Energies 2015, 8, 7367-7380; doi:10.3390/en8077367

energies

ISSN 1996-1073
www.mdpi.com/journal/energies

Article

A Solar Automatic Tracking System that Generates Power for
Lighting Greenhouses

Qi-Xun Zhang !, Hai-Ye Yu %*, Qiu-Yuan Zhang 3, Zhong-Yuan Zhang 4, Cheng-Hui Shao ! and
Di Yang 3

1

College of Mechanical Science and Engineering, Jilin University, No. 5988 Renmin Street,
Changchun 130025, China; E-Mails: qixunzhang@jlu.edu.cn (Q.-X.Z.); sch@jlu.edu.cn (C.-H.S.)
College of Biological and Agricultural Engineering, Jilin University, No. 5988 Renmin Street,
Changchun 130025, China

MI Ninth Design & Research Institute, No. 1958 Chuangye Street, Changchun 130000, China;
E-Mail: qiuyuan.zhang@cjxjy.com

College of Automotive Engineering, Jilin University, No. 5988 Renmin Street, Changchun 130025,
China; E-Mail: zhangzy@jlu.edu.cn

Department of Biostatistics, School of Public Health, University of Michigan, 500 S. State Street,
Ann Arbor, MI 48109 USA; E-Mail: yangdijason@hotmail.com

Author to whom correspondence should be addressed; E-Mail: haiye@jlu.edu.cn;
Tel./Fax: +86-431-8560-1632.

Academic Editor: Tapas Mallick

Received: 25 April 2015 / Accepted: 15 July 2015 / Published: 21 July 2015

Abstract: In this study we design and test a novel solar tracking generation system.
Moreover, we show that this system could be successfully used as an advanced solar power
source to generate power in greenhouses. The system was developed after taking into
consideration the geography, climate, and other environmental factors of northeast China.
The experimental design of this study included the following steps: (i) the novel solar
tracking generation system was measured, and its performance was analyzed; (ii) the
system configuration and operation principles were evaluated; (iii) the performance of this
power generation system and the solar irradiance were measured according to local time
and conditions; (iv) the main factors affecting system performance were analyzed; and
(v) the amount of power generated by the solar tracking system was compared with the
power generated by fixed solar panels. The experimental results indicated that compared to
the power generated by fixed solar panels, the solar tracking system generated about 20%
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to 25% more power. In addition, the performance of this novel power generating system
was found to be closely associated with solar irradiance. Therefore, the solar tracking
system provides a new approach to power generation in greenhouses.
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1. Introduction

In recent times, there have been several advancements in greenhouse automation systems [1].
These advancements include the creation of artificial light that meets specific light parameters in an
internal environment. Based on the plant light requirements, natural lights can be supplemented by
artificial lights to improve crop production. Therefore, it is very important to adequately provide
efficient artificial light for greenhouses [2,3]. However, the use of artificial light has raised many
concerns, including the use of excessive fossil fuel for generating electrical power [4]. Researchers are
now developing alternative energy sources, such as solar photovoltaic panels, which would provide
energy for the operation of artificial light in the near future. These alternative energy sources are
renewable, clean energy sources that are also environmentally friendly.

Energy plays an integral role in economic growth. Moreover, it is considered as a significant
national security concern. In recent decades, there has been a great demand for energy due to a spurt in
economic activities [5]. Future economic growth heavily depends on the long-term availability of
energy that is affordable, accessible, and environmentally sustainable. Therefore, scientists are focusing
their efforts on develop alternative energy sources that are clean and renewable [6—8]. Among these
alternative sources of energy, solar energy is one of the most viable candidates. However, solar energy
has some drawbacks, such as low density, intermittent availability, and broad and varied spatial
distribution [9]. Scientists have to address these limitations of solar energy before it can be used as an
effective utility.

Among the various renewable sources of energy, solar energy is the most abundant form of
renewable energy; however, the instrumentation and installation of solar photovoltaic panels involves
high expenditure of money, making solar power currently a restricted utility [10]. China receives
abundant sunlight throughout the year [11-13]. In particular, the southern territory of China, which lies
at a latitude of 45.62, receives more than 2300 h of sunlight annually. Therefore, a significant amount of
this solar energy can be harnessed for social and economic development of these areas.

Solar panels are generally used to harness solar energy [14]. Silicon solar panels get heated to a
temperature of more than 70 °C when they are subjected to intense sunlight for a prolonged duration of
time. At this high temperature, these panels show low efficiency while converting sunlight into energy.
As a result, the system performance is diminished and the power generation system encounters a
one-third loss approximately [15]. Therefore, a solar energy system is exposed to different amounts
of sunlight, which controls the amount of power generated by the solar energy conversion system.
In other words, the system generates more power when it is exposed to greater amount of sunlight [16].
Researchers have recently used this energy theory in a large number of practical applications,
and they have proposed solutions to many limitations of solar energy [17-21]. Al-Soud et al. [22] have



Energies 2015, 8§ 7369

designed a parabolic solar cooker that has an automatic sun tracking system consisting of two axes.
Mousazadeh et al. [23] have reviewed sun-tracking principles and methods. Xiaodi et al. [24] have
designed a novel solar boiling water system containing a holistic solar funnel concentrator.
These studies have elucidated how automatic solar tracking systems can be effectively used to address
energy problems.

In this study, we faced energy problems when we provided artificial lighting to greenhouse plants in
northeast China during the winter season. Northeast China is a relatively backward region, so very few
devices in this region operate on alternative energy sources. In particular, the application of solar
energy is very scarce. As sunshine is available for a relatively shorter duration of time during winter,
greenhouses must be provided with artificial lighting for a longer duration of time. As a result,
the power consumption of greenhouses is greater during winter. In this study, we elucidated how
an auto tracking system can be effectively used to increase solar energy utilization. Compared with a
traditional fixed solar energy system, an automatic tracking system increases the power-generating
capacity of the solar energy system by more than 20%. Therefore, we have implemented an improved
solar tracking system, which provides a new approach to power generation in greenhouses.

2. Results and Discussion
Solar Tracking System Tests

A simple auto solar tracking system was tested; the tracking route followed the motion trail of
COSMOS Motion simulation analysis. The results indicated that direction of sunlight was always kept
fixed with respect to the solar panel. Thus, we obtained the maximum solar flux. If the system deviated
from the direction of sunlight, there was a decrease in the rate at which the system received solar
radiation. With an increase in the angle of deviation, there was a decrease in the rate at which the
sunlight passed through the system.

On 21 December 2012, the power produced by the solar tracking system was 10.94 Wh, while that
produced by the fixed panel was only 9.11 Wh. Thus, the solar tracking system produced 20% more
power than that produced by the fixed panel (Figures 1 and 2). On 21 January 2013, the power
generated by the solar tracking system was 17.08 Wh, while that produced by the fixed panel was only
14.13 Wh. Thus, the solar tracking system generated 21% more power than that produced by the fixed
panel. On 20 February 2013, the power produced by the solar tracking system was 20.93 Wh, while the
power generated by the fixed panel was only 17.03 Wh. Compared to the power generated by the fixed
panel, the solar tracking system generated about 23% more power. On 21 March 2013, the solar
tracking system produced 21.87 Wh, while the fixed panel produced only 17.65 Wh. Thus, compared
to the power generated by the fixed panel, the solar tracking system generated about 24% more power.
Overall, the results indicate that the solar tracking system generated approximately 20% to 25% more
power than the fixed panel. In the solar tracking system, power production was rapid. Moreover,
the solar radiant intensity of the solar tracking system was higher than that of the fixed panel.

Fixed and solar tracking systems produced the same amount of power on cloudy days
(Figures 3 and 4). When the solar irradiance declined to 0.014 kW/m?, the power generated by the two
methods reached zero simultaneously, indicating that the performance of both the systems was poor on
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cloudy days. Thus, although the solar tracking system efficiently collects incident solar radiation on
sunny days, its system is ineffective on cloudy days. Therefore, the tracking mode did not produce
measurable increases in power output on cloudy days. Therefore, on cloudy days, the tracking mode
should be suspended to save the energy required to drive the system.
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Figure 1. Power generated (Wh) over time (plotted in 10-min increments) on sunny days.
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Figure 2. Amount of solar irradiance (kW/m?) over time (plotted in 10-min increments) on
sunny days.
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Figure 3. Power generated (Wh) over time (plotted in 10-min increments) on cloudy days.
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Figure 4. Amount of solar irradiance (kW/m?) over time (plotted in 10-min increments) on
cloudy days.

In Figures 5 and 6, we present the measurements of power generated from different horizontal solar
irradiances on days that were intermittently cloudy and sunny. The amount of power generated by the
two methods was consistent with the solar irradiance. During cloudy portions of the day,
the solar irradiance declined to 0.02 kW/m?. At this stage, the power generated by the two methods
also decreased along with the decreasing solar irradiance. However, during sunny periods of the day,
the solar irradiance rose to 0.34 kW/m?. At this stage, the power generated by the two methods also
increased with the increasing solar irradiance. The power generated under these conditions was highly
variable. Furthermore, during sunny periods of the day, the amount of power generated by the solar
tracking system exceeded the amount of power generated by the fixed solar pane by up to 25%.
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Figure 5. Power generated (Wh) over time (plotted in 10-min increments) on days that
were intermittently sunny and cloudy.
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Figure 6. Amount of solar irradiance (kW/m?) over time (plotted in 10-min increments) on
days which were intermittently sunny and cloudy.

From December to March, the power produced by the solar tracking system and the fixed solar
panel either increased or decreased depending on the solar irradiance (Figures 7 and 8). The power
generated from the solar tracking system was approximately 20% to 25% higher than that produced by
the fixed solar panel (Figure 9). With an increase in solar irradiance, the linear regression ratio of the
two methods also increased (Figures 10 and 11). The average solar irradiance (R?) value was 0.7112.
These results indicated a significantly positive linear relationship.

Under the same sunlight, the average solar irradiance (R?) value was 0.9805 under fixed power
output (Figure 10). Under tracking power output, the average solar irradiance (R?) value was 0.9878
(Figure 11). These values indicated that the relationship between the tracking power output and
average solar irradiance was greater than the association between fixed power output and average
solar irradiance. In summary, the power generated by the two methods had a strong association with
solar irradiance.
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Figure 7. Power generated (Wh) over a four month period (December—March) by the
Fixed and Tracking Solar Systems.
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3. Material and Methods

3.1. Solar Tracking System Design

7374

The structural components and working principle of the solar tracking system are described in

Figure 1 and the following sections (1) and (2).

(1)  Structure of the automatic solar tracking system

In the mechanical transmission parts, the main technical indicators were as follows: component

strength, component stiffness, component stability, angle range, and tracking accuracy.

(a) Component strength: Component should have sufficient strength; the so-called strength is defined

as the ability to resist damage under load.
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(b) Component stiffness: Component should have sufficient rigidity. Certain structural deformations
cannot exceed the permissible limits of normal operation.

(c) Component stability: Member should have sufficient stability; the requirements of the original
straight shape remain unchanged.

(d) Angle range: In the mechanical transmission part of the solar tracking system, the orientation
axis angle should be at least 270°, and the corner of the pitch axis should be 90°.

(e) Tracking accuracy: At a 12° angle, the system followed the sun once in every forty-eight minutes.

These factors govern the mechanical transmission part of the design. A two-axis automatic solar
tracking system was designed for greenhouse applications [25]. The solar automatic tracking system is
shown in Figure 12.

(b)

Figure 12. (a) Assembly diagram. 1 solar panels: angle steel bracket; 2 pitch-axis;
3 rectangular steel piece; 4 azimuth-axis gear; 5 pitch-axis great gear; 6 pinion;
7 two-axles-bearing pedestal; 8 pillar; 9 lower base element; 10 upper base element;
11 axle-bearing pedestal; 12 flange; 13 button shaft flange; 14 bearing; 15 flat key;
16 bearing; 17 bearing block shoulder; (b) Overall diagram. The system follows solar
irradiance automatically.
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(2) Motion Simulation using COSMOS Motion Analysis

The solar panel’s axial movement was ascribed in a 1/4 circle (The largest pitch angle can be
rotated at 90°). The solar panels’ pitch-axis trajectory was depicted by applying the COSMOS Motion
analysis tool on the surface of solar panels, precluding the interference during their free movement
(Figure 13). The solar panel movement was established in a 3/4 circle with the same orientation.
COSMOS Motion analysis determined the azimuth-axis trajectory of solar panels, preventing the
interference during their freed movement [26] (Figure 14).

Figure 13. Pitch-axis trajectory (0°-90°).

Figure 14. Azimuth-axis trajectory (0°-270°).

3.2. Solar Tracking System: Experimental Methods

Due to the large size of the automatic solar tracking system, the processing time was long.
Moreover, the automatic solar tracking system was highly expensive and occupied a large area. Taking
these factors into consideration, we designed and constructed a smaller solar automatic tracking system
(Figure 15). Table 1 enlists the variables of this solar panel. The total (global) solar irradiance (kW/m?)
that impinged on the horizontal surface of the Earth is typically measured by pyranometers, which are
mounted horizontally to measure the irradiance over 2-p steradians (a hemisphere) [27-29]. As shown
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in Figure 16, the measurements of solar irradiance were taken using a DFY-2 radiometer; the
specifications of these measurements were provided in Tables 2 and 3. In northeast China, greenhouses
have to be provided with additional light in winter. However, as the solar irradiance in winter is very
little, so a solar energy system would find it difficult to generate sufficient power for long durations of
time in winter. Therefore, we had to perform experimental comparisons.

Figure 16. DFY-2 Radiometer.

Table 1. Solar panel variables.

Maximum Operating Operating Open Circuit Open Circuit
Power Voltage Current Voltage Current
10 W 172V 0.59 A 213V 0.63 A 385x290x25mm  1.4kg

Dimensions Weight

Table 2. DFY-2 Radiometer technical variables.

Sensitivity Resistance Inertia
7.2-14.3 pv/wm? 35+5 40 s
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Table 3. DFY-2 Radiometer Suitable Environment and Dimensions.

Temperature Relative Humidity Dimensions Weight
—45—+45 °C <95% rh 180 x 270 mm 3.2 kg

In winter, the device was placed such that it faced a window in a laboratory, and the experiment was
continued. However, the building that was located in front of the window blocked sunlight, preventing
it from entering the laboratory before 10:00. This building also effectively blocked the sunlight from
entering the laboratory room after 15:00. Therefore, the experimental data were collected between
10:00 and 15:00. The fixed solar panel and tracking system generated power simultaneously from
10:00 to 15:00. Every 10 min, we measured the power output and the amount of solar irradiance in the
laboratory. We subsequently compared the power generated by the tracking system and the fixed solar
panel. Furthermore, in the same environment, we also measured the amount of solar irradiance using
the DFY-2 Radiometer. Under the same levels of solar radiations, we measured the solar irradiance
and the generated capacity of the fixed and automatic tracking systems. We performed these
measurements during the entire winter season, which extended from December 2012 to March 2013.

The system was tested under conditions of natural weather. We plotted the variation in solar intensity
(y-axis) and the power generated by the system over time (x-axis) (Figures 1 and 2). We plotted
the results for a sunny day, a totally cloudy day, and a day that was intermittently cloudy and sunny;
we selected these days in each of the four months of winter season (December—March).

From 10:00 to 15:00, the ratio of power output increase was calculated for the tracking system
using samples representing four sunny days, four cloudy days, and four days that were intermittently
cloudy and sunny in each of the four months of winter season (December—March).

4. Conclusions

(1) A new solar tracking system was designed using COSMOS Motion, which performed
a simulation analysis and demonstrated the expected motion trail in the absence of an
interference phenomenon.

(2) In this study, we successfully implemented a tracking solar power system. In northeast China,
during the winter season, the days are relatively short. As a result, northeast China receives
sunlight for a shorter duration of time. Therefore, very little power is generated by fixed solar
panels during winter. However, with the newly designed solar auto tracking system, the power
generation increased by 20% to 25% in winter. This novel system produced power rapidly
and effectively.

(3) A regression analysis was conducted to assess the power produced by the solar auto tracking
system and fixed solar panels. The experimental results showed a positive relationship between
the power generated by both the methods and the amount of solar irradiance. The higher ratio
of power generated by both the solar methods was also positively associated with the average
solar irradiance. The results of this study would serve to enhance solar power research
throughout China.
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