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Power generation from fossil fuels is the biggest challenge in the next half of the century. Alternative power generation techniques such as solar photovoltaic (PV) show potential to act as a future fuel with a challenge to efficiently convert the harvested solar energy into electrical power. This investigation conclusively focused on setting a 2.160-kW solar PV system capable of working at a higher efficiency by developing a mechanical structure that optimizes power production and minimizes energy losses. In addition to that, solar PV system efficiencies at various tracking positions, performance coefficients during rainy and sunny days, and system degradation rates have also been investigated. The PVsyst v6.8 simulation tool was used to obtain the simulated results, which were compared with the actual experimental results. The parameters considered for the investigations include ambient temperature, irradiance, solar PV module surface temperature, solar PV voltage and current, wind velocity, and atmospheric turbidity. The solar PV system was evaluated based on two modes, namely, M1 (no tracking/fixed type) and M2 (manual tracking by changing the position of the solar PV system every hour). The predictive results obtained using PVsyst v6.8 concluded that total energy production from the installed system was 3,242 kWh/yr and 3,984 kWh/yr for M1 and M2, respectively. The performance ratio (PR), obtained from simulation, was 72% and 78% for M1 and M2, respectively, which was consistent with the experimental results, i.e., 70% and 72% for M1 and M2, respectively. Similarly, the power conversion efficiencies under standard temperature and conditions for both modes, simulated and experimental, were found to be 16.50% and 12.75%, respectively. The estimated degradation rate was observed in the range of −0.6% to −5.0%.
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INTRODUCTION
The US Energy Information Administration (EIA) predicts that by 2040, more than 10 trillion kilowatt hours of energy will be produced using renewable energy sources (Sawin et al., 2016). At present, Pakistan’s total electricity generation capacity from sunlight is 41.5 GW (NTDC, 2008), with 70% of its area receiving solar radiation in the range 5.0–5.5 kWh/m2/day (Harijan, 2008). The solar photovoltaic (PV) energy generation potential of a few renowned cities of Pakistan is shown in Table 1 below (ESMAP, 2021).
TABLE 1 | Solar energy potential of different cities of Pakistan.
[image: Table 1]Solar PV modules provide an option to convert solar energy into electrical energy. These modules are usually mounted on the rooftop or at the available ground area. Energy conversion efficiency is always a major concern while installing any solar PV system. Three techniques are reported to increase the solar PV system efficiency, namely, 1) using a tracking system; 2) improving the efficiency of a power conversion algorithm; and 3) improving the power generation efficiency of the solar PV system (Muhammad et al., 2019). Studies on different tracking systems reported a 30%–60% increase in system power output (Serhan and Chaar, 2010; Otieno, 2015). Tracking is categorized into single-axis and double-axis tracking systems. The single-axis tracking system adjusts the azimuthal angle with a fixed altitude angle, whereas the double-axis tracking system adjusts the azimuthal and altitude angles. Several authors (Chang, 2009a; Chang, 2009b; Li et al., 2010; Li et al., 2011; Seme and Stumberger, 2011; Sallaberry et al., 2015) conducted studies on single-axis systems, while other scholars (Arbab et al., 2009; Eke and Sentruk, 2012; Song et al., 2013; Sun et al., 2017) conducted research on double-axis tracking systems. Huang et al. introduced a single-axis three-point solar PV module tracking system with three fixed angles for PV module movement in the morning, noon, and afternoon. The sun trackers were controlled by inducing a controller system. The comparative tests for fixed and three-point tracked PV systems concluded a 37.5% power increment via a single axis three-point manual tracking solar PV system (Huang et al., 2012; Chowdhury, 2019). A comparative study of single-axis solar PV tracking systems with fixed-mount modules using a bidirectional DC motor in a single-axis tracking system concluded 13% extra output power compared to a fixed-mount PV module system. Krishnan et al. (2021) and Caton (2014) studied single-axis and dual-axis tracking for a PV module system (used for water pumping) installed in a West African village. The proposed design of a single vertical axis at a fixed titled angle of 30° proved the best performance among all other techniques (Caton, 2014). Baykara compared the single-axis solar PV tracking system and stationary solar PV system. The output power generation was enhanced by 28.3% in terms of the single-axis tracking system compared with the static system (Baykara et al., 2020). Nageh et al. (2021) conducted a study on energy gain comparison between automatic and manual solar tracking systems and concluded that 8% more output power depends on the local site latitude and longitude. Ahmed et al. (2013) designed a low-cost solar PV tracking system and reported that the main problems in stand-alone tracking systems include high initial cost and high power consumption of the tracking system (Ahmad et al., 2013). Few researchers conducted studies on complex tracking systems, but these were not adopted because of their complex structure and mechanism. Automatic tracking systems require electronic and hydraulic components for solar PV module movement, which makes the system expensive (Abu-Khader et al., 2008; Sungur, 2009). These tracking systems consume high power to rotate PV modules, thus reducing the system's efficiency. Very few studies on solar tracking systems are reported in Pakistan. Mehdi et al. (2019) developed a single-axis solar tracking system and reported 1,742.88 Wh of energy from the installed optimized solar PV system compared with 829.6 Wh of energy from the same system with no tracking mechanism. Arham Hashmi et al. (2018) developed a gravity-based tracker for the Scheffler concentrator, which was utilized only for 6 h of cooking. Ali Memon et al. (2021) found an optimum tilt angle of 29.5o for a solar PV system installed at the Sukkur city of Pakistan. Kumar et al. (2019) conducted a case study for the performance evaluation of a 200-kW roof-integrated solar PV system based on the capacity factor, performance ratio (PR), and efficiency and estimated the system’s annual capacity factor (16.72%) and performance ratio of 77.27%. In reference to the literature cited, it was found that insufficient attention has been paid until now to developing a low-cost and efficient solar PV tracking system in the country. However, automatic systems are not suitable for small-scale energy production units due to their high price and complex mechanisms.
Therefore, the objective of this study was to develop a simple and low-cost manual solar PV module tracking system that enhances system power generation efficiency, along with a reduction in energy parasitic losses. Then, the performance evaluation of the solar PV systems based on the optimized structure capable of manual tracking was compared with the fixed-type solar PV system. The obtained results were also evaluated using numerical and empirical approaches via a simulation technique.
MATERIALS AND METHODS
Site description
Faisalabad city (31.42⁰ N, 73.083⁰ E), with an altitude of 190 m from the mean sea level, has a semi-arid climate with a mean annual rainfall of 0.615 m during the monsoon season (July and August) (Faheem et al., 2020). The average climatic conditions of the study area are given in Figure 1 and Figure 2.
[image: Figure 1]FIGURE 1 | Average annual temperature variation and irradiation of the study area.
[image: Figure 2]FIGURE 2 | Average annual weather conditions of the study area.
Figure 1 shows an increase in temperature and solar irradiance from January to May–June, and then, it starts decreasing until it is minimal during December. Figure 2 supports Figure 1 as the relative humidity during May is the lowest with the highest temperature during this month.
Solar PV system description
A solar PV system with a rated capacity (2160 Wp) and one hybrid solar inverter were purchased from the local market in Faisalabad. The specifications of the solar PV modules and solar hybrid inverter are given in Table 2.
TABLE 2 | Specifications of the installed solar PV modules and hybrid solar inverter.
[image: Table 2]Two frames were fabricated to install the PV modules at a shade-free location of the study area. The installed PV system comprised a hot-dipped galvanized iron pole with a vertical central pole with a baseplate, and side poles held with a T-frame—holding two adjustment angles for manual tracking into three different positions (Ghafoor et al., 2019). The PV array had eight solar PV modules in a single string, in which each module was made of 60 polycrystalline black silicon solar cells connected in series. The DC cables were attached to solar PV modules used for the transfer of total energy and were made of 99.9% copper, having a cross-section of 6 mm2 and a temperature range of −40°C–90°C.
Solar radiation measurements
The solar radiation intensity directly influences the power produced by the solar PV system. Solar irradiance is a measure of the rate of incident solar energy per unit area. Its value on a clear day is set as 1,000 Wm−2. Solar radiations above Earth’s atmosphere are called the solar constant. When these radiations enter the atmospheric territory, they are dispersed into diffused, reflected, and incident radiations. On a clear day, 85%–90% of the solar radiations are normally incident radiations (Ahmad et al., 2013). The incident radiations Id strike the solar PV surface and decrease with the increase in the incident angle θi. The relationship between the incident angle and incident radiation is obtained using Eq. 1:
[image: image]
Similarly, the data on the Sun position were also calculated to obtain the minimum incident angle for maximum energy production. Moreover, the experimental performance regarding data collection is shown in Annexure I at the end of the paper.
Sun position
To obtain the maximum energy from the installed PV system (using a manual solar tracking system), basic knowledge about the Sun position and angle is important for designing the tracking system. Two angles, the altitude angle (α) and azimuthal angle (γ), completely describe the solar position according to any location. The altitude angle was calculated using the data on the local altitude (φ), solar declination angle (δ), and local hour (ω), as given in Eq. 2 (Ahmad et al., 2013):
[image: image]
Similarly, the azimuthal angle was calculated using Eq. 3:
[image: image]
The solar declination was estimated using Eq. 4:
[image: image]
where n is the number of days in the year starting on 1 January as 1 and 31 December as 365.
The solar hour angle was taken as 15o as the Sun has to cover 360o in 24 h (Ullah et al., 2019). Simulation tools were used to describe the solar position during different months of the year. The Sun position data were used to design a manual tracking system that increases the power generation efficiency of the installed system. The zenith and azimuthal angles are shown in Figure 3.
[image: Figure 3]FIGURE 3 | Azimuth and Zenith angles of a particular location with respect to sun.
Available solar radiations on a horizontal surface at any time of the day
The solar energy available in an area for a certain time interval is called solar radiation. The solar energy is calculated in Whm-2 or Jm-2. At any time, the apparent extraterrestrial radiation surface was calculated using Eq. 5 (Ahmad et al., 2013):
[image: image]
The value for Cosθz was calculated using Eq. 6:
[image: image]
Experimental procedure to analyze energy production from PV modules
The solar PV system performance was determined by comparing analytical and simulation methods. The experiments were conducted to estimate the power generation under different weather conditions on clear/bright, cloudy, and rainy days. The installed system was set facing the south to obtain maximum efficiency, whereas two solar tracking modes were chosen for this investigation.
1. Fixed tilted plane with no tracking system (M1).
2. Manual tracking system (M2).
In the fixed-mode type, the solar PV modules were set at fixed positions as undergoing a common practice in local areas, whereas, in a manual tracking system, the solar PV modules were rotated according to the change in the Sun position after every 1-h interval. After a day, the modules were set at their initial position in the evening to start tracking for the next day. Power production was estimated experimentally and through simulations between fixed (M1) and tracked (M2) modes of the installed PV array on a daily, monthly, and annual basis under local climatic conditions of the study area (Faisalabad city, Pakistan).
To calculate the power production from the solar PV system, data were collected in the following steps.
1. Data on the experimental site, PV system capacities, specifications, and mode of tracking.
2. Simulation study using PVsyst v6.88 to estimate the power production and type of losses in the system.
3. Energy performance and degradation rate.
4. PV system performance estimation using the methodology described by Kumar et al. (2019), as given in Table 3.
TABLE 3 | Performance methodology described by Kumar et al. (2019).
[image: Table 3]PV system modeling procedure
Keeping in view the local climatic conditions, simulations of the installed system for power production and annual yield forecast were done using PVsyst v6.88. Input parameters included latitude, longitude, and coordinates of the study area, which were used for the determination of local climatic parameters such as the daily incoming solar radiation, wind speed, atmospheric temperature, and relative humidity. Similarly, the input parameters for PVsyst software, along with the Sun position need to be selected for the simulated study of the PV system model. Table 4 presents the specifications of input parameters for simulations of the study area. Figure 4 shows the mechanism for power generation for the solar PV system and various components used during this experimental investigation.
TABLE 4 | PVsyst v6.88 computer simulation input parameters.
[image: Table 4][image: Figure 4]FIGURE 4 | PV module system and components for power generation, as well as for the numerical and simulated study.
Instrumentations used for the investigation
Multiple instruments were used for data collection during the experiment, such as the bulb thermometer, silicon dome-type pyranometer, digital anemometer, digital probe thermometer, and digital clamp multimeter for the measurement of the ambient temperature, horizontal global irradiance, wind velocity, PV panel-surface temperature, DC voltage, and DC current, in addition to the overall array current and voltage separately (given in Table 5). The selected parameters were measured daily from 9:00 a.m. to 4:00 p.m. under different day conditions, viz., sunny, cloudy, heavy cloudy, and raining days for different months.
TABLE 5 | Instrument specifications used for experimental data collection.
[image: Table 5]Simulation results
To conduct the energy balance of the PV system, computer-based simulations were performed for M1 and M2 conditions. The simulated results were found for average estimates of daily, monthly, and annual outcomes from 6:00 a.m. to 6:00 p.m. from January to December. Various other parameters like the produced energy, specific production, performance ratio, and system output power distribution plus the overall energy loss parameters were also considered.
Solar angle for the study area during different months of the year
The simulated Sun position shows the Sun angle throughout the year. Figure 5 shows the Sun height, and it was found to be the maximum for the summer season compared to spring, autumn, and winter seasons, respectively. As the month goes on from June to August, the Sun height starts to decline, as shown in Figure 5. Sun position-1 is the sun height for 22 June, at the 12th hour of the day length that is 80⁰ maximum for the given months. Sun position-4 indicates the equinox on 20 March and 23 September when day and night durations are equal. Position-5 specifies that the Sun position for the spring and fall seasons is 45⁰ sun height, and sun position-7 shows the sun height for 22 December, which is minimum at the 12th hour of a day course for a winter season that is only 35⁰. Here, 1 degree is equal to 111 km of distance in space as the sun rotates 1° in E-W and N-S. It means it covers 111 km of distance in the vertical/horizontal direction. Similarly, the location of the Sun in the study area based on hourly movements is shown in Table 6.
[image: Figure 5]FIGURE 5 | Simulated Sun path diagram from 6:00 a.m. to 6:00 p.m. in the study area.
TABLE 6 | Hourly sun location in the study area for 2 days.
[image: Table 6]Normalized production and performance ratio for M1 and M2
The normalized production for M1 and M2 revealed a combination of the losses such as 1) collection loss (Lc): the losses due to PV array found to be 0.77 kWh/kWp/day and 0.94 kWh/kWp/day, respectively; 2) system loss (Ls): the losses due to inverter operation were 0.24 kWh/kWp/day and 0.22 kWh/kWp/day, respectively; and 3) the produced useful energy inverter output loss (Yf) was 4.11 kWh/kWp/day and 5.0 kWh/kWp/day, respectively. The average annual PRs for M1 and M2 were observed to be 80.2% and 81.4%, respectively.
The graphical behavior of the normalized energy production and performance ratio of M1 and M2 from January to December is shown in Figure 6 and Figure 7, respectively. It was concluded that as the ambient temperature of the given site increases with every passing month, the performance ratio decreases month-wise due to the increase in temperature. The maximum performance ratio of 86.7% (M1) and 87.6% (M2) was noted in January, while the minimum performance ratio of 76.5% (M1) and 78.1% (M2) was noted in May.
[image: Figure 6]FIGURE 6 | Normalized production and performance ratio of M1.
[image: Figure 7]FIGURE 7 | Normalized production and performance ratio of M2.
Daily input/output diagram for M1 and M2
The graphical results (Figure 8A for M1 and Figure 8B for M2) describe the daily input solar insolation in kWh/m2/day on the collecting plane from 6:00 a.m. to 6:00 p.m. and output-produced energy of the solar PV system in kWh/day. This shows a linear trend between input solar irradiance and output power production of a PV system. As the solar irradiance increases from morning to afternoon, the output power produced from the PV system also increases, as shown in Figures 8A,B. The peak incoming solar radiation amount was absorbed on the collecting plane from 12:00 to 3:00 p.m. in a day course, and more output energy was measured in that time interval for grid injection or public consumption.
[image: Figure 8]FIGURE 8 | (A) represents Daily input-output for M1 and (B) represents Daily input-output for M2.
Figure 8A shows the daily input–output for M1, and Figure 8B represents the daily input–output for M2.
Energy loss diagram for M1 and M2
Figure 9 presents loss factors such as PV loss due to irradiance, temperature, module quality, ohmic wiring, inverter loss during operation, inverter loss over inverter nominal power, and inverter loss due to the power threshold. The energy loss diagram also shows that the horizontal global irradiation 1,692 kWh/m2 with effective irradiance on collectors was 1,816 kWh/m2 and 2,221 kWh/m2 for M1 and M2, respectively, and 3,924 kWh and 4,799 kWh as the array nominal energy (at STC efficiency) for M1 and M2, respectively. After some losses, only 3,432 kWh and 4,155 kWh were observed for the array virtual energy at MPP for M1 and M2, respectively, which resulted in available energy at the inverter output as 3,242 and 3,984 kWh for M1 and M2 over a year, respectively. The overall PV power conversion efficiency from DC to AC was found to be 16.50% for both modes of operation of the installed solar PV system.
[image: Figure 9]FIGURE 9 | (A) Annual energy loss diagram for M1. (B) Annual energy loss diagram for M2.
Experimental results
The real-time data were collected from a single-axis three-point manually tracked solar PV system to analyze the working efficiency of research site conditions from 9:00 a.m. to 4:00 p.m. of M1 and M2 on different dates of February, March, June, and July. The important parameters to be considered for the investigation include solar irradiance, PV module surface temperature, site ambient temperature, PV array voltage and current, digital thermometer, bulb thermometer, and digital clamp multimeter to find the PV output power generation on a daily, weekly, monthly, and average annual estimation.
PV power production on a bright/luminous day
Real-time data were recorded continuously for 8 h from 9:00 a.m. to 16:00 p.m. (with a 1-h interval) on 9 March 2021, continuously tracking the Sun movement in a day course from morning to evening. It was noted that the solar PV system power output was observed to be higher from 9:00 a.m. to 01:00 p.m. as the PV array received more incoming irradiance from the Sun. The peak horizontal global radiations at 01:00 p.m. were recorded using the pyranometer on the panel surface, which was 904 W/m2, while an output power of 1,693 W was found in the tracked position (M2), and sun radiations of 880 W/m2 were measured on the same PV array, leading to a production of 1,605 W at a fixed position (M1). Afterward, from 02:00 p.m. to 04:00 p.m., a limited amount of solar radiation was received from the Sun. The total PV output energy after conversion from DC to AC was recorded at 11.412 kWh and 9.995 kWh in the cases of M2 and M1, respectively. Figure 10 presents the whole-day power production of the above PV system in both M1 and M2. The power conversion efficiency was calculated to be 11% on this sunny day.
[image: Figure 10]FIGURE 10 | Real behavior of the PV system power generation on a luminous day.
PV power production on a cloudy day
The same experiment was conducted for the above-mentioned site and PV system modes M1 and M2 on 28 February 2021 for a cloudy day. Table 5 presents the estimated output power of the whole day, which is 5,640 W and 5,988 W for M1 and M2, respectively. The experimental data demonstrated that the presence of clouds caused a considerable irregular power production phenomenon such as at 11:00 a.m., 02:00 p.m., and 04:00 p.m. A minute amount of output power was generated because of the presence of dense clouds but no-rain condition, as shown in Figure 11, since the presence of clouds adversely affects the incident solar radiation amount.
[image: Figure 11]FIGURE 11 | PV array power production behavior on a cloudy day.
The incident solar insolation and output power production were both relatively higher from 9:00 to 10:00 a.m. for M1 and M2. At 11:00 a.m., a sudden decrease in PV output power of M2 was observed, only 672 W, and an increase in power for M1 as 840 W was measured, as shown in Figure 12. From 12:00 p.m. to 01:00 p.m., the output power was magnified, and later on, at 02:00 p.m., the PV-produced output power was again escalated to 448 W and 470 W for M1 and M2, respectively. The total output energy was 5.640 kWh/day and 5.988 kWh/day of M1 and M2, respectively, along with only a PV array power conversion efficiency of 7.2%.
[image: Figure 12]FIGURE 12 | Comparison of power production under different weather conditions for the installed PV system.
PV power production on a rainy day
Real-time data were acquired to analyze the PV system performance on 11 March 2021 forecasted to have heavy clouds and rains. The experimental results of continuous 8 h found an abrupt decrease and increasing trend of power production, as shown in Figure 13. A negligible amount of PV output power was measured at 9:00 a.m. and 10:00 a.m. due to a heavy cloud cover in front of the Sun that prevented the sunlight from reaching the ground. At 11:00 a.m., zero power was recorded because of rain from the PV array. At 12:00 p.m., a significant quantity of power output was calculated from the measuring parameters.
[image: Figure 13]FIGURE 13 | Power production of a PV system on a rainy day.
At 01:00 p.m., a peak power of 633 W and 687 W was produced for M1 and M2, respectively, in the presence of light clouds. Only 26 W of solar power was measured at 02:00 p.m., and no power was computed from the above PV system at 03:00 p.m. and 04:00 p.m. as a result of the full cloud cover along with the rains under local weather conditions of this study site. Table 6 presents the hourly power production from morning to evening, estimated to be 1.544 kWh and 1.440 kWh for M1 and M2, respectively, with a power conversion efficiency of 5.8%, as calculated from the measured data.
Performance ratio and power conversion efficiency for M1 and M2
During the experiment, the PR of the installed PV system was calculated in February, March, June, and July to be 72%, 75%, 71%, and 70% for M2, respectively, and 68%, 74%, 70%, and 69% for M1 of the array, respectively. The power conversion efficiency from real-time data was computed to be 11%, 12%, 19%, and 10% for both M1 and M2 in February, March, June, and July, respectively, using the method discussed by Harijan (2008). The simulation results estimated the PR in February, March, June, and July to be 85%, 82%, 78%, and 79% for M2 and 84%, 81%, 77%, and 78% for M1, respectively. The simulation results concluded an efficiency of 16.50% at STC and 12.75% from experimental results. The simulation results also collected an annual average energy of 3,242 kWh and 3,984 kWh obtained for M1 and M2, respectively, and the daily estimated energy to be 8.8 kWh/day and 10.8 kWh/day.
Degradation rate
There are many degradation modes that deteriorate the PV module performance like module delamination, hotspot failure, corrosion, glass breakage, and electro-migration in the contact layers, and interconnection, discoloration, and shading. These degradation modes affect the series and shunt resistance, and incoming solar radiation at the module surface. Hence, the study of the degradation mechanism is essential to ensure the reliability and long lifetime of PV modules. The degradation rate is difficult to calculate, and it requires substantial data (Dubey, 2016a). The degradation rate for the installed PV system at the investigation site was estimated to be −0.6% to −5%.
DISCUSSION
The proposed study presented the performance evaluation of a single-axis three-point manual tracking and fixed solar system and compared the experimental results and computer-based simulated results for different parameters. Manual tracking, instead of automatic, was used in the system to keep it less complex. The total 8-PV panels were mounted on a single frame having three adjustment angles during morning, noon, and afternoon. A three-point manually tracked PV system was also introduced to reduce its initial installation and maintenance cost (Li et al., 2010).
The proposed study aimed to compare the experimental results of the system with the simulated results. PVsyst v6.8 was used to simulate the performance of the PV system. The simulated results displayed a detailed output-generated energy loss diagram that occurred during the operation of the PV system. The solar inverter directed electrical energy and converted DC to AC. Anjum (2018) reported that an increase in ambient temperature reduces the PV system efficiency and, hence, increases the losses. In the proposed study, the simulated result output reported that a significant amount of PV energy was lost with an increase in ambient temperature. Up to 11.91% and 10.89% of the energy in M2 and M1, respectively, was lost due to the excess ambient temperature of the present research site in the summer. Therefore, an increase in ambient temperature greatly affects the working quality of the PV module/array. Energy losses of 1.17% and 1.03% were found in DC cables and 3.57% and 4.29% through inverter operations for M2 and M1, respectively. It was also calculated that a power conversion efficiency of only 8% was obtained in July from the experimental results. Similar results were reported by Lavanya et al. (2018) by estimating PV system performance through the same simulation technique and reported that maximum power was generated during low-temperature months, and less energy production was predicted during high-temperature months. The operating nominal temperature range of the described PV module is 45°C ± 2°C, and the maximum temperature measured in July was 52°C at 13:00 p.m. Each 1°C increase in the PV module cell temperature from the STC conditions affects the same degree of deduction in the cell efficiency, as reported by Huang et al. (2012). Another parameter that contributes to the low absorption of irradiance by the collecting plane is the Linke turbidity (TL) coefficient. It is a combination of the water vapor content and aerosol present in the atmosphere that causes the absorbance and scattering of sun radiations and influences the PV system power production quality (Muhammad et al., 2019). Table 1 shows a measurable quantity of TL values for each month for the present study site. The degradation rate is essential to find the performance evaluation of a PV system. The predicted degradation rate of the installed PV system was −0.6 to −5. Dubey et al. (2016b), Dubey et al. (2017), and Kumar et al. (2019) reported the light-induced degradation and degradation rate. They further reported that this degradation depends on local climate and manufacturing factors. Previously reported studies predicted that the degradation rate for semi-arid climatic conditions was in the range 0.17%–0.30% (Kumar et al., 2019).
CONCLUSION
After carrying out the above study, it can be concluded that the above-mentioned PV system is a prime choice for electric energy production. Solar PV systems in the tracking mode contributed an average annual performance ratio of 80% and 81% for M1 and M2, respectively, via simulations and 70% and 72% for M1 and M2, respectively, via experimentation for the Faisalabad site under real climate conditions. Furthermore, an 18% increment in power production was reported using the manual tracking system, as against the fixed-PV system. The experimental results also justified that the presence of clouds and rains caused a major decrement in power production versus sunny days. Only a 34% PR was calculated for the rainy days of the tracked PV system and 32% for a fixed-PV system. The simulated results found an annual average energy generation of 3,242 kWh and 3,984 kWh for M1 and M2, respectively, suitable for domestic consumption or grid injection. This study focused on comparing the power production efficiency and energy losses of polycrystalline-type PV modules using a manual tracking system and simulation technique without considering the soiling effect. Future studies may be designed to compare the performance and energy losses in monocrystalline- and polycrystalline-type PV modules with manual- and automatic-type single- and double-axis tracking systems. This study may also include the soiling effect on the PV system power production efficiency.
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[image: Figure A1]FIGURE A1 | Experimental performance and instrumentations for fixed and tracked systems.
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