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Abstract

It is essential to repeat a test of a given construct in research in order to underpin knowledge, support validity and enable its application
in other contexts. The purpose of this article is to present repetitive test results validating the optimum tilt angle of a stationary PV mod-
ule that was installed in a semi-arid region of South Africa. An experimental design incorporating a two-year longitudinal study is used.
The results for 2016 and 2017 reveal that a PV module with a tilt angle of Latitude plus 10° yielded the highest output power for winter
months, while a PV module with a tilt angle of Latitude minus 10° yielded the highest output power for summer months. However, for
both years, a tilt angle set to the Latitude angle of the installation site yielded the highest overall average output power (60.02 Wh per
day). It is therefore recommended to install stationary PV modules at a tilt angle equal to the Latitude of the installation site for a semi-

arid region in the southern hemisphere.
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1. Introduction

“On the other hand, one factor helps us that no other liberation
struggle in this region could count on - our liberation front is char-
acterized by relatively highly developed class forces, tested in
political struggles” [1]. These words by Joe Slovo, a late South
African politician, point to the invaluable concept of testing. For
many years South Africa (SA) faced social injustice and racial
discrimination from a political standpoint, which finally ended in
1994 with the fall of apartheid. This was achieved through many
struggles using a liberation front that was tried and tested over
many years. Repetitive testing of a given construct in research is
equally important, as it underpins, or even reconstructs knowledge,
supports validity and enables its application in other contexts.
Research can either reinforce or reconstruct knowledge, where the
outcome must be communicated to others [2]. Obviously, infor-
mation immersion would result with dull testing, lead-ing to out-
right legitimacy. Information immersion is characterized as "the
point in information gathering when no new extra information are
discovered that creates parts of a theoretical class" and guarantees
the accomplishment of dependability [3]. Outright legitimacy
requires that information be completely legitimate the majority of
the time [4]. In this manner, when redundant testing yields similar
outcomes over a delayed timeframe, at that point abso-lute legiti-
macy results. This is especially vital when considering the impact
of climate change on the production of electrical energy from
renewable energy systems.

Climate change has resulted in the rise of atmospheric temperature
and a modified pattern of precipitation and evapotranspiration,
which has directly led to alteration of regional hydrological cy-
cles [5]. It has furthermore forced a shift in electrical energy pro-

duction [6], with more emphasis being placed on improving effi-
ciency while reducing losses of renewable energy systems. One
type of efficiency, being the conversion efficiency, is affected by
the installation of a PV module [7], and relates to the percentage
of time in which a PV module produces more than 15% of its peak
output power within an 8-hour period. Repetitive testing, of not
only the conversion efficiency, but also of other variables associ-
ated with renewable energy systems under ever-changing envi-
ronmental conditions must be maintained, so as to either strength-
en or reconstruct previously published literature in this field.

The motivation behind this article is to introduce tedious test out-
comes validat-ing the ideal tilt edge of a stationary PV module
that was in-slowed down in a semi-parched area of South Africa.
Past research has given an account of the effect of various tilt
edges on the yield intensity of a stationary PV module for various
long periods of the year. For exam-ple, Hertzog and Swart gave an
account of the late spring period of 2014-2015 [8] and on the win-
ter season of 2015 [9, 10]. For the summer season, they found that
a tilt angle lower than Latitude of the installation site yielded the
highest output power, while for the winter season the tilt angle had
to be higher than Latitude. However, no repetitive test results for a
prolonged period of time exist for this semi-arid region of SA,
which falls in the southern hemisphere.

The article will firstly cover the importance of tilt angles for PV
module installations, and then outline the study context. The ex-
perimental setup follows along with the research methodology.
The quantitative data that was obtained is presented in a number
of figures along with pertinent discussions.
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2. Tilt angle importance

The tilt angle of a PV module is defined as the number of degrees
that its surface is inclined from the horizontal plane (e.g. surface
facing directly upwards equals 0° while a surface facing the hori-
zon equals 90°) [11]. Alternative it is stated that “The tilt angle is
defined as the slope angle at which solar panels are mounted to
face the sun” [12]. These definitions propose that a PV module
ought to be introduced with the goal that its glass surface faces the
sun for a large portion of the day. In a perfect world, it ought to be
tilted opposite to the sun at twelve (12 pm), which likewise im-
pacts on its introduction point [7]. Figure 1 demonstrates the situa-
tion of the tilt point in connection to the level plane. In the event
that a PV module must be introduced with its glass surface con-
fronting specifically upwards into the sky, at that point its tilt edge
will rise to 0[1. Moving the highest point of the PV mod-ule far
from the level plane, while keeping the base sta-tionary on the flat
plane, will result in a particular tilt edge. A basic protractor, or cell
phone application, for example, Bubble Level, can be utilized to
gauge this tilt edge. Basically putting the cell phone on the back or
glass surface while moving the highest point of the PV module far
from the even plane will give a perusing.

Tilt angle (29°)

True North Horizontal Plain
A\

Fig. 1: Tilt angle position

Research by Heywood and Chinnery recommends utilizing a tilt
edge which is either equivalent to the Latitude point of the estab-
lishment site, or then Latitude in addition to 10° or short 10° for
the southern side of the equator [13]. A far reaching study led in
the southern half of the globe by Cronemberger [14] watched the
accessibility of sunlight based potential yield in 78 Brazilian urban
communities situated between Latitude points of 0° and 30° S.
The outcomes showed that just 8 urban communities had an ideal
tilt point that is equivalent to Latitude, while the other 70 urban
areas ideal tilt edges changed somewhere in the range of 1.5° and
9.3° or more Latitude. Asowata et al. [15] found that, for a sta-
tionary PV module in SA, a tilt edge of Latitude in addition to 10°
yielded the most astounding normal yield control during the time
for a contamination serious zone. Hertzog and Swart [8] decided
the influ-ence that distinctive tilt points applied on the yield con-
trol yield of a stationary PV module in a semi-dry locale of SA.
They presumed that a tilt edge of Latitude in addition to 100
yielded the most noteworthy yield control from a PV module amid
the winter season, while Latitude less 10 degree yielded the most
noteworthy yield control for the late spring season. However, the
results were limited to a few months for 2015 and 2016. Repeti-
tive testing, over a prolonged period of time, to determine which
tilt angle contributes to the highest average yield of output power
from a stationary PV module under varying environmental condi-
tions would contribute to absolute validity.

3. The study context

The examination site is restricted to the focal district of SA, called
the Free State Province, which is delegated a semi-parched locale.
This territory has a normal every day radiation of somewhere in
the range of 4.5 and 7 kWh/m2, along these lines having the po-
tential for a superb sun based vitality yield [16]. The common-
place capital of the Free State Province is Bloemfontein, where the
primary grounds of the Central University of Technology (CUT)
is found. The every day normal worldwide flat radiation for this
establishment site is roughly 5.15 kWh/m2/day [16], with a nor-
mal yearly precipitation of around 550 mm [17]. The winter sea-
son is extremely dry with dust storms that happen frequently
among May and August of every year.

The Faculty of Engineering and Information Technology is situat-
ed on the main campus of CUT, with a number of laboratories and
research facilities. One such facility has a fourth-floor balcony
facing northwards, with unobstructed views of the sun. This en-
sures that direct beam radiation of the sun is received by the sta-
tionary PV modules throughout the day. The exact Latitude and
Longitude coordinates of this balcony is 29°07'16.7"S and
26°12'58.2"E, which serves as the research installation site for
three identical 10 W PV modules used in the experimental setup.

4. Experimental setup

The exploratory setup involves three indistinguishable PV frame-
works, each with a 10 W polycrystalline PV module, a 5 A sun
oriented charger, a 20 Ah lead corrosive gell battery and 2 x 5 W
LED lights (a square graph is appeared in Figure 2). These three
PV modules were mounted on an aluminum structure that was
anchored to the fourth floor gallery of the ETB Building at CUT.
At first, all the PV modules were in-slowed down at a tilt point
equivalent to Latitude of the establishment site (29°) for alignment
purposes. This was improved the situation a time of multi week,
after which a coefficient of variety (1.4%) was resolved between
the yield forces of the indistinguishable modules. This alignment
procedure (itemized in [18]) was done to help the legitimacy and
dependability of resulting estimations, and to guarantee that each
of the three frameworks star duced a similar yield control when all
factors were kept consistent. Once the adjustment procedure was
finished, the three PV modules were set to three particular tilt
edges.

These tilt points were gotten from work done by Heywood and
Chinnery and depends on the Latitude of the establishment site
[19, 20]. Latitude minus 10° (¢ - 10°), Latitude (¢) and Latitude
plus 10° (¢ + 10°) was used. In this way, the tilt angle becomes
the only variable that would be different between the three identi-
cal PV systems. When studying specific effects in an environment,
it is important for the researcher to keep a certain set of variables
constant while changing only one variable at a time [21].

The three identical PV systems were connected to an energy
monitoring system that was developed by the researchers [22]. It
consisted of a logging interface circuit, an Arduino Mega micro-
controller board and a computer-driven software program, called
LabVIEW. The following sections explain this in more detail.

5. Logging interface circuit and Arduino

A logging interface circuit was designed for power conditioning as
the nominal output voltages from PV modules used in this study
can vary between 0 and 21 V (open circuit voltage). Voltage, cur-
rent and temperature readings were limited to below 5 V in order
to protect the analog to digital converters on the Arduino Mega
microcontroller. Voltage reduction was achieved by using a volt-
age divider circuit with resistors having a 1% tolerance value. The
current was calculated in the LabVIEW software by measuring the
voltage across two 12 Ohm parallel resistors (each with a toler-
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ance value of 1%) and then dividing it by 12 Ohm (see Figure 3 Rav
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Fig. 2: Experimental setup

6. LabVIEW Measurements

LabView (Laboratory Virtual Instrument Engineering Workbench)
has a visual programming enviorment that is used by scientists
and engineers around the world [23]. In this research study, it is
used as an instrument that displays instantaneous measured data,
while recording it simultaneously. Data (which includes
temperature, current and voltage measurements) is received from
an Arduino microcontroller and shown on the user interface. An
analog read function is invoked in LabVIEW to read analog data
from the Arduino board. In order to compensate for the reduced
voltages from the logging interface circuit, calibration factors
were used. The calibration factors for voltage and current can be
seen as H and G in the LabVIEW interface (see Figure 4), and can
be adjusted at any time during the operation of the program, ena-
bling real-time calibration. High-frequency components caused by
the Arduino’s analog read circuit is filtered out by a low pass But-
terworth filter. The calculated values of power (using the meas-
ured voltage and current values) is also shown on the LabVIEW
user interface (see Figure 4 — top right outside of each graph). All
values are stored in a matrix and eventually written to a text file
for further analysis in MS EXCEL.

Fig. 3: Logging interface circuit [9]

Two methods was used to determine the performance of the PV
modules on a daily basis. In the first method, the percentage of
time that the modules produced more than a predefined power
value were calculated (3 W for this study), and stored in a text file.
In the second method, the no. of Watt hours which were generated
by the modules were recorded and stored. The Watt hours is cal-
culated by multiplying the time, epitomised by a number of sam-
ples, with the mean power produced per sample. In this way, an
instantaneous Wh value is calculated for a specific number of
samples. This Watt hours measurement is showed on LabVIEW
user interface with the accumulated Wh for the day stored in a text
file (see F in Figure 4). The following information can be ob-
served in the LabVIEW user interface [9]:

e instantaneous values of power for each module in graph
form (point C),

e instantaneous values of current for each module in graph
form (point D),

e instantaneous values of voltage for each module in
graph form (point E),

e thetilt angle of the PV modules (point J, the value of 30°
that was used for calibration purposes is shown in the
figure),

e current calibration factors (point G) and voltage calibra-
tion factors (point H),

e accumulated Wh value for each module per day (point
.

e number of samples above a specified power level (point
B), and

e the total number of samples for a given day (point A).

The sampling interval was set to 10 seconds over a 12-hour period.
The LabVIEW software program automatically determines the
number of total samples based on this criteria, which in this case
equates to 4320 samples for the file. The date stamp is also visible
showing when the program started to record data (in this case it
was 28 February 2018 at 07:05 am).
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Fig. 4: LabVIEW user interface

7. Research Methodology

In this study an experimental research design is used to examine
causality, which is defined as a relationship between two events,
cause and effect [24]. In this regard, the cause would be adjusting
the tilt angle of two PV modules to Latitude plus 10° and Latitude
minus 10°, while keeping the third PV module at Latitude. The
effect would be determining the difference in the yield of output
power from these three modules.

Longitudinal studies are studies in which the outcome variable is
measured repetitively [25]. In this study, the outcome variable is
the impact that different tilt angles have on the yield of output
power from identical PV modules. This is done for a two-year
period (2016 — 2017). Each additional wave of data (or data from
each successive year) from a longitudinal study increases the reli-
ability and precision of measuring change and adds power to the
results [26]. The system was installed in 2015, when the project
was conceptualized. This included a setup and calibration stage.
Since then, continuous data has been collected from the practical
setup giving rise to this longitudinal study. During this period, the
three identical PV modules had a similar introduction points, a
similar sort of bat-tery, a similar kind of sun oriented charger, and
were presented to the same natural conditions. Just a single varia-
ble was unique, in particular the tilt edge. Data covering the entire
year (January through December) is presented in two graphs (one
for 2016 and one for 2017). The Wh per day and the total amount
of samples that were above a predefined power level were
recorded and analysed, giving rise to only quantitative data. This

data is presented in the following section which includes a Pearson
correlation between these data sets.

8. Results and discussion

The first method of analysis required obtaining the average num-
ber of samples where the output power of the 10 W PV modules
exceeded 3 W (predefined power level). Fig. 5 presents the aver-
age samples per month above 3 W for 2016 and 2017. The highest
yield of output power was found at Latitude plus 10° (¢ + 10°) for
the winter season (April to August) and Latitude minus 10° (¢ —
10°) for the summer season (October to February). This correlates
with work done by Cronemberger [14] and Asowata et al. [15], as
discussed in section 2. The transition between summer and winter
can be seen in March where the output of all three tilt angles is
similar. Similarly, the transition between winter and summer can
also be observed in the spring month of September.

The second method of analysis required obtaining the average Wh
per day for the years 2016 and 2017. This is shown in Figure 6.
The similarity between the three different tilt angles is once more
observed for March and September, which indicates the spring and
autumn equinox. Although weather conditions had an enormous
influence on the amount of output power produced; the results
showed that a tilt angle of ¢ + 10° produced the highest yield for
winter and ¢ — 10° for summer. These results correlate well with
results of previous studies, over shorter periods, by the authors
and other researchers [9, 18, 27].
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Fig. 6: Average Wh per month for 2016 and 2017

A more detailed graphical representation of Figure 6 is shown in
Figure 7, and Figure 8 was the average yield of output power per
day (in Wh) is shown for 2016 and 2017 respectively. A third
order polynomial function was used to insert a trend line onto the
graph for each of the three tilt angles. These trend lines indicate
that the Latitude minus 10° tilt angle (dotted blue line) yielded the
highest output power for November through February, while the
Latitude plus 10° tilt angle (dotted grey line) yielded this result for
April through September.

The presence of many downward “spikes” that exist below 40 Wh
is indicative of cloud movement, which impacts severely on the
yield of output power for all three tilt angles. Bloemfontein is a
summer rainfall area with less cloud movement during the winter
months [28]. This is confirmed in Figure 7 where only one signifi-
cant downward “spike” is evident on 14 June 2016, with no other

interruptions in direct beam radiation visible between 17 May and
23 July 2016.

For 2017, this is evident between 15 May and 28 July 2017 where
only two significant downward “spikes” exist (27 June and 14
July 2017) pointing to direct beam radiation due to cloud move-
ment. The similarity between the three tilt angles is also discerned
from the three trend line which crosses each other in March (au-
tumn equinox) and early October (just after the spring equinox)
for both 2016 (Figure 7) and 2017 (Figure 8). The overall shape of
the Wh graphs also aligns well with the annual solar radiation
curve, which has a trough in winter months and a peak in summer
months.

Noteworthy, for both years, is the period during which the peak
Wh per day were recorded. This corresponds to February / March
for both years where a peak value of almost 90 Wh was recorded.
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Table 1 highlights exact values for Wh produced in 2016 and 2017
for each month. Noteworthy is the fact that the results show a
variation from year to year. In February 2016, 71 Wh was pro-
duced by the Latitude minus 10° tilt angle. However, in February
2017, this same tilt angle only produced 46 Wh. This speaks to a
considerable variety that can significantly affect the supportability
of a PV framework. This variety can be added to various climate
and barometrical conditions [29] and environmental change. These
variations must be considered by system designers and developers
of simulation software packages, who should factor in a higher
percentage “unknown variable” due to changing environmental

conditions. The average overall Wh produced for 2016 and 2017
is shown in Fig. 9, which indicates that the PV module that was
mounted at Latitude produced the highest overall average amount
of energy (60.02 Wh per day) for 2016 and 2017. This correlates
well with literature discussed in section two of this article [13].
However, the percentage difference between the tilt angles is less
than 1.9%. This percentage difference may increase proportionally
when the size of the PV module is increased. In this study, 10 W
PV modules were used. Using 200 W PV modules may yield a
larger difference.

Table 1: Month to month comparison of Wh produced at different tilt angles

AR A A A A A R R A A AR S A A - A A R R R A
¢-| 66| 60| 71| 46 | 66 | 66 | 56 | 52 | 50 | 51 | 48 | 50 | 51 | 45 | 63 | 54 | 60 | 56 | 72 | 65 | 70 | 54 | 69 | 52

10°

o+ | 56 | 54 | 63 | 45 | 65 | 69 | 60 | 57 | 57 | 57 | 58
10°

58 | 61| 59 | 70 | 66 | 61 | 61 | 68 | 63 | 63 | 54 | 58 | 49
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In further validation of the results, a Pearson correlation was used
to determine the correlation of the samples above 3 W and the Wh
that was produced per day by the modules. Results indicated that a
strong correlation (p = 0.96 or higher) exists between the 2016 and
2017 results. It can thus be concluded that the two methods of
analysis used in this study are both valid and reliable in comparing
PV module parameters related to output power yield.

62.00
A
61.00 R
60.00 o
A
'§ 59.00 02
58.00 A
57.00 \’
56.00
2016 2017 Average
—e—¢-10° 61.26 56.50 58.88
¢ 61.77 58.27 60.02
—&— ¢ +10° 61.38 58.07 59.72

Fig. 9: Average Wh per day for 2017 and 2018

9. Conclusion

The objective of this research was to show repetitive results vali-
dating the optimum tilt angle for the installation of stationary PV
modules in semi arid region of South Africa, thereby contributing
to absolute validity. The results of two years 2016 and 2017 were
considered. Results showed that the highest yield of output power
was always ¢ + 10° for the winter season and ¢ - 10° for the
summer season. This correlates well with published literature. The
PV module that was mounted at a tilt angle equal to Latitude
produced the highest overall average output power (60.02 Wh per
day) for the two years. A clear year to year variance in output
power produced by PV modules was observed. This may be
attributed to changing environmental conditions and climate
change that must be factored into the design and simulation of PV
systems that are used for forecasting and installation purposes.
However, the overall results were consistent for the two year
period regarding the influence that diffferent tilt angles have on
the output power produced by identical PV modules, thereby
contributing to the validity of the practical setup and the reliability
of the data. A key recommendation of this research is to determine
the proportionate percentage difference between the three tilt
angles when using larger identical PV modules.
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