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INTRODUCTION

The decarbonization of the building sector 
is a key priority in achieving global climate and 
energy targets. According to the International 
Energy Agency (IEA), solar thermal technolo-
gies are expected to contribute significantly to 
reducing fossil fuel dependency in space and 
water heating, potentially covering over 20% of 
low-temperature heating demand by 2050. In this 

context, improving the performance, adaptability, 
and control of flat-plate solar collectors (FPSC) 
remains a vital component of the global energy 
transition. FPSC systems are widely adopted due 
to their structural simplicity, low cost, and suit-
ability for various climatic zones. These collec-
tors are primarily used in domestic hot water pro-
duction, space heating, and solar-assisted thermal 
systems. Solar energy technologies are generally 
categorized into three major groups: solar thermal 
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collectors, photovoltaic (PV) modules, and hy-
brid photovoltaic–thermal (PVT) systems that 
simultaneously convert solar radiation into heat 
and electricity [1–3]. Regardless of application, 
all such systems may operate in either a fixed 
(non-tracking) configuration or incorporate active 
sun-tracking mechanisms [4,5].

Tracking systems are further classified by 
their control strategy (open-loop, closed-loop, 
hybrid), drive type (active or passive), degrees 
of freedom (single-axis tracking – SAT, dual-
axis tracking – DAT), and the tracking method 
(sensor-based, time-based, or combined) [6–12]. 
A schematic comparison of SAT and DAT mecha-
nisms is presented in Figure 1, highlighting the 
mechanical and operational differences between 
both approaches. 

Single-axis tracking (SAT) systems enable so-
lar collectors to rotate about a single predefined 
axis, typically to maintain an orientation as close 
as possible to normal incidence with respect to in-
coming solar radiation. Among various configura-
tions, alignment along the north–south meridian 
is generally considered the most effective [13]. 
Based on optimized angular positioning, [14] pro-
posed a discrete SAT design that activates only 
three times per day. Despite its simplicity, ex-
perimental results demonstrated that this approach 
can achieve approximately 90–94% of the energy 
yield of a fully continuous tracking system. SAT 
configurations vary and may include vertical, 

horizontal, tilted horizontal, or polar-aligned axes. 
Compared to DAT systems, SATs offer notable ad-
vantages in terms of lower cost and mechanical 
simplicity, albeit at the expense of reduced track-
ing accuracy and energy capture [15–17].

A comparative summary of their efficiency 
potential, technical complexity, and typical im-
plementation contexts is shown in Table 1.

Numerous studies confirm that sun-tracking 
can significantly enhance solar energy collection. 
Average energy gains range from 30–35% for 
SAT to 40–45% for DAT systems relative to fixed 
configurations [24]. However, most of these stud-
ies focus on idealized or fully dynamic tracking, 
often under highly favorable climate conditions 
such as Mediterranean, desert, or subtropical 
zones. Unlike such settings, this study addresses 
a Central European location (Kragujevac, Ser-
bia), where seasonal variability, solar elevation, 
and cloud cover introduce additional design and 
control challenges for tracking systems.

Neville [25] developed two distinct math-
ematical models to evaluate the thermal perfor-
mance of flat-plate solar collectors (FPSCs): one 
for systems equipped with single-axis tracking 
(SAT), and another for dual-axis tracking (DAT). 
Subsequent theoretical investigations [26] con-
firmed the viability of the DAT concept, indicating 
potential improvements in thermal efficiency ex-
ceeding 20% compared to non-tracking systems. 
Thomson [27,28] conducted both theoretical and 
experimental analyses comparing fixed-position 
FPSCs and DAT-equipped units under the climatic 
conditions of Tallinn, Estonia. The findings dem-
onstrated a seasonal energy gain of approximately 
10–20% in favor of the tracking systems.

Thermal performance metrics vary depending 
on the orientation and type of tracking mecha-
nism. As reported in [29], FPSCs can achieve the 
following thermal efficiencies: 57.12% for N–S 
tracking around an E–W horizontal axis, 62.17% 
for E–W tracking around an N–S horizontal axis, 
59.51% for E–W tracking around a vertical axis, Figure 1. Diagram comparing SAT and DAT

Table 1. Comparison of performance and design complexity of solar tracking systems in flat-plate collectors 
(based on data from [15–23])

System type Number of axes Efficiency gain compared 
to fixed system [%]

Technical 
complexity Typical application

Fixed 0 0% Very low Small-scale, low-cost domestic 
installations

SAT 1 30–35% Moderate Residential buildings, nZEB

DAT 2 40–45% High Large-scale or specialized solar systems
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64.36% for E–W tracking around an inclined N–S 
axis, and up to 67.25% for dual-axis tracking.

Various approaches to modeling the ther-
mal behavior of fixed and tracking collectors 
have been proposed in the literature [30–32], 
encompassing both analytical and numerical 
frameworks. A comprehensive review, which 
also addressed the economic feasibility of track-
ing FPSCs, was presented in [33]. Furthermore, 
the impact of diffuse solar radiation—modeled 
using isotropic and anisotropic formulations ac-
counting for ground reflectance and cloud cov-
er—has been explored for both fixed and dual-
axis tracking configurations [34].

Neagoe et al. [35] developed and experimen-
tally validated an adaptive tracking algorithm for 
flat-plate solar collectors (FPSCs), introducing in-
verse tracking as an effective strategy to prevent 
overheating. Under the climatic conditions of Shtip 
(North Macedonia), Chekerovska and Filkoski 
[36] investigated the impact of solar tracking on 
FPSC efficiency through experimental testing sup-
ported by a validated 3D mathematical model. 
Ajunwa et al. [37] performed a TRNSYS-based 
simulation study on an FPSC system designed for 
solar drying, equipped with manually adjustable 
east–west side reflectors and a SAT mechanism. 
Optimal reflector angles were identified as 80°/45° 
for January and 80°/40° for February and March. 
Implementation of the SAT mechanism led to a 
5.11% increase in total moisture reduction.

Furthermore, current literature lacks a sys-
tematic assessment of how discrete rotation step 
sizes (e.g., 5°, 15°, 30°) affect tracking efficiency 
in FPSC systems. These steps are dictated by ac-
tuator constraints in real-world installations and 
can significantly impact incident radiation and 
control precision. Additionally, a clear distinc-
tion between absolute and relative sun-tracking 
strategies defined in this study as aSAT and rSAT, 
respectively is largely absent in previous work. 
This conceptual differentiation is introduced here 
as a novel framework for understanding and op-
timizing control algorithms in simplified or cost-
constrained solar tracking systems.

From a methodological perspective, this re-
search offers a new approach by leveraging Ener-
gyPlus a widely used building energy simulation 
engine—to simulate high-resolution solar track-
ing. A custom Python interface enables minute-
by-minute time resolution, allowing for accurate 
simulation of stepwise orientation adjustments 
and their influence on collector irradiance. This 

time-resolved framework provides new insight 
into the interplay between tracking step, strategy, 
and site-specific solar availability.

This study analyzes a flat-plate solar collector 
with a single-axis tracking mechanism oriented 
east–west (E–W), rotating around a tilted north–
south (N–S) axis. Eight discrete tracking step 
sizes (ψ = 1°, 2°, 5°, 10°, 15°, 30°, 45°, 90°) are 
evaluated under two control strategies: absolute 
tracking (aSAT) and relative tracking (rSAT). The 
simulations are performed for a clear-sky day (26 
July) using real meteorological data from Kragu-
jevac, Serbia.

Unlike previous works such as [24], which 
investigated photovoltaic trackers under idealized 
continuous motion, this study introduces discrete-
step tracking and compares absolute and relative 
strategies for thermal collectors under Central 
European conditions.

Beyond its relevance to solar thermal research-
ers, the findings of this study may inform designers, 
simulation specialists, and automation engineers 
working on the integration of solar tracking sys-
tems in residential and near-zero energy buildings 
(nZEBs). The introduced framework offers prac-
tical guidance for balancing energy performance 
with mechanical simplicity and control logic, par-
ticularly in solar retrofitting, solar-assisted HVAC, 
and cost-optimized thermal systems.

Furthermore, the proposed numerical frame-
work can be further enhanced in future research by 
coupling the current geometric and radiative model 
with advanced analytical formulations for tran-
sient heat transfer [38,39]. In particular, differential 
methods such as the Adomian decomposition tech-
nique [40] and analytical treatments of moving-
boundary thermal systems [41] could be employed 
to solve nonlinear energy equations in solar collec-
tors. These approaches may provide deeper insight 
into the dynamic temperature field within the ab-
sorber plate and improve the accuracy of predictive 
models for time-dependent solar performance.

MATERIALS AND METHODS

Simulation environment

Numerical simulations were performed using 
EnergyPlus 9.6, a widely adopted tool for energy 
modeling of buildings and HVAC systems. Since 
standard EnergyPlus does not support detailed 
control of solar tracking mechanisms, a custom 
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interface was developed in Python, enabling dy-
namic control of the collector’s orientation by 
modifying tilt and azimuth values at 1-minute 
intervals. This data was fed into the simulation 
using the Energy Management System (EMS), 
allowing for precise emulation of tracking move-
ments throughout the day.

Location and climatic conditions

Simulations were carried out for the city of 
Kragujevac, Serbia (latitude: 44.01°N, longitude: 
20.91°E), which features a temperate continental 
climate. A clear-sky day July 26 was selected to 
examine the performance under maximum solar 
input. Weather data were obtained from the Ener-
gyPlus EPW file for the location, including hour-
ly values for global, diffuse, and direct irradiance.

Tracking configuration and geometry

The analyzed unit is a flat-plate solar collec-
tor with an effective surface area of 0.40 m² (500 
× 800 mm), mounted on a movable structure that 
enables single-axis solar tracking. The tracking 
axis was inclined in the north–south (N–S) direc-
tion, allowing the collector to follow the Sun’s 
daily movement in the east–west (E–W) plane. 
The maximum rotation range of the collector was 
±90°, measured relative to its neutral position 
(facing east at sunrise). The collector tilt angle 
with respect to the horizontal was set to 34°, cor-
responding to the optimal summer configuration 
for the given geographic latitude. The orienta-
tion of the collector surface during tracking was 
described using the rotation of its normal vector 
around the local vertical axis:

 	 𝑛⃗𝑛 (𝑡𝑡) =  𝑅𝑅𝑧𝑧(𝜓𝜓(𝑡𝑡)) · 𝑛⃗𝑛 0 (1) 
 
 

 ψ = {1°,2°,5°,10°,15°,30°,45°,90°}  
 
(2) 
 

𝐼𝐼𝑡𝑡𝑡𝑡𝑡𝑡 = 𝐼𝐼𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 + 𝐼𝐼𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 + 𝐼𝐼𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 
 (3) 

 
 

𝐼𝐼𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 = 𝐼𝐼𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑,𝑐𝑐𝑐𝑐 + 𝐼𝐼𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑,𝑠𝑠𝑠𝑠 + 𝐼𝐼𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑,𝑠𝑠ℎ 
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 – rotation ma-
trix around the local vertical axis (Z-ax-
is), ψ(t) – discrete rotation step at time t. 
The resulting vector n(t) was used to com-
pute the tilt and azimuth angles of the col-
lector in real time, which were passed to 
EnergyPlus as input variables.

Control strategies: absolute vs relative

Two different control strategies were 
implemented:

	• absolute sun tracking (aSAT) – the collector 
rotates to a predefined absolute position, mea-
sured from a fixed reference (e.g., true east). 
Each movement is independent and calculated 
from the base orientation.

	• relative sun tracking (rSAT) – the collector ad-
justs its position relative to its current orienta-
tion, incrementing by a fixed angle ψ at each 
step. This approach better represents low-cost 
systems with time-based or manual control.

The distinction between aSAT and rSAT is 
critical in real-world applications, as it affects both 
energy performance and controller complexity.

Rotation step scenarios

To analyze the impact of tracking precision 
on collector performance, eight discrete rotation 
step sizes were considered:

	 ψ = {1°,2°,5°,10°,15°,30°,45°,90°}	 (2)

Each angle was applied under both control 
strategies (aSAT and rSAT), resulting in a total of 
16 simulation scenarios. The tilt and azimuth val-
ues were computed for each case and converted 
into solar coordinates using local solar time and 
the geographic position of the collector. A full 
overview of the simulation scenarios is presented 
in Table 2. The ψ = 1° case approximates near-
continuous tracking, providing a practical upper 
limit for actuator-based systems.

Assumptions and limitations

To isolate the impact of tracking resolution and 
control strategy on collector exposure, several sim-
plifying assumptions were applied in the simula-
tion model: The solar collector was represented as 
an idealized surface with perfect optical absorption. 
Thermal losses, conversion efficiency, and heat 
transfer mechanisms were not modeled. Mechani-
cal tracking was assumed to operate with no time 
delay or energy loss. Inertia, backlash, and actuator 
constraints were neglected. Environmental influ-
ences such as shading, surface soiling, reflection 
from nearby objects, and wind were not consid-
ered. The analysis focused exclusively on calculat-
ing the total solar radiation incident on the collec-
tor surface throughout the day. These assumptions 
allowed for a controlled numerical comparison 
across scenarios while minimizing the influence of 
secondary factors unrelated to tracking geometry 
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or control. A constant mean temperature of 50 °C 
was assumed to represent typical domestic hot wa-
ter operation and to isolate tracking effects from 
transient thermal behavior. The selected absorber 
area (0.40 m²) serves as a normalized reference, as 
results scale linearly with surface area.

Meteorological data

Hourly profiles of total Htot [W/m²], direct 
Hbeam [W/m²], and diffuse Hdiff [W/m²] terrestrial 
solar radiation received by a horizontal surface in 
Kragujevac (φ = 44.02°N, λ = 20.92°E) on July 
26 are shown in Figure 2.

For July 26 (clear day, sunrise at 04:23 h, sun-
set at 19:03 h), the following average daily values ​​

were measured (Figure 4): Htot,avg=667.61 W/m², 
Hbeam,avg=525.83 W/m² and Hdiff,avg=141.78 W/m². 
The maximum values were recorded at 13:30 h 
(Htot,max=978 W/m²), 14:30 h (Hbeam,max=838 W/m²) 
and 11:30 h (Hdiff,max=258 W/m²). The cloudy-sky 
periods (which can be concluded from the discon-
tinuity of the terrestrial beam solar radiation curve) 
are present in the period from 07:30 h to 15:00 h. 

During the mentioned period for the analyzed 
location, the wind speed cw [m/s] (Figure 5) is vari-
able, but it is within the limits between cw,min=0.4 
m/s (07:00 h) and cw,max=3.1 m/s (17:00 h). Aver-
age daily air temperature is to,avg=21.81 °C (Fig-
ure 3). Minimum and maximum daily values 
are to,min=19.1 °C (04:00 h) and to,max=24.7 °C 
(15:00 h), respectively.

Table 2. Simulation scenarios for different rotation steps and strategies
Scenario ID Tracking strategy Rotation step ψ [°] Scenario number

aSAT_1deg aSAT 1 1

aSAT_2deg aSAT 2 2

aSAT_5deg aSAT 5 3

aSAT_10deg aSAT 10 4

aSAT_15deg aSAT 15 5

aSAT_30deg aSAT 30 6

aSAT_45deg aSAT 45 7

aSAT_90deg aSAT 90 8

rSAT_1deg rSAT 1 9

rSAT_2deg rSAT 2 10

rSAT_5deg rSAT 5 11

rSAT_10deg rSAT 10 12

rSAT_15deg rSAT 15 13

rSAT_30deg rSAT 30 14

rSAT_45deg rSAT 45 15

rSAT_90deg rSAT 90 16

Figure 2. Terrestrial solar radiation on a horizontal surface during July 26 [42]
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SCENARIO SIMULATIONS

Since there are no models for analyzing track-
ing solar systems in the Energy Plus software, the 
models were artificially created for the purposes 
of this study.

Namely, through a series of simulations, the 
total incident solar radiation was calculated dur-
ing the day, for each FPSC rotation angle in the 
E-W direction around the inclined N-S rotation 
axis: from -90° (the moment of sunrise) to +90° 
(the moment of sunset). The rotation angle was 
1°. For the results to be as accurate as possible, 

the one-minute time step was used. The maxi-
mum numerical value for each rotation angle at 
a given time was used to form the daily curve of 
total incident solar radiation. In this way, a large 
database was created, which was then used to cre-
ate different tracking scenarios, in this particular 
case, based on 8 rotation steps ψ [°]: ψ=1°, ψ=2°, 
ψ=5°, ψ=10°, ψ=15°, ψ=30°, ψ=45° and ψ=90°. 
All analyzed cases are graphically presented in 
Figure 4. Total incident solar radiation Itot [W] on 
the tracking surface, i.e. FPSC with SAT, is deter-
mined by Equation 3:

	

𝑛⃗𝑛 (𝑡𝑡) =  𝑅𝑅𝑧𝑧(𝜓𝜓(𝑡𝑡)) · 𝑛⃗𝑛 0 (1) 
 
 

 ψ = {1°,2°,5°,10°,15°,30°,45°,90°}  
 
(2) 
 

𝐼𝐼𝑡𝑡𝑡𝑡𝑡𝑡 = 𝐼𝐼𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 + 𝐼𝐼𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 + 𝐼𝐼𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 
 (3) 

 
 

𝐼𝐼𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 = 𝐼𝐼𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑,𝑐𝑐𝑐𝑐 + 𝐼𝐼𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑,𝑠𝑠𝑠𝑠 + 𝐼𝐼𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑,𝑠𝑠ℎ 
 
 

𝐼𝐼𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 = 𝐼𝐼𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟,𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 + 𝐼𝐼𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟,𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 

(4) 

 (5) 
 

𝜂𝜂(𝑡𝑡) =  𝜂𝜂0 −  𝑎𝑎1· 
𝑇𝑇𝑚𝑚(𝑡𝑡) − 𝑇𝑇𝑎𝑎(𝑡𝑡)

𝐼𝐼𝑡𝑡𝑡𝑡𝑡𝑡(𝑡𝑡)
  

 

 (6) 

 
𝑄𝑄𝑢𝑢(𝑡𝑡) =  𝜂𝜂𝑡𝑡ℎ · 𝐼𝐼𝑡𝑡𝑡𝑡𝑡𝑡(𝑡𝑡) · 𝐴𝐴  (7) 

 

𝑄𝑄𝑢𝑢,𝑑𝑑𝑑𝑑𝑑𝑑 =  𝜂𝜂𝑡𝑡ℎ · ∫ 𝐼𝐼𝑡𝑡𝑡𝑡𝑡𝑡(𝑡𝑡)
𝑡𝑡𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

𝑡𝑡𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

 · 𝐴𝐴𝐴𝐴𝐴𝐴 

 

 (8) 

  

	 (3)

Figure 3. Air temperature and wind speed during July 26 [42]

Figure 4. Tracking movement paths for selected scenarios (ψ = 1°, 15°, 90°) in aSAT and rSAT modes
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where:	 [37]: Ibeam [W] is the beam incident solar ra-
diation, Idiff [W] is the diffuse incident solar 
radiation Equation 3 and Irefl [W] is the re-
flected incident solar radiation Equation 4.
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𝜂𝜂(𝑡𝑡) =  𝜂𝜂0 −  𝑎𝑎1· 
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𝑡𝑡𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

 · 𝐴𝐴𝐴𝐴𝐴𝐴 

 

 (8) 

  

	 (4)
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𝜂𝜂(𝑡𝑡) =  𝜂𝜂0 −  𝑎𝑎1· 
𝑇𝑇𝑚𝑚(𝑡𝑡) − 𝑇𝑇𝑎𝑎(𝑡𝑡)
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where:	 [37]: Idiff,cr [W] is the diffuse incident solar 
radiation from the circumsolar region, Idiff,sd 
[W] is the diffuse incident solar radiation 
from the sky dome, Idiff,sh [W] is the diffuse 
incident solar radiation from the sky hori-
zon, Irefl,beam [W] is the reflected beam in-
cident solar radiation and Irefl,diff [W] is the 
reflected diffuse incident solar radiation.

RESULTS AND DISCUSSION

The aim of this part of the study was to 
compare the effectiveness of two single-axis so-
lar tracking strategies—absolute Sun tracking 
(aSAT) and relative Sun tracking (rSAT)—under 
varying rotation step angles (ψ). The numerical 
simulations were conducted for eight scenarios, 
where the collector was rotated in discrete angu-
lar increments of 1°, 2°, 5°, 10°, 15°, 30°, 45°, 
and 90°. Each scenario was evaluated for a clear 
summer day (July 26) under the climatic condi-
tions of Kragujevac, Serbia (latitude 44.02°N, 
longitude 20.92°E).

Effect of rotation step angle in aSAT mode

In the aSAT strategy, the collector position 
is determined directly based on the real-time so-
lar azimuth and elevation. This method ensures 
that the collector is oriented toward the Sun as 
precisely as the mechanical system allows. The 
simulations aimed to determine how reducing the 
angular resolution of the system i.e., increasing ψ 
affects the amount of solar radiation intercepted 
by the collector surface.

For each scenario, the hourly profile of inci-
dent solar radiation on the absorber surface was 
computed over the entire daylight period. These 
values serve as a proxy for potential thermal en-
ergy yield, as thermal performance is closely re-
lated to solar input under steady conditions. The 
results, visualized in Figure 5, clearly show the 
gradual decline in collected energy as the rota-
tion step increases. This decline is particularly 
noticeable during early morning and late after-
noon hours, where lower-resolution tracking 
(e.g., ψ = 45° or 90°) fails to align the collector 
adequately with the Sun’s position. Notably, even 
relatively coarse adjustments (ψ = 10°–15°) still 
maintain a high level of efficiency compared to 
the finest resolution (ψ = 1°), suggesting that 
modest simplification of the control mechanism 
does not significantly compromise performance. 
However, beyond ψ = 30°, the performance drop 
becomes more pronounced, which may limit the 
usefulness of such configurations in applications 

Figure 5. Daily profile of radiation intensity absorbed by a flat collector in aSAT mode for different rotation 
steps (ψ = 1°–90°)
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where maximizing solar input is critical. As can 
be seen from the data presented, scenarios with 
high tracking precision (ψ = 1°–5°) provide al-
most identical and maximum radiation values 
throughout the day. The lines representing these 
cases are almost superimposed, suggesting that 
further reduction of the angle does not bring sig-
nificant energy benefits.

As the rotation angle increases, the alignment 
of the collector with the Sun deteriorates, resulting 
in a gradual decrease in the intensity of absorbed 
radiation, especially in the morning and afternoon 
hours. The greatest losses are observed for the 90° 
step, where the collector changes position only 
twice during the day, resulting in a low and irregu-
lar yield profile. In this scenario, the energy ob-
tained in the morning and evening hours drops to 
below 300 W/m², which is a significant limitation 
compared to solutions with smaller control angles.

The analysis of the graph therefore confirms 
that precise sun tracking is crucial for optimising 
the system’s performance. Under simulation con-
ditions, the minimum effective step is 5°, which 
can be considered a compromise between the 
complexity of the system and its efficiency.

Dependence of energy yield on rotation 
angle in aSAT mode

To better illustrate the impact of the rotation 
step angle (ψ) on the total daily energy gain un-
der the aSAT strategy, a curve was fitted to the 

simulated data showing the relationship between 
ψ and solar energy received by the collector sur-
face. A second-degree polynomial regression 
model was used to capture the trend, and the re-
sults are presented in Figure 6.

The analysis confirms a clear and consistent 
pattern: as the rotation step increases, the daily 
energy yield systematically decreases. The high-
est values are observed at the smallest rotation an-
gles (1°–2°), which is in line with expectations—
greater tracking precision allows the collector to 
remain more closely aligned with the actual solar 
position throughout the day.

The quadratic regression function fitted to the 
data demonstrated an excellent match, with a co-
efficient of determination R² = 0.9992. This high 
level of correlation suggests that the daily energy 
gain can be accurately predicted as a function of 
ψ. Such a precise mathematical relationship is 
particularly valuable in the early stages of system 
design, for example when selecting motor con-
trollers or deciding on a trade-off between energy 
efficiency and mechanical simplicity (and cost).

It is also worth noting that for the largest sim-
ulated rotation step (ψ = 90°), the energy yield 
falls below 260 Wh/m², which corresponds to a 
loss of more than 9% compared to high-precision 
scenarios. This finding clearly demonstrates that 
in aSAT systems, minimizing the angular step 
can significantly improve overall energy perfor-
mance, and should therefore be considered a pri-
ority in system optimization.

Figure 6. Effect of rotation angle ψ on daily solar energy yield in aSAT mode. The dotted line represents the 
fitted quadratic regression function (R² = 0.9992)
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Effect of rotation step angle on radiation 
profile in rSAT mode

In a similar manner to the aSAT analysis, 
the daily radiation profile of a flat-plate collec-
tor operating under the relative rSAT strategy was 
examined. The analysis included eight different 
rotation step scenarios, ranging from ψ = 1° to 
90°, and the results are presented in Figure 7. For 
small rotation steps (ψ ≤ 5°), the radiation curves 
remain nearly flat and consistently high through-
out the day. This indicates good alignment be-
tween the collector surface and the direction of 
incoming solar rays, suggesting that, under fine-
resolution control, rSAT can achieve energy per-
formance comparable to that of the aSAT strategy.

However, starting from ψ = 10°, visible de-
viations begin to emerge, particularly during the 
morning and afternoon hours. These manifest as 
distinct “steps” or drops in the radiation profile, 
reflecting the system’s inability to adequately 
track the Sun’s movement with coarse angular 
adjustments. The effect is most pronounced for 
ψ = 90°, where the radiation curve becomes no-
ticeably flattened and diverges from those of fin-
er tracking scenarios. This behavior reveals the 
limited responsiveness of rSAT when operating 
at large step intervals, which inevitably leads to 
energy losses.

When compared to the radiation profiles ob-
served under the aSAT strategy, it becomes evi-
dent that rSAT exhibits greater irregularity and 
less stability in energy gain. This is inherent to 

its control principle: the collector’s current posi-
tion depends solely on its previous state, rather 
than on the Sun’s actual position. As a result, even 
minor delays or coarser adjustments can accumu-
late, degrading tracking accuracy over time.

Relationship between energy yield and 
rotation step angle in aSAT mode

For the aSAT strategy, a second-degree poly-
nomial regression curve was constructed to de-
scribe the relationship between the collector’s 
rotation step angle (ψ) and the total daily solar 
energy gain. The analysis included eight discrete 
scenarios, with ψ ranging from 1° to 90°. The re-
sulting regression plot and the fitted function are 
presented in Figure 8.

As expected, the highest energy yields were 
observed for small rotation angles (ψ = 1°–5°), 
where the mechanical system is capable of fre-
quently and accurately adjusting the collector’s 
position to follow the real-time solar trajectory. 
In these cases, the daily energy yield reached up 
to 241.8 Wh/m².

With increasing rotation angle, the system’s 
efficiency gradually declined. This reduction can 
be attributed to the growing angular mismatch be-
tween the incoming solar rays and the absorber 
surface normal. For the largest tested angle (ψ = 
90°), the energy yield dropped below 225 Wh/m², 
representing an approximate 7% loss compared to 
the optimal configuration.

Figure 7. Daily profile of incident solar radiation absorbed by the flat-plate collector under rSAT mode for 
various rotation step angles (ψ = 1°–90°)
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The regression model’s high coefficient of 
determination (R² = 0.9985) confirms excellent 
agreement with the simulation data. This strong 
correlation enables the use of the derived func-
tion in design and optimization processes, par-
ticularly in cases where it is necessary to balance 
mechanical complexity and energy performance. 
The model may be especially useful in the devel-
opment of cost-efficient single-axis tracking sys-
tems for solar thermal applications in residential 
and low-energy buildings.

Comparison of tracking strategies: 		
aSAT vs. rSAT

To directly compare the effectiveness of the 
two tracking strategies—absolute Sun tracking 
(aSAT) and relative Sun tracking (rSAT)—a com-
bined analysis of daily energy yield as a function 
of rotation step angle (ψ) was conducted. The re-
sulting graph is presented in Figure 9.

The results clearly show that aSAT consis-
tently outperforms rSAT across the entire range of 
tested rotation angles. Since aSAT continuously 

Figure 8. Influence of the rotation step angle ψ on daily solar energy gain under aSAT mode. The dashed line 
represents the fitted quadratic regression curve (R² = 0.9985)

Figure 9. Comparison of daily energy yield [Wh/m²] as a function of rotation step angle ψ for aSAT and rSAT 
strategies. The dashed lines represent fitted quadratic regression curves
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aligns the collector with the Sun’s true position, 
it maintains a higher solar energy yield in every 
scenario. The difference is most pronounced at 
small rotation steps (ψ = 1°–5°), where aSAT pro-
vides up to 40–45 Wh/m² more energy than rSAT, 
corresponding to a 15–18% increase in efficiency.

As the rotation angle increases, both strat-
egies experience a gradual decline in perfor-
mance, which is expected due to the decreasing 
tracking precision. However, aSAT remains more 
effective even at the coarsest step (ψ = 90°). In 
this case, the energy advantage of aSAT over 
rSAT narrows to around 15 Wh/m², which still 
represents a meaningful difference over long 
operating periods, especially in year-round ap-
plications. For both strategies, the relationship 
between ψ and energy yield is well described by 
a second-degree polynomial regression, indicat-
ing that the efficiency loss with increasing step 
angle is nonlinear. This type of relationship is 
particularly valuable in practical system design, 
as it provides a visual and analytical basis for op-
timizing the balance between mechanical com-
plexity and energy performance.

On average, the daily energy yield achieved 
by aSAT was 279.6 Wh/m², compared to 238.6 
Wh/m² for rSAT. This means that absolute track-
ing generated approximately 41 Wh/m² more so-
lar energy per day, which translates to a 17.1% 
overall advantage across the full range of ψ val-
ues. The largest differences were observed at ψ = 
1°–5°, where aSAT held a performance edge of 
up to 17.6%, while at ψ = 90°, the difference nar-
rowed to 14.6%. These results confirm that aSAT 
not only provides superior energy yield but also 
maintains better efficiency under simplified con-
trol conditions.

The obtained data may serve as a valuable 
design reference for selecting appropriate track-
ing strategies and control parameters in solar 
collector systems—particularly in building appli-
cations, where system cost, simplicity, and long-
term performance must be carefully balanced.

Simplified thermal performance model

Although the numerical analysis conducted in 
this study focused exclusively on the geometric 
and radiative aspects of solar tracking, in practi-
cal solar thermal systems, the thermal efficiency 
of a flat-plate solar collector plays a crucial role 
in determining the net useful energy output. To 
estimate the potential thermal benefit of improved 

solar tracking precision, a simplified thermal per-
formance model is introduced here.

Assumptions and model structure

To maintain analytical transparency while in-
creasing physical realism, the collector is modeled 
as a quasi-steady system under clear-sky conditions. 
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where:	η0 – 0.74 is the optical efficiency of the 
collector, a1 –3.5 W/m2K is the overall 
heat loss coefficient, Tm​(t) is the aver-
age fluid/absorber temperature (assumed 
constant at 50 °C), Ta​(t) is the ambient air 
temperature (obtained from the simula-
tion), Itot​(t) is the total incident solar ra-
diation on the collector surface.

A constant mean temperature of 50 °C was 
assumed to represent typical domestic hot wa-
ter operation and to isolate tracking effects from 
transient thermal behavior.
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where:	ηth​ – thermal efficiency, Itot(t) – instanta-
neous incident radiation [W/m²], A – ef-
fective absorber area = 0.40 m².

The daily useful energy output, Qu,day​, is then 
estimated as:
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This integral is evaluated numerically using 
the 1-minute resolution output from the EnergyP-
lus simulations. To maintain consistency with the 
simulation time resolution, the above equation is 
applied on a per-minute basis throughout the day-
light period. The daily energy yield Qu,day is then 
computed as the numerical sum over the entire 
period. This model allows for more accurate es-
timation of thermal output compared to constant-
efficiency assumptions, while still avoiding the 
complexity of full dynamic thermal simulations.
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Results for 16 scenarios

Table 3 summarizes the estimated useful ther-
mal energy gain for each of the 16 tracking scenar-
ios (8 step sizes × 2 strategies). The results were 
initially calculated assuming a constant thermal 
efficiency of η = 0.65 to provide a simple com-
parative baseline. However, to improve physical 
accuracy, a temperature-dependent performance 
model was applied in Section 4.3, which adjusts 
efficiency dynamically based on ambient condi-
tions. This dual approach enables comparison be-
tween simplified and more realistic thermal yield 
estimations, while maintaining consistency with 
previously published methodologies.

These results indicate that even under simpli-
fied thermal assumptions, the impact of the track-
ing strategy and rotation step is significant. The 
highest thermal gain (96.9 Wh/day) was achieved 
with aSAT and ψ = 1°, while the lowest (77.7 Wh/
day) was observed for rSAT and ψ = 90°.

Temperature-dependent thermal model

To improve the realism of the thermal gain 
estimates, a temperature-dependent collector ef-
ficiency model was applied, based on the Hottel–
Whillier Equation 6. The resulting effective col-
lector efficiency was ηreal = 0.592. Applying this 
to previously computed daily solar inputs, the 
adjusted thermal gains per day (Qreal) and annual 
thermal outputs were recalculated for selected 
cases. These are summarized in Table 4.

The numerical analysis clearly demonstrates 
that both the tracking strategy and the rotation 
step (ψ) have a substantial impact on the solar 
energy yield of flat-plate collectors. The absolute 
Sun tracking (aSAT) strategy—based on real-time 
alignment with the solar position—consistently 
produced the highest energy gains across all sce-
narios. Its advantage was particularly evident for 
small rotation steps (ψ ≤ 10°), where aSAT out-
performed the relative tracking (rSAT) approach 
by approximately 15–17% in daily solar input. In 
contrast, the rSAT strategy, which adjusts orienta-
tion incrementally based on the collector’s previ-
ous position, exhibited noticeable energy losses 
for larger step sizes. These losses are most pro-
nounced during morning and afternoon periods 
when the Sun’s azimuth changes rapidly. Despite 
its simplicity and low mechanical demand, the 
rSAT mechanism tends to accumulate tracking 

error with coarse angular resolution, leading to a 
less uniform irradiance profile throughout the day.

A key finding of this study is the nonlinear 
dependence of thermal energy gain on rotation 
step size. The quadratic regressions fitted to the 
simulation results reveal that tracking precision 
below ψ = 5° brings only marginal benefits, while 
energy performance declines significantly for ψ ≥ 
30°. This trend indicates the existence of a practi-
cal optimum between ψ = 10° and 15°, where me-
chanical simplicity is preserved without a major 
sacrifice in energy yield.

From an application perspective, such mod-
erate tracking resolution is well suited for small-
scale or building-integrated solar thermal sys-
tems, where simplicity, robustness, and low 
maintenance are crucial design factors. Even with 
relatively coarse tracking, energy collection effi-
ciency remains high, making the approach attrac-
tive for low-energy and near-zero-energy build-
ings (nZEBs) operating in temperate climates.

It should be emphasized that the present mod-
el is intentionally simplified to isolate the influ-
ence of geometry and control logic. Effects such 
as transient thermal behavior, actuator dynamics, 

Table 3. Estimated useful thermal energy gain (Qₐ) for 
flat-plate solar collector under absolute (aSAT) and 
relative (rSAT) tracking strategies, calculated for various 
rotation step angles (ψ) assuming constant thermal 
efficiency ηₜₕ = 0.65 and absorber area A = 0.40 m²

Rotation step ψ [°] aSAT Qa[Wh/day] rSAT Qa [Wh/day]

1 96.9 95.3

2 96.2 94.6

5 95.7 93.5

10 94.2 90.8

15 92.4 87.8

30 88.8 83.7

45 84.6 80.4

90 81.4 77.7

Table 4. Estimated thermal energy output using 
temperature-dependent efficiency model

Strategy ψ [°] Daily gain [Wh] Annual gain [kWh]

aSAT 1 88.3 15.89

aSAT 15 84.2 15.15

aSAT 90 74.2 13.35

rSAT 1 86.8 15.63

rSAT 15 80.0 14.40

rSAT 90 73.0 13.35
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wind load, and shading were not included in this 
stage. Nevertheless, the introduction of the tem-
perature-dependent collector efficiency provided 
a more realistic assessment of thermal perfor-
mance, reducing estimated daily gains by about 
9% compared to constant-efficiency assumptions.

Future research should focus on experimental 
validation using physical test rigs and on extending 
the model to seasonal and multi-climatic analyses. 
Additionally, coupling the geometric tracking al-
gorithm with advanced differential methods—for 
instance, the Adomian decomposition technique 
or moving-boundary formulations—could enable 
more accurate simulation of dynamic heat trans-
fer processes within the absorber plate. These im-
provements would provide a deeper understanding 
of transient behavior and further refine predictive 
capabilities for solar tracking systems.

CONCLUSIONS

This study presented a numerical analysis of 
Sun-tracking strategies for flat-plate solar collec-
tors, focusing on the effects of rotation step size 
(ψ) and control strategy on thermal performance. 
Sixteen configurations were evaluated by com-
bining two tracking modes – aSAT and rSAT—
with eight discrete rotation step angles ψ = {1°, 
2°, 5°, 10°, 15°, 30°, 45°, 90°}.

The results demonstrate that both the tracking 
strategy and the chosen rotation interval have a 
pronounced influence on the collected solar energy. 
The aSAT strategy consistently achieved higher en-
ergy yields—by up to 17% compared to rSAT—es-
pecially at fine rotation steps (ψ ≤ 10°). However, 
as ψ increased, both strategies exhibited diminish-
ing returns, confirming the nonlinear relationship 
between tracking precision and thermal gain.

An optimal range of ψ = 10–15° was iden-
tified as a practical compromise between energy 
performance and mechanical simplicity. Within 
this range, the collector maintained over 90% of 
the energy captured by continuous tracking, in-
dicating that moderate angular resolution is suf-
ficient for efficient solar thermal operation.

Future work should focus on experimental 
validation of the proposed tracking model, in-
cluding seasonal variations and real-world dy-
namic effects such as actuator delay, shading, 
and thermal inertia. The numerical framework 
developed in this study can also be extended us-
ing advanced differential methods, such as the 

Adomian decomposition approach, to couple tran-
sient thermal and radiative processes in solar col-
lector systems.
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