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Abstract

:

Recently, the demand for small grid-connected photovoltaic (PV) systems has been rapidly increasing; this is due to the reduction in the costs of grid-connected storage systems as compared to those of the stand-alone ones. Notably, the performance of the solar tracking system is not only depending on the types but also the region that they are set up and used. To understand how solar tracking systems work globally, we need to know their performance in each country and even the different parts of a country. In this study, two grid-connected PV systems with 250 W solar modules were used to investigate the efficient improvement of a single-axis sun tracking system in Central Vietnam. First, a mechanical tracking device with a linear actuator and a controller was designed and then its performance was comprehensively investigated with a grid-connected PV system. In addition to evaluating the energy gain by the tracking system, this study also considered the energy consumption of the linear actuator with its controller and a small grid-connected PV system; this has generally been omitted in previous works. Experimental results indicate that the total energy consumption of the tracking system was approximately 2–8% of the energy generated by the grid-connected PV system. The maximum overall energy generation was confirmed to have increased by up to 30.3% on a sunny day upon using the proposed tracking system; further, the net energy gain by using the sun tracker was ascertained to be 15.2% in average weather conditions. Based on the success of this work, we will keep experimenting with other parts of Vietnam. Also, we will collaborate with colleagues in other countries to create a guideline for understanding and using the solar tracker regionally and globally.
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1. Introduction


In recent years, the demand for renewable and sustainable energy has reached a peak due to the depletion of fossil fuel resources and increasing environmental problems. Various renewable sources such as wind [1,2,3], wave [4,5,6], hydrogen [7,8,9], and solar [10,11,12] energies have been intensively investigated and commercialized. Among these, solar energy is one of the most important sources to harness energy for future applications. It was reported that more than 1.2 × 105 TW of solar energy radiates onto the Earth’s surface, which is far greater than the energy consumption by humans [13]. The utilization of solar energy has been increasing drastically due to the development of science and technologies. For example, the use of solar energy in India has been increased more than eight times within four years from 2014 to 2018 (2.63 GW to 22 GW) [14]. Various strategies have been developed to improve the power conversion efficiency of the photovoltaic (PV) system, including engineering device structure, active materials, and transport materials [15,16,17]. In addition to specifically engineering the intrinsic properties of solar cells, improving their operating conditions is also essential to increase the overall power conversion efficiency of the solar cell systems; for instance, this can be achieved by using a solar concentrator [18,19,20] or a solar tracking system [21,22,23]. Recent studies have demonstrated that the use of a solar tracking device could improve the total energy conversion of a PV system by more than 30–45% [24]. More specifically, the solar tracker is a device that is used to orient the surface of a PV system toward the sun to capture the maximum amount of solar energy possible. Sun trackers can be categorized into two groups, namely: single-axis systems and dual-axis systems [25]. In these systems, mechanical drives can serve as linear actuators, or gearboxes and a DC motor [23]. It should be noted that besides the design of the solar tracker, its performance is also affected by the local climate and the geographic location. The performance of the PV system equipped with a single-axis sun tracking system in Saudi Arabia generates 28–32% more energy as compared to that of a fixed PV system [26]. The improvements effected by sun trackers is approximately 15.13% in Taiwan (single-axis) [27], 20–50% in Europe (single-axis) [28], 30.79% in Turkey (dual-axis) [29], 5.76% in Tunisia (dual-axis and single-axis) [30], and 12–25% in United States of America (single-axis) [31]. Although the sun tracking system could improve the energies gain by the PV modules in many cases, some studies suggest that it is not applicable in hot regions [32]. Thus, before applying the solar tracking system in any region, an intensive investigation should be carried out. To our knowledge, an extensive investigation into the fabrication and operation of solar tracking systems in Vietnam and other Association of Southeast Asian Nations (ASEAN) has been rarely reported [33,34]. To understand the energy gain by the solar tracking system globally, an extensive study in a large area and countries is very important.



In this paper, we designed a single-axis sun tracker and used it in a grid-connected PV system in Central Vietnam (Quang Tri Province). The performance of the sun tracker was then evaluated systematically in various weather conditions. To precisely estimate the improvement in overall power generation by using the tracker, the energy consumption by the tracking system was also taken into account. We found that the energy consumption of the tracker also depends on the local weather conditions, and is higher on sunny days and lower on cloudy or rainy days. This variation generated a fluctuation of approximately 2–8% of the performance of the PV system. After deducting the power lost by the sun tracker, the maximum improvement in power generation on a sunny day was approximately 30.4% as compared to the power generated by a fixed-PV system. Further, the average energy gain by the solar tracker was ascertained to be approximately 15.2%. Based on the data collected from the system under different weather conditions, the performance of the solar tracker has been elucidated in detail in this paper. Therefore, this study facilitates the implementation of sun tracking systems in Vietnam. Moreover, it provides a comprehensive guideline for the design, operation, and investigation of a simple single-axis sun tracking system with a relatively low cost and a high efficiency.




2. Methods and Case Description


2.1. Design of the Sun-Tracking System


2.1.1. Electrical Parameters and Specifications


In this study, two identical systems were used, each including a 250 W solar module 60 (6 × 10) monocrystalline silicon photovoltaic cell in serial connection and 3 bypass diode and a 250 W maximum-power-point-tracking (MPPT) microinverter. The PV modules were mono-crystalline and attributed to the specifications presented in Table 1. Table 2 records the parameters of the MPPT microinverters.



The PV systems were installed in the yard of the Quang Tri Branch of Hue University, Quang Tri, Vietnam (latitude 16 °N, longitude 107 °E). The electricity produced by the PV solar modules was injected directly into the grid.



The proposed sun tracking system consists of a mechanical frame, a linear actuator, an electronic control system, and azimuth positioning sensors. Each azimuth positioning sensor consists of two small solar cells, which were used to test the eastern and western lights on the plane of the solar module. The controller includes a microcontroller that compares the signal from the light sensors and outputs an H-bridge control signal to the linear actuator.




2.1.2. Design of Mechanical Parameters


Two identical grid-connected PV systems were placed on two different mechanical systems. One of them was a sun tracking system and the other was a fixed-tilted PV system, as illustrated in Figure 1. For the fixed PV system, the solar cell was tilted at an angle of 16 °N toward a North–South orientation. The annual optimum tilt angle for the fixed system was found to be approximately equal to the latitude of the location [35,36,37].



The sun-tracking PV system was designed with the East–West rotation orientation. Figure 2a illustrates the mechanical structure of the proposed single-axis sun tracker, with the size of the solar modules being a × b = 1640 × 1984 mm2 and its weight being m = 34 kg. A rectangular frame of dimension c × d = 1000 × 2000 mm2 and height h = 1500 mm was chosen for the solar modules. To simplify the problem, we chose the following dimensions:


   {     l 1  = h / 2      l 2  = c / 2      l 3  = c / 20      l 4  = h / 20      



(1)




where l1 is the distance from the axis of rotation to the anchor locations of the lower-end actuator; l2 is the distance from the axis of rotation to the anchor locations of the upper-end actuator. l3 is the distance from the axis of the roller bearings, B’, to the frame of the solar modules, and l4 is the distance from the axis of roller bearings, A’, to the pillars.



Figure 2b depicts the sides of the single-axis sun tracker along the axis of rotation. Angle αmin is the initial rotation angle between the support frame and the vertical axis (pillars) and it can be varied between 0° and 90°. To ensure symmetrical operation, the maximum angle is chosen as αmax = 180° − αmin. The selection of the initial rotation angle depends on the requirements of the sun tracking system. The initial rotation angle is inversely proportional to the amount of energy captured by the PV; this is because smaller initial angles enable an increased collection of sunlight during early mornings and late afternoons. However, selecting a low initial angle increases energy loss as more energy is required to execute the rotation.



The next step requires the selection of the parameters of the linear actuator—stroke (Dstr), fully retracted length (dmin), completely extended length (dmax), and force (F). Using geometric transformations and the selected dimensions (1), the optimal dimensions of the linear actuator are calculated as follows:


   {      d  min   2  = 0.2525 [  h 2  +  c 2  − 2 h c ⋅ c o s (  α  min   −  11.4 °  ) ]       d  max   2  = 0.2525 [  h 2  +  c 2  − 2 h c ⋅ c o s (  168.6 °  −  α  min   ) ]      D  str   =  d  max   −  d  min        



(2)







The actuator force is calculated by determining the dynamics of the system, and focusing on the crucial relationship between the torques. This system was equipped with three-roller bearings corresponding to the points O, A’, and B’. The friction torque on the normal roller bearings was negligible as compared to the total torque; therefore, it was ignored in this case. The torque around the point O is given as follows [38]:


   M  qt   =  M  act   −  M e  −  M  wind    



(3)







The actuator torque at the center of rotation of the tracking system was:


   M  act   =  F ( c o s (  θ )    . l   3   + s i n (  θ )    . l   2  )  



(4)




where F is the force of linear actuator; θ is the angle between the plane of the solar modules and the straight line along the linear actuator. The eccentric moment of the tracking system can be given by:


   M e  = m g . c o s ( α ) . e  



(5)




where m is the weight of the solar modules; e is the eccentricity, which is the distance from the center of the modules to the center of rotation of the system in a direction perpendicular to the modules, and α is the angle between the solar modules and the vertical axis.



The aerodynamic torque from ambient wind corresponding to the axis of the rotation system [27] can be given by:


   M  wind   =  C M  . 0.613 .   v  wind   2  . A . a  



(6)




where CM is a coefficient that depends on the angle between the wind direction and the solar modules; vwind (m/s) is the wind speed; A(m2) is the surface area of the solar modules, and a (m) is the width of each solar modules.



Typically, during the calculation of the aerodynamic torque, its maximum value is chosen as CM = 0.6 [27]. We assume that the tracking system is activated when the wind is at level 6 (associated with a maximum speed of 13.8 m/s). We also assume that if the rotational part and the solar modules lie on the same plane, then the calculated torque of the rotational part is determined according to theoretical mechanics. In the case of intermittent rotation of the system, the initialization process is repeated several times. Therefore, the equation including the inertia torque is:


   M  qt   = J .  ε  max   =   m  a 2    12    ε  max    



(7)




where εmax (rad/s2) is the angular acceleration of the system during initialization; J (Kg.m2) is the moment of inertia of the rotational part and the solar modules, and m (kg) is the weight and a (m) is the width of the solar modules.



Choosing an angular acceleration of 1 rad/s2, we calculate the force of the linear actuator. Table 3 records the dependence of dimensions and the maximum actuator force (Fmax) on the initial rotation angle.



In this paper, the proposed initial rotation angle is 60°. Based on the data presented in Table 3, linear actuator type HF-TGA-A 450-12-4 was selected and it comprised a stroke of 450 mm, an input voltage of 12VDC, 4 mm/s of speed, 1500 N of force (maximum load), a proximity sensor, and fully retracted and extended lengths of 555 and 1005 mm, respectively. In addition, to control the linear actuator, we used the single-axis solar tracking controller WST03-5 and the light sensor from two PV cells.



After designing the tracking system with a rotation angle between 55° and 125°, the system performed satisfactorily on under the wind speed of 6.6–8.3 m/s [29].





2.2. Case Study


Active power and energy were measured using the Data Acquisition and Control Interface (DACI) 9063 device of Labvolt company. The block diagram of the measurement system is presented in Figure 3. To measure the alternating current and voltage from the grid-connected PV system with sun tracking, the following inputs were employed: The insulated current input I1 with an accuracy of 1% at a range of −4 to +4 A, and the insulated voltage input E1 with an accuracy of 1% at a range of 800 A. To measure the alternating current and voltage from grid-connected PV system without sun tracking the following inputs were employed: the insulated current input I2 with an accuracy of 1% at a range of −4 to +4 A, and the insulated voltage input E2 with an accuracy of 1% at a range of 800 A. To measure the consumption of alternating current and voltage by the controller circuit and linear actuator, the following inputs were employed: The insulated current input I3 with an accuracy of 1% at a range of −4 to +4 A, and the insulated voltage input E3 with an accuracy of 1% at the range of 800 A.



Metering and Data Table (computer-based instruments) of the 3.17.01 LVDAC-EMS software on personal computer through a serial interface was used to calculate and display current, voltage, active power, and the energy values from DACI 9063. The data-recording interval was 10 s. The data sets were processed on the Origin software to draw the desired graphs.



Further, the MFM384 Selec multifunction meter was used to store the values of energy generated by the grid-connected PV systems. The accuracies of the parameters of the MFM384 Selec multifunction meter are as follows: Voltage is ±0.5% of the full scale, the current is ±0.5% of the full scale, and the active power is 1%.



DACI 9063 of Labvolt company and MFM384 Selec multifunction meter were used in the electrical laboratory of Quang Tri Branch of Hue University.





3. Result and Discussion


3.1. Evaluation of Energy Consumption by the Sun Tracker


To compare the efficiency of the two systems, the measurement of the daily energy generated by the system with sun tracking was required (E1); further, the energy generated by the system without sun tracking (E2) and the total power consumption of the controller circuit and the linear actuator was also necessitated (E3).



The average improvement in energy generation can be calculated as a percentage using the following equation:


  η =    E 1  −  E 2     E 2    100  



(8)







More precisely, by including the energy consumed by the actuator and the controller, the overall efficiency of the sun tracking system compared to the fixed one can be given by:


  η * =    E 1  −  E 2  −  E 3     E 2    100  



(9)







Both systems used identical solar modules and MPPT microinverters. The power and energy generated by the two systems were measured at the same time under the same conditions. The experiment was carried out on a sunny day. The results of the measurements are depicted in Figure 4.



The average difference in power generated by the two systems was observed to be approximately 0.38 W and the energies generated by the two systems were almost the same (1166.8 Wh for system 1, 1175.6 Wh for system 2). The average energy difference obtained during the day was approximately 0.7%, which is negligible. Therefore, the two grid-connected PV systems can be considered to be almost identical and can be used to check the effectiveness of sun tracking. This result indicates that the prepared systems are reliable for studying the performance of the sun tracking system. Following this step, we gathered measurements from June 2018 to September 2018 (3 months) and selected sunny, cloudy and rainy days to be the three specific case studies.



First, the power and energy consumptions were evaluated and are depicted in Figure 5. It is obvious that on a sunny day the tracking system worked more efficiently, and thus consumed more energy. However, there were no distinguishable differences between the same on the cloudy and rainy days. Typically, the energy needed by the tracking system on a sunny day was 35.6, 28.1, and 28.5 Wh, respectively. These values were further used to evaluate the overall improvement in energy generation by the sun tracking system.




3.2. Performance of the Sun Tracking System on a Sunny Day


The electrical power generated by both systems recorded on a sunny day is presented in Figure 6. On the sunny day when the experiment was carried out, the temperature was 29 °C until 8 AM. Then the temperature rose to 39 °C around 11:30 and stable until 2 PM. After that, the temperature reduced steadily to 29 °C until 6 PM. The sky on this day is clear with no clouds that interfere with the performance of the PV system. The power generated by both the systems increased from sunrise until midday and then reduced until the sunset. Fluctuations were noticed in the power generated by both systems due to shadows caused by the intermittent heavy clouds. During this period, only a small amount of solar radiation coincided with the solar modules and; therefore, both systems produced approximately the same amount of power regardless of the incidence angle. A significant difference in power generation between the systems was noticed from sunrise until 11:30 AM and from 02:00 PM until sunset (Figure 6a). During the noon period, from 11:30 AM to 02:00 PM, both systems possessed the same azimuth and angle to the sun; therefore, the power generated by the two systems was quite similar. The average difference between the daily energies generated by grid-connected PV systems with and without sun tracking was observed to be 33.3%. After considering the consumption of the tracker, the overall efficiency was ascertained to be 30.3%. The energies generated by a PV system with and without a sun tracker were 1555 and 1277 Wh, respectively (Figure 6b).




3.3. Performance of the Sun Tracking System on a Cloudy Day


The power generated by both systems on a cloudy day is presented in Figure 7a. On this day, the temperature was 27, 36 and 28 °C from 8 AM to 11:30 to 2 PM and 6 PM, respectively. The sun was partially hindered by clouds. As is apparent from the figure, the power generated by both systems was almost identical. After 3.00 PM, the sky started to become heavily overcast, and thus both systems stopped working and the power generated during this period approached zero. After subtracting the energy consumed by the sun tracker, the overall energy gain was ascertained to be only 3.2%. The total energies generated by a PV system with and without a sun tracker were 695 and 646 Wh, respectively (Figure 7b).




3.4. Performance of the Sun Tracking System on a Rainy Day


The power generation of the PV system on a rainy day is depicted in Figure 8a. On the whole rainy day, the temperature fluctuated around 25 to 29 °C from the morning to the afternoon. The sun radiation was blocked by clouds most of the time. Because of the heavy cloud and rain that blocked the solar radiation to be incident on both the systems, an extremely low amount of power was generated. The maximum output power of the system was approximately 78 W at noon. The daily energy gain by the system with the sun tracker was 347.9 Wh, and the daily energy gain by the system without the sun tracker was 326.0 Wh (Figure 8b). The daily energy consumption by the actuator and the controller was 28.5 W. It should be noted that during rainy days, the probability of the actuators and controllers to work was less than that on sunny days. Although the day was overcast, the difference between the average daily energies generated by the grid-connected PV system with and without sun tracking was still noticeable at a power difference of 6.7%. Unfortunately, the increase in the generated energy was less than the amount of energy consumed by the tracking system; thus, the overall efficiency was observed to be −2%.



Energy enhancement of the tracking system under different weather conditions is depicted in Figure 9. As is apparent from the figure, the power of the PV system was improved in most cases; however, this not true for days with excessively heavy rains. The net energy improvement recorded was 15.2%, which was evaluated continuously for 90 d of experiment regardless of the weather conditions. This result verifies the important role of sun trackers in grid-connected PV systems in Central Vietnam.





4. Conclusions


This study analyzes the improved efficiency of grid-connected photovoltaic systems by using a single-axis sun tracker in Central Vietnam. Grid-connected 250 W PV systems with and without single-axis sun-tracking were designed and installed; further, their performances were investigated. The results demonstrated a significant difference in power generation between the two systems, especially during early mornings and late afternoons. At noon, the power generated by both systems was almost identical. On a sunny day, the maximum energy generated by the PV with the sun tracker was 1732 Wh, and the average energy consumption of the controller and the linear actuator was 35 Wh. The overall efficiency of the grid-connected PV system was improved by up to 30.3% and 15.2% in sunny and average weather conditions, respectively; this was achieved by using a single-axis sun tracker. Therefore, this work indicates that a simple hand-made sun tracing system could improve the performance of solar plants effectively. This work also demonstrated that the energy consumption of the sun tracker is too small compared to the energies gain, thus it can be operated all the time of years without turning off. To fully understand the performance of sun trackers globally, more investigations in other regions in Vietnam and other countries are very necessary.
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Abbreviations









	Nomenclature
	Abbreviation
	Unit



	Peak maximum power
	Pmp
	Wp



	Open-circuit voltage
	Voc
	V



	Short-circuit current
	Isc
	A



	Peak maximum voltage
	Vmp
	V



	Peak maximum current
	Imp
	A



	Input voltage
	Uin
	VDC



	Output voltage
	Uout
	VAC



	Total harmonic distortion
	THD
	%



	Width of solar panel
	a
	mm



	Length of solar panel
	b
	mm



	Weight
	m
	Kg



	Dimension 1 of rectangular frame
	c
	mm



	Dimension 2 of rectangular frame
	d
	mm



	Height of rectangular frame
	h
	mm



	Distance from the axis of rotation to the anchor locations of the lower-end actuator;
	l1
	mm



	Distance from the axis of rotation to the anchor locations of the upper-end actuator
	l2
	mm



	Distance from the axis of the roller bearings, B’, to the frame of the solar panels
	l3
	mm



	Distance from the axis of roller bearings, A’, to the pillars
	l4
	mm



	Initial rotation angle between the support frame and the vertical axis (pillars)
	αmin
	°



	Maximum angle
	αmax
	°



	Stroke of linear actuator
	Dstr
	mm



	Fully retracted length of linear actuator
	dmin
	mm



	Completely extended length of linear actuator
	dmax
	mm



	Force of linear actuator
	F
	N



	Actuator torque
	Mact
	Nm



	Angle between the plane of the solar panel and the straight line along the linear actuator
	θ
	°



	Eccentric moment
	Me
	Nm



	The eccentricity
	e
	m



	Angle between the solar panel and the vertical axis
	α
	°



	Aerodynamic torque
	Mwind
	Nm



	Coefficient that depends on the angle between the wind direction and the solar panel
	CM
	



	Wind speed
	vwind
	m/s



	Surface area of the solar panel
	A
	m2



	Inertia torque
	Mqt
	Nm



	Angular acceleration
	εmax
	rad/s2



	Moment of inertia of the rotational part and the solar panels
	J
	Kg.m2



	Daily energy generated by the system with sun tracking
	E1
	Wh



	The energy generated by the system without sun tracking
	E2
	Wh



	The total power consumption of the controller circuit and the linear actuator
	E3
	Wh



	Average improvement
	η
	%



	Overall efficiency
	η*
	%
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Figure 1. Sun tracking and fixed-tilted PV systems. 
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Figure 2. Mechanical model of the single-axis sun tracker. (a) General view; (b) view along the axis of rotation. 
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Figure 3. Block diagram of the measurement system (MFM: multifunction meter). 
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Figure 4. Differences in power and energy generated by the two systems under the same conditions. 
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Figure 5. Power and energy consumption of the tracking system on (a) a sunny day, (b) a cloudy day, (c) a rainy day. 
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Figure 6. (a) Power generation and (b) power improvement and energy gain on a sunny day. 
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Figure 7. (a) Power generation and (b) power improvement and energy gain on a cloudy day. 
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Figure 8. (a) Power generation and (b) power improvement and energy gain on a rainy day. 
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Figure 9. Energy improvement of the sun tracker under different weather conditions. 
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Table 1. PV electrical specification.






Table 1. PV electrical specification.





	Properties
	Value





	Peak maximum power Pmp (Wp)
	250



	Open-circuit voltage Voc(V)
	37.4



	Short-circuit current Isc (A)
	8.83



	Peak maximum voltage Vmp (V)
	30.0



	Peak maximum current Imp (A)
	8.33
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Table 2. Parameters of microinverters.






Table 2. Parameters of microinverters.





	Properties
	Value





	Peak maximum power Pmp (W)
	250



	Input voltage Uin (VDC)
	22–45



	Output voltage Uout (VAC)
	190–260



	Output frequency
	50/60 (auto)



	Total harmonic distortion TDH
	<3%



	Steady output efficiency
	>90%



	MPPT range (VDC)
	28–36



	Power factor
	>97%
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Table 3. Dependence of dimensions and actuator force on the initial rotation angle αmin.






Table 3. Dependence of dimensions and actuator force on the initial rotation angle αmin.





	αmin (°)
	dmin

(mm)
	dmax

(mm)
	Dstr

(mm)
	Fmax

(N)





	0
	375
	1350
	975
	10,000



	15
	354
	1323
	969
	5701



	30
	410
	1275
	865
	2847



	45
	516
	1206
	690
	1623



	60
	643
	1120
	477
	1332



	75
	774
	1017
	243
	1159



	90
	901
	901
	0
	1052
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