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Abstract. 
Mirror concentrating element and tracking mechanism has been seriously investigated and widely adapted in solar PV technology. In this study, a practical in-field method is conducted in Serdang, Selangor, Malaysia, for the two technologies in comparison to the common fixed flat PV arrays. The data sampling process is measured under stochastic weather characteristics with the main target of calculating the effectiveness of PV power output. The data are monitored, recorded, and analysed in real time via GPRS online monitoring system for 10 consecutive months. The analysis is based on a simple comparison of the actual daily power generation from each PV generator with statistical analysis of multiple linear regression (MLR) and analysis of variance test (ANOVA). From the analysis, it is shown that tracking mechanism generates approximately 88 Watts (9.4%) compared to the mirror concentrator which generates 144 Watts (23.4%) of the cumulative dc power for different array configurations at standard testing condition (STC) references. The significant increase in power generation shows feasibilities of implying both mechanisms for PV generators and thus contributes to additional reference in PV array design.


1. Introduction
In this work, the main target is to increase the daily energy generation from PV generators despite the fluctuating sun irradiance, 
	
		
			

				𝐺
			

		
	
, which is the sole source of photonic effect in PV electricity conversion process. Research works around the globe were conducted to improve the energy production of solar PV modules under real operating conditions. Chen [1] reported that the installed capacity of the PV in Malaysia at the end of 2009 and 2010 is 1 MWp and 100 MWp, respectively. The potential Malaysian uptake of solar PV is set to increase with the estimated requirement of up to 6500 MW by 2030 [1]. Market research also pointed that solar PV would have the biggest share of Malaysia renewable energy installations as the price of solar PV keeps going down. This is mainly due to technology maturity and economies of scale as more solar cell manufacturers come online.
The Government of Malaysia had officially started the fit-in-tariff (FiT) enactment of the renewable energy law on December 1, 2011, to encourage uptake of renewable energy projects in the country. In this scheme, solar PV received the highest FiT rate of up to RM1.77 per kWh energy production for projects approved in 2012. This rate is applicable for 21-year contract period. The rate for new projects will reduce by 8% per year, depending on the approval date of the project [2].

The local condition and environment at the targeted location for the application of the PV varies. This affects the generation capability and the efficiency of the PV modules, which are generally calculated and solely extrapolated by per PV module characteristics, which are obtained from standard tests in the laboratory [3]. The energy generation quantity is not included, as this would depend on the duration of the sunshine and the quality of the sunlight incident onto the PV panel [4]. To increase the capability of the solar cells, solar tracking and solar light concentrations could be employed individually or in combination. Solar tracking basically employs mechanism that continually points the PV modules directly to the sun [5].
Mirror concentrating element and tracking mechanism has been seriously investigated and widely adapted in solar PV technology. In this study, a practical in-field method is conducted in Serdang, Selangor, Malaysia, by means of installing multiple solar systems: the first employing the 2-axis sun tracking system, the second employing mirror concentrating system, and the third employing a basic fixed system, a base system, to be used as comparator [6]. The mirror concentrator embedded in the 2 × CPV technologies adopted V-through concept of configuration with enhancement in mirror concentration. Recent study by [7–11] which implies and enhances the optical efficiency of V-through technology in solar PV application creates alternative means of reducing the overall built-up area, quantity of module, and heat dissipation and thus significantly lowers down the installation cost. Climatic variables in most of the tropical based countries have significant effects on PV performance in generating sufficient and stabilized electricity to the normal grid [12–14] where radiation level (
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) and temperature element (
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) are the dominant factors in most of the PV efficiency calculations.
The duration of data sampling process is done for 10 consecutive months in the equatorial sun-belt region of uniform temperature-irradiance, high humidity-rainfall, and generally light wind weather characteristics. The data are monitored, recorded, and analysed in real time via general packet radio service (GPRS) which can be managed online via smart-pv.net. The analysis is based on standard testing conditions (STC) data per unit array generation where power contributions from mirror reflecting elements and tracking mechanism are practically analyzed. The STC, as defined in MS/IEC 61836 standards for the photovoltaic technology, reflects the reference values of the in-plane irradiance (
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) of 1000 W/m2, PV cell junction temperature of 25°, and air mass (AM) of 1.5 value to be used during the quality testing of any PV device. A high quality, safe, and durable PV module delivers the expected rated power (
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) withstanding extremely wide range of environmental conditions and is reputedly capable of delivering high energy yield over a period of time.
Statistical analysis applied for this work is multiple linear regression (MLR) by means of modelling the relationship between two or more explanatory variables. In this case the output power (
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) with the contributions from mirror and tracker element by fitting a linear equation to the observed data with the hypothesis of every value of the independent variable 
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 is associated with the dependant variable 
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. The common model for MLR with 
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The MLR technique observes the varying value of 
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 by expressing the overall correlation as data = fit + residual, where the 
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 represents the fit terminology and the 
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 for the residual or deviations of the observed and mean values of 
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. By adapting the analysis of variance (ANOVA) fitting model to the data sets, the analytical process of comparing the mean response values at different levels of the factor is simulated where the program computes a number of means and variances, dividing two variances and comparing the ratio to a handbook value to determine statistical significance [15, 16]. Each level of the factors is investigated to see if the response is significantly different from the response at other levels of the factor. The ANOVA provides a statistical test of whether or not the means of several groups are equal and therefore generalizes 
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-test to more than two groups for statistical significance. Some practical examples of ANOVA modelling for solar PV application are described in [17–20].
This paper reports the efforts by the authors to practically calculate the effectiveness of solar tracking and mirror based solar concentrating mechanism for electricity generation via simple comparison of recorded field data, where this information will be the additional reference in designing a PV array configuration installed in the tropics.
2. PV Pilot Plant Setup
The entire PV array installed at the site is connected directly to the nearest grid point (Feeder Pillar) which is linked to the main distribution board (MDB) for electricity distribution. The three different PV arrays are configured as shown in Figure 1 where each module is a series of 95 W CEEG monocrystalline modules with 17.05% practical conversion efficiency and the specifications are described in Table 1.
Table 1: Specifications of 1 kWp PV generator system.
	

	Fixed Flat PV (FF)	Tracking flat PV (TF)	Concentrating PV (CPV)
	

	(i) Common flat PV array(ii) Series connecting 12 units of CEEG 95 W monocrystalline module(iii) Built-up area: 3.6 m × 2.4 m (iv) Rated power: 1 kW(v) 
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: 22.5 V × 12 = 270 Vdc (vi) 
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: 5.56 Adc (vii) 
	
		
			

				𝑃
			

			
				d
				c
			

		
	
: 1.5 kW (rated at STC)	(i) Dual-axis sun tracking(ii) Series connecting 12 units of CEEG 95 W monocrystalline module(iii) Built-up area: 3.6 m × 2.4 m  (iv) Rated power: 1 kW(v) 
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: 22.5 V × 12 = 270 Vdc (vi) 
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: 5.56 Adc (vii) 
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: 1.5 kW (rated at STC)	(i) Dual-axis sun tracking with mirror concentrator(ii) Series connecting 6 units of CEEG 95 W monocrystalline module(iii) Built-up area: 3.6 m × 2.4 m (iv) Rated power: 1 kW(v) 
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: 22.5 V × 6 = 135 Vdc (vi) 
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: 5.56 Adc (vii) 
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: 0.75 kW (rated at STC)
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(c)
Figure 1: Overview of 3 types of PV generators installed at site.


The air mass (AM) is the relative optical path length which light takes through the atmosphere normalized to the shortest possible path length with consideration of environmental blockage such as dust and particles. The site calculation is based on (2) with three time intervals of 9 am, 12 noon, and 3 pm for the duration of 7 days and projects the value of AM 1.4 or approximately 45°C solar zenith angle comparable to air mass AM 1.5 global hemispherical defined by ASTM and IEC. Consider
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 is the shadow length and 
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 is the object height.
DC power (in Watt) is calculated directly from PV array generation via online monitoring system http://www.smart-pv.net which adapts cloud database through general packet radio service (GPRS) on 3G cellular communication with global system for mobile communications. PV generator efficiency is calculated using (3) by implying factors of irradiation (
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) and area (
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) where the built-up area is 8.64 m2 as follows:
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The standard calculation for DC power is calculated using (4) where the values are based on the different types of PV arrays to produce the individual power outcome. The main element of calculating the contributions from mirror and tracking elements is done by means of a simple comparison of the recorded power output based on the actual data at site. Power from mirror concentrator (
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) is calculated using (5) and power from tracking mechanism (
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) is calculated using (6). Consider
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					For (4) and (5), the ground condition during data sampling is the same at exact time sequence and is applying the same CEEG PV module specifications. For (6), the amount of PV module should be the same and as the tracking flat occupies twelve PV modules compared to the CPV which is configured using only six PV modules the approach is to divide 
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 with 2.
The data for three environment factors of radiation (
	
		
			

				𝐺
			

		
	
), wind speed (
	
		
			

				𝑤
			

		
	
), and ambient temperature (
	
		
			

				𝑇
			

			

				𝑎
			

		
	
) are captured and logged using 3-parameter weather station installed at site.
3. Results and Discussion
The radiation profile (in W/m2) shown in Figure 2 is plotted for the whole monitoring period of 268 days operation with 12,190 data samples. The highest radiation level recorded during the sampling period was at 1438 W/m2 on 15 May 2012. The sun hours throughout the monitoring period are calculated at 3047.5 hours with 11.34 hours/day of sun radiation received which is relatively high and thus supports the 6 hours of direct sun each day all year round as claimed by Chen [1]. Figure 2 also indicates the time scale in 
	
		
			

				𝑥
			

		
	
-axis (the time sequence of daily sun received at site) where if we segment the sun hours into 3 segments of 4 hours segment 2 (10.00 am to 2.00 pm) shows the highest radiation values compared to segment 1 (6.00 am to 10.00 am) and segment 3 (2.00 pm to 6.00 pm). The minimum recorded radiation started at the value of 3 W/m2 as early as 4.00 am for most of the days. The average radiation recorded for 15-minute interval during generation days is 339.7 W/m2.



















































































	


	
	
	


	
	
	


	
	
	


	
	
	


	
	
	
	


	
	
	
	


	
	
	
	


	
	
	
	


	
	
	
	
	
	
	


	
	
	
	
	
	
	
	


	
	
	
	
	
	
	
	


	
	
	
	
	
	
	
	


	
	
	
	
	
	
	


	
	
	
	
	
	
	


	
	
	
	
	
	
	
	


	
	
	
	
	
	
	
	


	
	
	
	
	
	
	
	


	
	
	
	
	
	
	
	


	
	
	
	
	
	
	
	


	
	
	
	
	
	
	


	
	
	
	
	
	
	


	
	
	
	
	
	
	
	


	
	
	
	
	
	
	


	
	
	
	
	
	
	
	


	
	
	
	
	
	
	
	


	
	
	
	
	
	
	
	


	
	
	
	
	
	
	
	


	
	
	
	
	
	
	
	


	
	
	
	
	
	
	


	
	
	
	
	
	
	
	


	
	
	
	
	
	
	
	


	
	
	
	
	
	
	
	


	
	
	
	
	
	
	


	
	
	
	
	
	
	
	


	
	
	
	
	
	
	
	


	
	
	
	
	
	
	
	


	
	
	
	
	
	
	
	


	
	
	
	
	
	
	
	


	
	
	
	
	
	
	
	


	
	
	
	
	
	
	


	
	
	
	
	
	
	
	


	
	
	
	
	
	
	
	


	
	
	
	
	
	
	
	


	
	
	
	
	
	
	
	


	
	
	
	
	
	
	
	
	


	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
		
		
			
		
		
			
		
	















Figure 2: Radiation profile for 12,190 samples of field data.


The high value of radiation level at site is further supported based on the 2012 annual reports by the Meteorological Department of Malaysia where the mean daily global radiation was reported ranging from 16 MJ/m2 to 23 MJ/m2 as plotted in Figure 3.











	
	


	
	


	
	


	
	


	
	


	
	


	
	


	
	


	
	


	
	
	
	


	
	
	
	


	
	
	
	


	
	
	
	


	
	
	


	
	
	
	


	
	
	
	


	
	
	
	


	
	
	
	


	
	
	
	


	
	
	
	


	
	
	
	


	
	
	
	
	
	
	
	
	
	
	
	
	
	
	


	
		
			
				
					
				
				
					
				
			
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	















Figure 3: Monthly mean ambient temperature and mean daily global radiation for the year 2012 at KLIA, Sepang, Malaysia.


From the report, it can be interpolated that the PV pilot plant in Universiti Putra Malaysia (UPM) receives a strong solar radiation of 17-18 MJ/m2 or 4.72–5 kWh/m2 daily. Haris [21, 22] supports this statement with yearly average global irradiance value of 1571 kWh/m2 or 4.3 kWh/m2 daily for Kuala Lumpur which is the closest reference to the project site. Figures 4 and 5 illustrate the ambient temperature (
	
		
			

				𝑇
			

			

				𝑎
			

		
	
) and wind speed (
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) pattern at site throughout the monitoring period of 15-minute time intervals.




















































































	


	


	
	


	
	


	
	


	
	


	
	


	
	


	
	


	
	


	
	
	
	
	
	
	
	


	
	
	
	
	
	
	
	


	
	
	
	
	
	
	
	


	
	
	
	
	
	
	
	


	
	
	
	
	
	
	
	


	
	
	
	
	
	
	
	


	
	
	
	
	
	
	
	


	
	
	
	
	
	
	
	


	
	
	
	
	
	
	
	


	
	
	
	
	
	
	


	
	
	
	
	
	
	
	


	
	
	
	
	
	
	


	
	
	
	
	
	
	
	


	
	
	
	
	
	
	


	
	
	
	
	
	
	
	


	
	
	
	
	
	
	


	
	
	
	
	
	
	
	


	
	
	
	
	
	
	
	


	
	
	
	
	
	
	
	


	
	
	
	
	
	
	


	
	
	
	
	
	
	


	
	
	
	
	
	
	
	


	
	
	
	
	
	
	
	


	
	
	
	
	
	
	
	


	
	
	
	
	
	
	


	
	
	
	
	
	
	


	
	
	
	
	
	
	


	
	
	
	
	
	
	


	
	
	
	
	
	
	


	
	
	
	
	
	
	
	


	
	
	
	
	
	
	


	
	
	
	
	
	
	
	


	
	
	
	
	
	
	


	
	
	
	
	
	
	


	
	
	
	
	
	
	
	


	
	
	
	
	
	
	
	


	
	
	
	
	
	
	
	


	
	
	
	
	
	
	
	


	
	
	
	
	
	
	
	
	


	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
		
			
		
		
			
			
		
	















Figure 4: Ambient temperature pattern for 10 months.

















































































	


	


	


	


	


	
	


	
	
	
	
	
	
	
	


	
	
	
	
	
	
	


	
	
	
	
	
	
	
	


	
	
	
	
	
	
	
	


	
	
	
	
	
	
	


	
	
	
	
	
	
	
	


	
	
	
	
	
	
	


	
	
	
	
	
	
	
	


	
	
	
	
	
	
	
	


	
	
	
	
	
	
	
	


	
	
	
	
	
	
	
	


	
	
	
	
	
	
	
	


	
	
	
	
	
	
	
	


	
	
	
	
	
	
	


	
	
	
	
	
	
	
	


	
	
	
	
	
	
	
	


	
	
	
	
	
	
	
	


	
	
	
	
	
	
	
	


	
	
	
	
	
	
	
	


	
	
	
	
	
	
	
	


	
	
	
	
	
	
	
	


	
	
	
	
	
	
	
	


	
	
	
	
	
	
	
	


	
	
	
	
	
	
	
	


	
	
	
	
	
	
	


	
	
	
	
	
	
	


	
	
	
	
	
	
	


	
	
	
	
	
	
	


	
	
	
	
	
	
	


	
	
	
	
	
	
	
	


	
	
	
	
	
	
	
	


	
	
	
	
	
	
	
	


	
	
	
	
	
	
	
	


	
	
	
	
	
	
	
	


	
	
	
	
	
	
	


	
	
	
	
	
	
	
	


	
	
	
	
	
	
	


	
	
	
	
	
	
	
	
	
	
	
	
	
	


	
	
	
	
	
	
	
	
	















Figure 5: Wind profile throughout the monitoring period.


The recorded ambient temperature ranges from 22.2°C up to 38.4°C with an average value of 29.41°C, while wind speed flows from 0 m/s up to 8.9 m/s with average value of 1.27 m/s. The wind profile is not very strong at the site due to the experience of having 0 m/s (no wind) for about 527 hours or 22 days throughout the monitoring period.
The PV generator efficiency as in (3) is plotted as shown in Figure 6. From this calculation, the average values for 117 samples of data show that FF generator achieves efficiency of 10.04% and TF generator produces up to 10.78% which is the highest and the lowest efficiency value coming from CPV generator with 3.04%. In general, it can be denoted that the 
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 value contradicts the rated CEEG PV module efficiency of 17.05%.





















	


	


	


	


	


	
	


	
	


	
	


	
	


	
	


	


	


	
	


	
	


	
	


	
	


	
	


	
	


	
	


	
	


	
	


	
	


	
	


	
	


	
	


	
	


	
	


	
	


	
	


	
	


	
	
	


	
	
	


	
	
	


	
	
	


	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	


	
	
	
	
	
	
	
	
	
	



	
	



	
	



	
	
	















Figure 6: PV generator efficiency based on sampled field data.


As means of analysing mirror and tracker contribution, the power generation (in kilowatt) from mirror concentrator and tracking mechanism is plotted in Figure 7 for 62 data samples of standard testing conditions (STC) with 5% tolerance based on field measurement. Based on the field data collected, the ANOVA test as described in Table 2 is further calculated as statistical justification on the reliability of sample data used and to show correlation values of the mirror and tracker contribution. In this case, the CPV generator energy output (
	
		
			

				𝑃
			

			
				d
				c
			

		
	
) is used as the dependent variable (
	
		
			

				𝑦
			

		
	
-parameter) as the generator has both mirror and tracking mechanism features. The mirror and tracking mechanism are classified as the independent variable (
	
		
			

				𝑥
			

		
	
-parameter).
Table 2: Summary output of MLR and ANOVA.
	(a)
	

	Regression statistics
	

	Multiple 
	
		
			

				𝑅
			

		
	
	0.667607
	
	
		
			

				𝑅
			

		
	
 square	0.4457
	Adjusted 
	
		
			

				𝑅
			

		
	
 square	0.42691
	Standard error	0.062748
	Observations	62
	


	(b)
	

	 	ANOVA
	 	df	SS	MS	
	
		
			

				𝐹
			

		
	
	Sig 
	
		
			

				𝐹
			

		
	

	

	Regression	2	0.186789	0.093395	23.72025	
	
		
			
				2
				.
				7
				5
				7
				3
				𝐸
				−
				0
				8
			

		
	

	Residual	59	0.232303	0.003937	 	 
	Total	61	0.419092	 	 	 
	


	(c)
	

	 	Coef	S.E	
	
		
			

				𝑡
			

		
	
 Stat	
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-value	Lower 95%	Upper 95%
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				4
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				0
				2
				6
				5
				7
				9
			

		
	
	
	
		
			
				1
				6
				.
				6
				0
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				8
				0
				6
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				7
				4
			

		
	
	
	
		
			
				0
				.
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				9
				4
				4
				2
				9
			

		
	

	Tracker contribution	
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Figure 7: Power generation from each individual PV generator at STC conditions.


At a sample time interval, the highest recorded power generated is from TF generator for 1.27 kW followed by 1.05 kW from FF generator and the least from CPV generator of 0.63 kW where the power generation heavily depended on the quantity of PV modules applied in each generator.
From the plotted data in Figure 8 and (4)–(6), the results showed that, for this site (Serdang, Malaysia), it is found that the dual-axis tracking mechanism generates approximately 88 Watts/day or 9.4% of the TF cumulative power (with the FF generator as reference). The total generation throughout the sampling period coming from tracking mechanism reaches 5.49 kW out of the recorded 58.5 kW power output. The tracker generation seems unstable and sometimes experiencing rapid fluctuation mainly due to the sun angle of incident (AOI) and cloud shading factor. The mirror concentrating element generates approximately 8.93 kW out of 38.2 kW total power generation from CPV generator (with TF generator as reference). Based on daily average, the value can be converted as 144 Watts/day or 23.4% of the CPV cumulative power.












	


	
	
	


	
	
	


	
	
	


	
	
	


	
	
	


	
	
	


	


	


	
	


	
	


	
	


	
	


	
	


	
	


	
	


	
	


	
	


	
	


	
	


	
	
	
	
	
	
	
	
	


	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	



	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	



	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	















Figure 8: Power generation from mirror concentrator and tracking mechanism at site.


The increase of 14% in power generation shows significant feasibility of implying mirror concentrator for PV generators with temperature increase within the allowable temperature range (−40°C to +85°C) for the CEEG PV module. The crux finding of this work is statistically supported by means of MLR and ANOVA test. The power generation from mirror reflector is more stable and consistent compared to the tracking mechanism as shown in the line fit plot figures. General observation suggests that the high generation from mirror reflector is due to the increase of incident light reflection on the PV module surface which would also increase the PV surface temperature.
Based on the statistical output, the correlation and coefficients involved are described in (7) with quite a low value standard error (SE) of 0.062% and sum of squared error (SSE) of 0.42%. The significance of correlations (
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This study focuses on the comparison of power generation via adapting mirror concentrator and tracking mechanism on PV arrays with statistical approach using MLR and ANOVA as means of early findings based on the tropical pattern of Malaysia climate.
4. Conclusion
The drawbacks of presently practised method of adapting mirror concentrator and tracking mechanism for solar PV generator are analyzed for their genuine daily power contributions specifically in the tropical-ground conditions of Malaysia. PV generator systems rated at 1 kW with multiple configurations are taken as relative comparison for the sampling period of 10 consecutive months. Analysis shows that the mirror contribution is relatively high compared to the tracking mechanism with 14% daily increment and has a significant impact on the surface temperature of PV modules. The daily power increase by adapting both enhancement techniques carries strong wattage of adapting PV technology in the tropics.
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	FF:	Fixed flat PV generator
	TF:	Tracking flat PV generator
	CPV:	Concentrating PV generator.
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