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Abstract: In this work, the enhancement of the solar cell output in a light-dependent resistor (LDR)-

based dual-axis solar tracking system (DASTS) in a fixed solar panel system was quantified under 

different seasons and weather conditions in the city of Qingdao, China. Measurement results show that 

DASTS could significantly improve power generation efficiency, providing 9.9%–12.8% and 30.6%–

32.8% extra daily power output over a fixed-angle system in winter and spring, respectively. It was 

also found that the power output of the solar panel is higher during the noon period of winter than in 

spring. Special attention was therefore placed on the effect of panel temperature on the solar panel 

photovoltaic (PV) conversion efficiency. A clear inverse relationship was observed between the two 

factors, with the PV conversion efficiency decreasing from 14.7% to 9.8% with an increased panel 

temperature from 20 to 55 ℃. It is concluded that, to achieve maximum solar cell panel power output, 

the panel temperature effect needs to be taken into consideration. 

Keywords: solar cell; dual-axis sun tracking system; enhancement performance; panel temperature 

effect; power output 

 

1. Introduction 

The heavy dependence of human society on fossil fuels has led to a large amount of greenhouse gas 

emissions, which not only exacerbate global climate change but also pose a threat to public health [1,2]. 
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Technologies aiming to mitigate greenhouse gas emissions and recycling utilizations are therefore 

becoming a hot research spot [3–7]. Among various emerging clean energy technologies, solar 

photovoltaic (PV) power generation stands as an important branch to simultaneously fulfill carbon 

neutrality and green economy transformation [8–10]. 

In order to maximize the reception of solar radiation, solar tracking systems (STS) with single-

axis or dual-axis structures that synchronize to the movement of the sun are becoming a popular 

research topic [11–15]. Among the representative single-axis solar tracking system (SASTS) studies, 

Wang et al. [16] improved a tilted bifacial PV system and reported an annual power gain ratio up to 

30%. Khandekar et al. [17] developed an intelligent system to drive the SASTS and reported a higher 

power conversion efficiency of 30.3% against 22.4% in a fixed panel system. On the other hand, the 

dual-axis solar tracking system (DASTS) has found wider applications than the SASTS as it can track 

the maximum sun irradiation direction in a more precise manner [18–22]. In comparison with the 

normal fixed panel setup, Fathabadi [23] reported 19.1%–30.2% higher solar energy capture amount 

in different seasons via employing an offline sensor-less DASTS. Sidek et al. [24] reported a 26.9% 

higher power generation by employing astronomical and GPS data to achieve dual-axis sun tracking. 

Jamroen et al. [25] obtained 20% higher energy generation with a UV sensor-based DASTS. Ponce-

Jara et al. [26] demonstrated that the DASTS based on IoT technology could generate extra 19.6% 

electricity energy. To maximize sun irradiance collection under unfavorable weather conditions, 

Andriamahefa et al. [27] combined a radiometric cube with four photodiode sensors to control the 

dual-axis sun tracker movement, based on which they achieved extra 40.5% energy in cloudy days. 

Jaafar et al. [28] reported that the DASTS would improve the energy output by up to 45%. In an 

additional comparison to SASTS, Nguyen and Ho [29] recorded an outstanding performance of the 

DASTS, 20.7% and 32.4% over the single-axis and fixed system, respectively. Even with a novel 

structure design, Zhu [30] found that the SASTS could only achieve 96.4% performance of the dual-

axis system. Riyadi et al. [31] reported a collected solar radiation of 7.523 kWh/m2/d from DASTS, 

obviously higher than that from fixed (5.639 kWh/m2/d) and one-axis solar systems (6.858 kWh/m2/d). 

Although it has been well demonstrated that the DASTS could more efficiently collect solar power, 

the complexity of the movement system and maintenance costs make the dual-axis system lack 

commercial competitiveness in comparison to the single-axis and/or fixed panel systems that have simpler 

mechanical parts and/or control algorithms [32]. Following the microcontroller’s instruction to improve 

altitude and azimuth tracking efficiency, more energy consumption with additional external power input 

is usually required to activate the DASTS motor than the fixed panel system [33–36]. To alleviate concerns 

about DASTS’ cost and complexity, several novel designs and implementations have been reported in 

recent years. For instance, Jamroen et al. [37] presented a digital logic-designed automatic DASTS based 

on a closed-loop control algorithm and four LDR sensors. They found that the proposed tracking system 

could increase energy harvest efficiency by 44.89% against the fixed panel systems at a revenue time of 

754–1130 days, depending on the different electricity prices of 0.3–0.2 $/kWh. Karabiber and Gun̈es [38] 

designed an asymmetric solar tracker (AST) system that is free from heavy metal parts and activated 

by a single motor. They declared that it had the same cost level as fixed panel systems but could provide 

25%–38% extra daily energy output. Song et al. [39] designed an LDR sensor-based DASTS driven 

by panel self-generated electricity without any external power supply. Their tests showed that it could 

generate 28.5%–42.9% more power output than the fixed system at a cost-benefit period of 10 years 

at an electricity price of 0.15 $/kWh.  

It can be deduced from the above literature studies that, in order to maximize the photovoltaic 
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conversion efficiency, the DASTS has prevailed in recent years. Its design, implementation, and 

performance, however, vary among researchers. Additionally, the mechanical and control systems and 

the specifications of the employed solar panels differ significantly among works, and comprehensive 

performance evaluations of DASTS in different seasons are not widely available.  

To help achieve higher solar power collection efficiency and widen the knowledge of solar energy 

conversion behaviors, in this work, the enhancement performance of a solar panel in an LDR-based 

DASTS is quantified in both winter and spring. Based on the measurement results, the effect of the 

panel temperature on solar energy conversion efficiency is also investigated. It is expected that this 

study could comprehensively clarify the performance of DASTS and reveal key factors for PV 

conversion efficiency, thus contributing to an increasingly sustainable society. 

2. Experimental analysis 

2.1. DASTS 

Descriptions of the design and fabrication of the LDR-based DASTS are displayed in Figure 1 for 

the front and back views, respectively. Figure 1(a) shows the key component of the LDR sensor and 

polycrystalline solar panel at a size of 1533 × 657 mm2. Figure 1(b) clearly reveals the mechanical and 

control parts of the DASTS.  

 

(a) Front view                            (b) Back view 

Figure 1. Illustration of the LDR sensor-based DASTS. 

Figure 2 details the key mechanical and control parts of the DASTS. For an accurate positioning 

in response to radiation direction, the LDR unit consists of four light-dependent resistor sensors that 

comprehensively evaluate the received light intensity. The microcontroller is able to activate the two 

separate motors to adjust the orientation of the solar panels via two movements: inclination and rotation. 

The solar auto-tracker can also manually adjust the solar panel orientation to suit different operational 

needs, such as keeping the panel at a certain inclination and direction. It is worth noting that there is 

no external power supply to operate the microcontroller and the two motors. In all weather conditions, 

dual-axis position adjustments are fulfilled through the electricity generated by the solar panel itself, 

which ensures the net power gain of the DASTS. 
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1-LDR sensor 
5-Tracking microcontroller 

6- Rotating support 

3- Travel switch  7-Motor  8-Stable current and 

voltage module  

9-Lead screw  

Figure 2. Key parts in the DASTS fabrication. 

 

Solar PV panel tester 

 

Thermometer 

 

Solar power meter 

Figure 3. Measurement devices for evaluating the DASTS performance. 

Figure 3 describes the measurement devices for the key parameters of solar panel power 

generation, panel temperature, and solar irradiation intensity. Specifically, the solar PV panel tester or 

maximum power point tracker (MPPT) can track the maximum power point and accurately measure 

the power output of the solar panel, while the solar power meter can provide instantaneous sun 

radiation intensity. 
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2.2. Measurement procedures 

Measurements were conducted to evaluate the solar PV power output of the DASTS compared to a 

fixed solar panel system during winter and spring seasons between January and May, 2024, in the City 

of Qingdao, East China. The DASTS ensures that the solar panel is always perpendicular to the direction 

of solar radiation, while the stationary system fixes the solar panel facing south at a tilt angle. Based on 

the season and location of the city, the azimuth angle of the stationary system was set to 2° south by west, 

and the tilt angle was set to 34°. To compare the power output enhancement performance of the DASTS 

with the stationary system, after measurement on DASTS, the auto-tracking controller was turned off, 

and the solar panel was reset to the stationary position to obtain the power output of the fixed solar panel. 

The two sets of measurements were carried out under the same weather conditions to ensure reliable 

comparative studies. In this study, the power output of the DASTS and the fixed system were measured 

in the winter and spring; additional parameters, such as panel temperature and light intensity 

perpendicular to the direction of the solar panel, were measured in the spring. Based on the actual time 

of sunrise and sunset from January to May in the testing site, the measurement period was set to 8:00–

17:00 with data acquisition every 15 min.  

3. Results and discussions 

3.1. Test dates and weather conditions  

Table 1 lists the specific weather conditions, including air temperature, wind level, and wind 

direction, for each test date: January 28 and 30 in the winter, and March 31, April 9, 16, and 24, and 

May 1, 2, and 3 in the spring. The weather is described as sunny (favorable), cloudy to sunny (common), 

or cloudy (unfavorable), to ensure a comprehensive evaluation and analysis of the energy collection 

enhancement performance of the DASTS over the fixed panel system. By including different weather 

conditions in different seasons, it is expected that the test results will fully explore the advantages of 

DASTS in the enhancement of solar power utilization. 

Table 1. Test dates and weather conditions. 

Dates Weather conditions Temperature Wind power (scale) Wind direction 

2024.1.28 Sunny −2–4 ℃ 2 Northwest 

2024.1.30 Cloudy 4–7 ℃ 3 Southeast 

2024.3.31 Cloudy to Sunny 8–14 ℃ 2 Southeast  

2024.4.9 Sunny 10–17 ℃ 2 Southeast  

2024.4.16 Cloudy to Sunny 9–23 ℃ 1 Northwest  

2024.4.24 Cloudy to Sunny 13–21 ℃ 2 Northwest  

2024.5.1 Sunny 12–25 ℃ 2 Southwest  

2024.5.2 Cloudy 11–24 ℃ 2 South  

2024.5.3 Foggy to Sunny 13–20 ℃ 2 South 
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3.2. PV outputs at different seasons 

3.2.1. PV output in the winter 

Solar panel power output from both the DASTS and the fixed panel system was measured on 

January 28 and 30 during winter; the results for both days are depicted in Figure 4(a),(b), respectively. 

DASTS’ highest power output during the sunny day of January 28 was nearly 120 W, much higher than 

the maximum 100 W during the cloudy day of January 30. The DASTS could also capture solar energy 

more efficiently, especially in the morning and the afternoon period, than the fixed solar panel system. 

Even under cloudy weather, as is the case in Figure 4(b), the DASTS provided an increase in power 

output compared to the stationary system, demonstrating that DASTS is able to function under 

unfavorable cloudy weather conditions.  

 

Figure 4. Comparison of the PV output power between DASTS and the fixed panel system 

during the winter days of (a) January 28 and (b) January 30. 

 

Figure 5. Comparison of the daily PV power output between DASTS and the fixed panel 

system during the winter days of January 28 and January 30. 

Based on the electricity generation power output results shown in Figures 4 and 5, it is evident that 

both systems had higher power output on January 28 than on January 30 due to the higher sunlight 
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intensity. It is also observed from the figure that, on the sunny day of January 28, the DASTS generated 

power at 2.75 MJ versus 2.50 MJ of the stationary system; on the cloudy day of January 30, the power 

generated by DASTS was 1.46 MJ, higher than the 1.30 MJ provided by the stationary system. It can be 

estimated that the power output of the DASTS was 9.9% higher than that of the stationary system on a 

sunny day and 12.8% higher on a cloudy day, showing a more obvious enhancement performance of the 

DASTS on cloudy days during winter. 

3.2.2. PV output in the spring 

Figure 6 shows the power output profiles of the DASTS and the stationary solar panel system 

during several days of spring: March 31, April 9, April 16, and April 24. The power output of the 

stationary system, as depicted in red lines, shows a clear dependence on the degree of deviation to the 

maximum sun irradiation direction, with a clearly lower power generation in the morning (8:30–10:30) 

and afternoon (14:30–16:30) periods, when the sun irradiation direction is far from the fixed direction 

in the stationary panel system. On the other hand, the power output behavior of the DASTS, in black 

lines, shows obvious improvements in the two periods of the day with a much flatter power output 

profile, clearly demonstrating the outperformance of DASTS over the fixed panel system.  

 

 

Figure 6. Comparison of the PV output power between the DASTS and the fixed panel 

system during spring days of (a) March 31, (b) April 9, (c) April 16, and (d) April 24. 
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Figure 7 compares the daily power output from both solar panel systems during the four days in the 

spring. It is clearly observed that the DASTS significantly improved the power output compared to the 

stationary system, with a generated power of 3.33, 3.25, 3.22, and 3.15 MJ compared with 2.55, 2.48, 

2.42, and 3.15 MJ on March 31, April 9, April 16, and April 24, respectively. The enhancement ratio of 

the DASTS was 30.6%–31.8% higher than that of the fixed panel system. In comparison to Figure 5, 

which shows the results during winter, both the energy output and the enhanced performance of DASTS 

were much more significant during spring. It is concluded, therefore, that the DASTS could provide 

more electricity power than the stationary panel system regardless of season and weather conditions. 

It is worth noting that the measurement results on daily power generation output amount, as well as 

the enhancement ratio of the DASTS over the stationary system obtained here, agree with literature data 

in the spring season of 2023 [39], thus validating the results reported in this study.  

 

Figure 7. Comparison of the daily PV power output between the DASTS and the fixed 

panel system during the spring days of March 31, April 9, April 16, and April 24. 

3.3. Effect of panel temperature on the PV output performance  

The PV output power profiles in winter, as shown in Figure 4, and in spring, as shown in Figure 6, 

show that although the overall power output was lower in winter, the output powers of DASTS at the 
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power output performance. Accordingly, in this section, the panel temperature effect on PV output 
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To reveal the effect of panel temperature on the solar panel power output, both panel temperatures 
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Figure 8. The relationship between solar cell output power and panel temperature in (a) 

March 31, (b) April 9, (c) April 16, and (d) April 24. 
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within the range of 34.7–40.9 ℃, every 1 ℃ increase in panel temperature would lead to a 1% decrease 

in the daily power generation amount. 

3.3.2. PV conversion efficiency 

To quantify the negative correlation between solar panel temperature and solar cell power output, the 

dependence of the PV conversion efficiency, which is defined as the ratio of generated power over the total 

received sun irradiation, on the panel temperature, was investigated. The measurements were performed in 

three consecutive days from May 1 to May 3, and the results are displayed in Figure 9(a)–(c). 

 

Figure 9. Relationship between solar cell PV conversion efficiency and panel temperature 

on (a) May 1, (b) May 2, and (c) May 3 of 2024. 

Figure 9 shows that, in response to the gradually increasing solar irradiation in the morning and 

the gradually decreasing solar irradiation in the afternoon, the solar panel temperature varied 

accordingly in the range of 20–50 ℃, 25–53 ℃, and 25–55 ℃ for each of the three days. In the same 

figure, the negative relationship between panel temperature and PV conversion efficiency can be 

clearly observed. In Figure 9(a), the results on May 1 show that the energy conversion efficiency drops 

from the maximum of 13.4% to 10.5% along with an increasing panel temperature from 29 to 52 ℃. 

Figure 9(b),(c) shows that, for the other two days, the same tendency occurs between panel temperature 

and PV conversion efficiency. In summary, the solar panel temperature elevation within the range of 

20–55 ℃ obviously suppressed the PV conversion efficiency within the range of 9.8%–14.7%.  

  

8:30 9:30 10:30 11:30 12:30 13:30 14:30 15:30 16:30

20

25

30

35

40

45

50

55

60

65

 Temperature

 Conversion efficiency

T
em

p
er

a
tu

re
 (

°C
)

May 1st 

Sunny, 12℃~25℃

9.5

10.0

10.5

11.0

11.5

12.0

12.5

13.0

13.5

 C
o

n
v

er
si

o
n

 e
ff

ic
ie

n
cy

 (
%

)

Time
(a) 

8:30 9:30 10:30 11:30 12:30 13:30 14:30 15:30 16:30
25

30

35

40

45

50

55

60

65

 Temperature

 Conversion efficiency

T
e
m

p
e
r
a
tu

r
e
 (

°C
)

May 2nd

Time

Cloudy, 11℃~24℃ 

9.5

10.0

10.5

11.0

11.5

12.0

12.5

13.0

13.5

C
o

n
v

e
rs

io
n

 e
ff

ic
ie

n
c
y
 (

%
)

(b) 1 

8:30 9:30 10:30 11:30 12:30 13:30 14:30 15:30 16:30

25

30

35

40

45

50

55

60

65

 Temperature

 Conversion efficiency

T
em

p
er

a
tu

re
 (

°C
)

Time

May 3rd

Weather：Foggy to Sunny Temperature：13℃~20℃

9

10

11

12

13

14

15

C
o

n
v

er
si

o
n

 e
ff

ic
ie

n
cy

 (
%

)

 (c) 2 



137 

Clean Technologies and Recycling  Volume 5, Issue 2, 127-142. 

3.4. Discussion 

An in-depth analysis of the factors that influence solar cell electricity power output is an important 

basis for a more efficient development of the solar energy field. 

Solar light intensity definitely plays an important role in solar panel power output; the greater the 

amount of sunlight received by the panel, the more electricity the solar panel produces. The intensity 

of sunshine at the noon period surpassed 1000 watts per square meter, obviously higher than in the 

morning and afternoon periods. This resulted in time-dependent power output profiles, as shown in 

Figure 4(a)–(b), Figure 6(a)–(d), and Figure 9(a)–(c). The higher sun irradiation amount also led to a 

higher daily power output in the spring than in the winter, as revealed in Figures 5 and 7. 

Additionally, based on the results reported in Section 3.3, the panel temperature is another key 

factor for solar cell PV conversion efficiency. More specifically, in the studied temperature range of 

20–55 ℃, increasing panel temperature resulted in an obvious decrease in solar cell PV conversion 

efficiency from ~15% to ~10%. This experimental observation is consistent with Cuce [40], who 

reported that a dramatic open circuit and maximum voltage decrease with increasing cell temperature. 

The physical mechanisms behind such negative correlation between cell temperature and power output 

capacity can be attributed to the following three aspects: 1) the bandgap width of silicon decreases 

accordingly with the increasing panel temperature, which results in a decrease in photo-generated 

carrier energy and thus a decrease in the output voltage; 2) the higher temperature enhances the activity 

of defect states and consequently excites the non-radiative recombination process of the non-

equilibrium carrier, which releases the energy mainly in the form of heat and therefore results in 

decreased electricity power output; and 3) the energy dissipated in the form of heat inside the solar 

panel increases at higher temperature conditions, which leads to decreased energy to be converted into 

electricity [41–45].  

Panel temperature control studies have become an interesting research topic in recent years. 

Ahmad et al. [46] designed a water-cooling PV system and reported a 10.35% increase in cell 

efficiency in comparison to the non-cooled panel. Rubaiee and Fazal [47] reported that the phase-

change material (PCM) cooling system-integrated PV solar module could generate higher electricity. 

Basem [48] comprehensively analyzed four panel cooling methods and reported the most effective 

approach between water spray over the air, water, and nano-fluid cooling methods. Hamed et al. [49] 

introduced a new adsorption/desorption and heat sink method to cool the solar panel and obtained an 

enhanced power generation capacity of 29.8%. Ahmed et al. [50] overviewed popular solar cell cooling 

technologies, including passive cooling, active cooling, PCM cooling, and surface water spray cooling, 

among others, and pointed out that future research should focus on hybrid cooling approaches and 

explore new PCM materials. 

Therefore, it is concluded that when considering the positive effects of light on power, the 

negative effects of the panel temperature cannot be ignored. In other words, an increase in panel 

temperature in combination with high light intensity may partially offset the power generation capacity. 

It is expected that future PV power generation systems may consider some panel temperature 

management parts to achieve maximum solar power harvest efficiency.  
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4. Conclusions 

In this paper, the solar panel power generation enhancement performance of an LDR-based 

DASTS was experimentally investigated. Special attention was placed on its performance in different 

seasons. The panel temperature effect on the PV power output was quantified as well. The following 

conclusions were drawn: 

(1) The DASTS clearly enhanced power output, especially in the morning and afternoon periods, 

regardless of season. In the winter, the daily power output from the DASTS was 9.9%–12.1% 

higher than that of the fixed panel system. In the spring, the power generation enhancement 

ratio of the DASTS was 30.6%–31.8% higher than that of the fixed panel system.  

(2) The panel temperature had a clear negative impact on PV conversion efficiency and power 

output of the solar cell panel. In the spring, PV conversion efficiency dropped from the 

maximum value of 14.7% to 9.8% along with an increasing panel temperature in the range of 

20 to 55 ℃.  

It was demonstrated that the DASTS is technically feasible to improve the power generation 

efficiency of solar panels. In addition, it is advised that a panel temperature management system is 

applied in the future to achieve maximal solar power harvesting efficiency. 
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