaccessible in 

real-life [9]. However, simulations are not ideal and it is 

therefore important for the academic to understand the 

limitations of this educational technology. Only then can 

appropriate guidance be provided to students in order to 

help them bridge the gap between the theoretical and 

practical instruction. Some disadvantages of using CBS 

in engineering education are that they can be expensive, 

time consuming to develop and difficult to grade [10].

Advantages of CBS can include the fact that it allows the 

student to freely vary specific parameters and observe the 

related effects, explore theoretical principles or systems 

under extreme conditions, allow for a detailed analysis of 

systems and are easily reproducible [11].

The purpose of this paper is to describe the design of a 

simulated energy monitoring system (SEMS) that was 

developed at the Central University of Technology 

(CUT) to help train freshmen engineering students in a 

renewable energy course. This SEMS is designed to help 

engineering students grasp fundamental principles of 

energy generation, which include energy efficiency, 

electrical energy flow, energy storage in a battery, energy 

usage and energy optimisation. The paper firstly explains 

the main energy generation principles, followed by the 

context of this study. Thereafter, the SEMS is introduced 

and explained followed by succinct conclusions. 
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2. ENERGY GENERATION PRINCIPLES 

To enable students to grasp the operation of an energy 

generation system, with specific reference to a standalone 

PV system, requires understanding of energy flow, 

efficiency and storage. A simple analysis of the energy 

flow in a system is important in order to gain insights into 

the conversion process [12]. Maintaining a good energy 

efficiency is furthermore important for battery longevity 

[13],which is where the generated energy is stored.  

The flow of electrical energy refers to the movement of 

electrons from the generating source to the storage device 

and associated loads. Students must be able to observe 

the input and output powers associated with each section 

of the energy system, thereby keeping track of the 

electrical energy flow. The main input power from the 

sun to the generating source (being the PV module in this 

case) is indicated in Watts/square meter (W/m
2
) while the 

energy that is stored in the batteries (storage device) is 

indicated in Ampere hours (Ah). During direct sunlight 

hours, electrical energy will flow from the source to the 

storage device and then to the loads. During non-direct 

sunlight hours, students must be able to observe how the 

storage device is depleted, as it alone supplies energy to 

the load. The efficiency of the various components in the 

system plays a major role in the overall performance of 

the system, and is calculated using Equation 1. 

 =
!"#$

!%&
(1) 

Where 

' =(Efficiency of component 

)*+, = Output power 

)-. = Input power 

However, students tend to better understand complex 

processes, like the flow of energy in energy generation  

systems when they actively participate in the simulation 

of these systems [14, 15]. This helps them to visualize the 

operation of the different sections within the system, 

thereby moving away from purely abstract thinking. 

Abstract thinking is difficult, as it takes a great deal of 

time to become familiar with theory at any level of depth 

[16]. However, the use of active experimentation in CBS 

(part of Kolb’s Learning Cycle [17]) enables students to 

engage with the theory, eventually resulting in abstract 

conceptualization. The importance of helping students 

grasp these different energy generation principles is 

mandated by the logarithmic growth in renewable energy, 

including the construction of many solar farms.

3. CONTEXT OF THIS STUDY 

In November 2013, the first solar farm of 75 MW (near 

Kalkbult) was connected to the South African National 

Grid [18]. Kalkbult was the first of many to follow. The 

Renewable Energy Independent Producers Procurement 

Programme, directed by the Department of Energy, has 

approved many projects for the Northern Cape, which is 

one of the provinces from where many CUT students 

emanate. This provides CUT with a unique opportunity to 

provide effective training to freshman engineering 

students regarding the operation, installation and 

maintenance of these renewable energy systems. This 

opportunity aligns itself with Vision 2020 of CUT which 

aims to be a centre of knowledge, innovation and 

excellence producing a critical mass of innovators that 

directly contributes to prosperity-creation [19]. One way 

of achieving this vision is by graduating an industry-

ready workforce that possesses the right graduate 

attributes. These include problem solving, engineering 

design, communication, teamwork and technical 

competence. 

Freshman engineering students at CUT may choose to 

enrol for a number of different National Diplomas or 

Certificates where these graduate attributes may be 

demonstrated. The National Diplomas usually requires a 

minimum of three years to complete, while the certificate 

requires one year of full time study. The certificate is 

designed to empower engineering students with the right 

graduate attributes to contribute to the socio-economic 

development of communities, societies and industry. The 

Higher Certificate in Renewable Energy Technologies 

(HCRET) has been offered at CUT since January 2014 

and was specifically developed to supply technical 

competent people to the renewable industry in the 

Northern Cape and Free State. The HCRET is the first 

pre-graduate course in renewable energy that was 

approved by the South African Qualification Authority 

(SAQA) [20]. Successful completion of the HCRET 

indicates that students have been able to demonstrate the 

acquisition of specific learning outcomes (and subsequent 

graduate attributes) relating to the operation, design and 

installation of PV and Small Wind energy systems [21].

Digital Literacy, Academic Literacy, Mathematics I A 

and Mathematics I B are compulsory modules in this 

certificate (see Table 1), 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. 

Table 1: Modules for HCRET [7] 

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 I Solar Energy Systems II

Applied Physics of 

Energy Conversion

Small Wind Generation

Solar Energy Systems I Mathematics I B

The SEMS was developed for the Solar Energy Systems 

II module which features 5 main sections. The 

introduction to solar energy covers basic concepts, 
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principles, and definitions of energy generation. The next 

section introduces students to the different solar system 

configurations, including grid-tied and stand-alone 

systems. The third section covers aspects relating to PV 

system design, where the student must be able to design a 

complete PV system. Finally, AC and DC electrical 

measurements are discussed; students must be competent 

in their ability to safely do AC and DC measurements on 

a PV system. Many parts in the syllabus of Solar Energy 

Systems II can be addressed by the use of simulation. 

4. LABVIEW SIMULATION INTERFACE 

Figure 4 shows the LabVIEW user interface of a stand-

alone PV system that was designed to be the control 

panel of the SEMS. The first section represents the 

energy source, namely the sun. The simulation illustrates 

a 24-hour cycle and can be used in two modes. In the first 

mode, the sun follows its daily orbit and the energy 

output follows the form of a bell-shaped curve reaching 

its peak at around 12H00. In this mode, the student has 

no control over the energy from the sun and the 

simulation reflects the normal daily radiation available 

from the sun, peaking at 1000 W/m
2
. In the next mode, 

the student may manipulate the energy source to visually

observe its effect on the subsequent sections.  

The second section represents the PV array. This is where 

the student can change the output of the array from 0 to 

1000 W. If, for example, a 100 W module is selected and 

the input from the sun is set at the Standard Test 

Condition (STC) of 1000 W/m
2
, then the output of the 

module will be 100 W. The output of each section is 

shown in Watts to enable students to grasp energy 

efficiency principles. The dust and mismatch factor of the 

PV array is another setting in the PV array section. The 

typical value for dust and mismatch on a PV array is 15%

[22], with students being able to control it in the SEMS 

with values between 8 and 15%.

The third section illustrates the charge controller that will 

charge the batteries as well as protect them from 

discharging beyond a recommended limit. Modern charge 

controllers have typical efficiencies of 97% [23].

Students may control the efficiency of the charger by 

varying it between 50 and 100%, again being able to 

visually observe its effect on subsequent sections. 

The fourth section is the battery bank (storage device). 

The efficiency of the battery may also be altered between 

80 and 100%, which is in line with current technology 

providing battery efficiencies of around 85%. It must be 

noted, though, that battery efficiencies are highly 

dependent on charging and discharging regimes as well

as one the depth of discharge [24]. The battery’s voltage, 

charge and state of charge are also indicated in this 

section.  

The fifth section is the inverter where the student may 

once again set its efficiency between 80% and 100%. 

Current technology allow for inverter efficiency’s in the 

order of 97% [25]. However, it must be noted that 

inverter efficiency is dependent on the AC load and may 

vary greatly over the operating range of the inverter [26]. 

The sixth section shows the losses in the wiring which 

can be controlled between 0% and 20%. Wiring losses 

include losses in electrical connections in the system as 

well as resistive losses that are affected by the length and 

diameter of the wires that are used [27]. 

Students may control the size of the load in the seventh 

section (0 to 200 W), visually observing the flow of 

energy from the storage section. The control panel of the 

SEMS is directly linked to the block diagram window 

available in LabVIEW, and is discussed in the next 

section.   

5. LABVIEW SIMULATION CIRCUIT 

The SEMS displays data for a one day period of 24 hour.

If the simulation runs too quickly, then the student will 

not have time to interpret what is visually shown nor 

have time to control the various sections in order to 

optimize energy efficiency. This is set using the main 

loop time which is shown in Figure 1 to be 200 ms. It can 

also be seen that the main loop will repeat a total of 144 

times at 200 ms each, resulting in a total simulation time 

of 28.8 s. This provides sufficient time for students to 

interact with the simulation, visually observing the 

effects of their decisions implement by the various 

controls. The simulation is set so that each sample 

represents 10 minutes of the 24 hour day. Three 

important parameters of the system is logged in the time

domain over a 24 hour period and displayed on the 

control panel. These include the power from the PV 

array, the charge in the battery and the power to the load.  

Figure 1: Loop timing in milliseconds

Figure 2 presents the components which are required for 

section 1 of the SEMS shown in Figure 1. A small part of 

the matrix that represents the values of the output of the 

sun is visible. The matrix consists of a set of 144 values 

that represents the bell-shaped curve of the sun’s normal 

daily output.  

Figure 3 illustrates the components of the second section 

shown in Figure 4. Here, the value of incoming solar 

radiation is divided by 1000, which equates to the STC of 

1000 W/m
2
. This implies that if the incoming solar 

radiation is 1000 W/m
2
, then the sizing factor will be 1. 

This sizing factor is multiplied by the power rating of the 
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PV module to calculate the arrays output. Dust and 

mismatches in the array are expressed as a percentage in 

this section, which may also be controlled by the student.

To calculate the correct multiplication factor, the control 

value is deducted from 100 and then divided by 100. This 

factor is then multiplied by the calculated PV output. As 

an example a dust and mismatch factor of 10% will result 

a multiplication factor of 0.9. 

Figure 2: LabVIEW circuit of simulation mode selection

Figure 3: LabVIEW circuit of PV array  

To calculate the output of the charge controller, the value 

of the PV array’s output is multiplied with the efficiency 

of the charge controller (which may be controlled by the 

student) as shown in Figure 5. The same procedure is 

followed regarding the battery in order to obtain it

efficiency factor as shown in Figure 6. This factor is 

multiplied with the output of the charge controller to 

determine how much of the input energy can be extracted 

from the battery after the losses have been accounted for.

  
Figure 4: LabVIEW simulation user interface 

Energy stored in the battery is indicated in Ah by firstly 

converting the incoming power from the charger to Wh.

This calculation is shown in Figure 7. LabVIEW has a 

function that calculates the average value of all the 

previous samples in the execution of the loop. This 

average value is then multiplied with the hour value 

indicated by the total samples in Wh. In the simulation, 

each sample represents 10 min of the day. Taking the 

samples from the beginning of the simulation (indicated 

by the letter i in Figure 7) and dividing it by six results 

1 2 3 4

567
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in an hour variable. The amount of energy stored in the 

battery (24 V) can be calculated by using the energy 

flowing into the battery and that flowing out to the load 

(may be controlled by the student). A simple calculation 

is done by dividing the Wh with the battery voltage to 

obtain the Ah as shown in Figure 8. The wiring losses 

are calculated in the same way as the dust and mismatch 

factor. 

Figure 5: LabVIEW circuit of charge controller  

Figure 6: LabVIEW circuit of battery efficiency

Figure 7: LabVIEW circuit of Wh calculation

Figure 8: LabVIEW circuit of Ah calculation 

The possible results of the simulation are shown in the 

next section. It highlights the control of the energy 

source, the different efficiencies and the size of the load.  

  

6. RESULTS AND DISCUSSION

The following important energy monitoring principles 

are demonstrated with this SEMS: 

1. energy flow, 

2. efficiency of components in the system, 

3. storage of energy, 

4. the effect of optimisation and 

5. the usage of energy. 

Figure 9 illustrates the first principle of energy flow 

over a 24 hour period. The result shows a constant load 

(50 W) with normal solar radiation present (bell shaped 

curve that peeked in this simulation at 14H30). The state 

of the battery decreases from 100 Ah to around 47 Ah at 

11H00, as the constant load is draining the 200 Ah 

battery. The state of the battery then starts to increase to 

185 Ah as solar radiation is present. The 47 Ah point 

represents 23.5% state of charge (76.5% depth of 

discharge) that will influence the useful lifetime of the 

battery. Battery life is influenced by the depth of 

discharge(DOD), number of cycles, and charge/ 

discharge rates [28]. Discharging to about 80% DOD

will severely reduce the battery life of lead acid 

batteries[29]. The third principle of energy storage is 

also demonstrated with this result. 

Figure 9: Simulation results of energy flow 

The second principle, relating to energy efficiency of 

the components, is shown in Figure 10. Here, the 

efficiency of the charge controller was changed from 77 

to 84% and the efficiency of the inverter was changed 

from 89 to 99%. All the other settings, as used in 

Figure 9, were retained. The result indicates that the 

state of the battery did not go below 50 Ah and that the 

battery was fully charged at 16H00. These results also 

address the principle of optimisation, as higher 

efficiencies result in a fully charged energy storage 

system. Fully charged systems can also be an indicator 

of energy surplus[30]. 
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Figure 10: Simulation result of optimization 

In order to address the last principal, named energy 

usage, required using all the settings from Figure 10 in 

Figure 11, with the exception of the load setting 

(changed from 100 W to 200 W). The effect of a higher 

load on the system indicates a 0% state of charge of the 

battery at 11H00, resulting in a total shutdown on the 

system. This is an indication of poor design and will 

result an unusable system[31]. 

Figure 11: Simulation results with a higher load 

Student perceptions are an important indicator to 

evaluate the success of any educational tool. Three 

questions were posed to the registered students in the 

Solar Energy Module at the end of the course (n=10).

90% of the students indicated that they really enjoyed 

the simulations that were done in the laboratory. Student 

satisfaction and enjoyment is important in order to 

maximise learning and to ensure program viability [32].

80% of the students then indicated that they were able to 

apply new knowledge in a practical environment by 

doing the simulations, thereby suggesting that they were 

able to integrate their theoretical and practical 

instruction. All the students finally indicated that the 

simulations were not too difficult, thereby suggesting a 

good level of difficulty for these engineering students. 

7. CONCLUSION 

The purpose of this paper was to describe the design of 

a simulated energy monitoring system (SEMS) that was 

developed at CUT to help train freshmen engineering 

students in a renewable energy course. The control of 

specific parameters in the PV system helped students to 

conceptualize important energy generation principles, 

such as electrical energy flow, efficiency, storage, usage 

and optimisation. Student perspectives revealed student 

satisfaction with the SEMS. A time lag study may 

further enhance the reliability and validity of these 

results, as this study was only limited to one group of 

students in one semester. However, the call by society 

for a more sustainable future may very well be achieved 

by graduating students with the right attributes that may 

be demonstrated by using specific and relevant CBS.  
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