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Abstract: This paper presents a comparison of the 24-month production of electricity and momentary
power by two photovoltaic systems with a nominal power of 1000 Wp each. The analyzed systems are
connected to the power grid and operate independently: a fixed system with optimal all-year-round
angular positioning and an astronomical-sensor-controlled dual-axis tracking system. The systems
under consideration consist of PV modules with a unit electrical power of 200 Wp, and the production
technology of those modules is the same. The tested systems were located on the building rooftop of
the Faculty of Control, Robotics and Electrical Engineering of the Poznan University of Technology
in Poland (Central Poland, 52◦24.4152′ N, 16◦55.7958′ E) at a height of 30 m above ground level.
The measurements take into account the consumption of electricity by the actuators of the dual-axis
positioning system. Increases in the produced electricity by 35.6% and 44.7% were observed for local
climatic conditions during the first and second measuring years, respectively, when comparing the
use of the dual-axis tracking system with the use of fixed units. Results show that the analyzed
region of central Poland, represented by the city of Poznań, creates favorable climatic conditions
for the use of astronomical-sensor spatial positioning systems for photovoltaic modules, also in the
case of a significant share of diffuse solar radiation in the global value. These results may make the
planning of solar tracking investments easier and help with the estimate calculations of the total
investment return period and operational costs.

Keywords: sun tracking system; photovoltaic conversion; energy gain; spatial optimization; renew-
able energy source

1. Introduction
1.1. Maximum Power Point Tracking Systems

One way to increase the efficiency of photovoltaic conversion is the provision of the
optimal spatial orientation of the solar radiation receiver. This is a function of both the
angle of inclination β of the receiver to the Earth’s surface and the angle of azimuth which
determines the deviation from the local meridian in relation to the southern direction [1].

The optimal angle of inclination of the receiver changes quite considerably each day
of the year and each hour of the day as the angle of the sun changes. Most PV systems
are fixed structures or structures placed manually on a seasonal or hourly basis along one
axis. Because of the difficulties involved in the continuous adjustment of the position of
the receiver to the changing angle of sun declination δ (described by Cooper’s rule, and
having a different value each day of the year and each hour of the day), the mean value of
angle β is frequently set for the given time period, e.g., for the entire year or for summer or
winter months [1]. However, such a solution is inconvenient logistically. An additional
aspect of this issue is the instability, or even unpredictability, of the weather conditions,
even when monitoring is ensured for many years. It is difficult to synchronize the position
of receivers with the current state, especially in the case of more powerful installations. A
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number of simplified procedures are used; however, they do not provide fully satisfying
results with regards to guaranteeing the optimal performance of the systems.

The impact of the angle of azimuth on energy gain is not as significant as the impact of
the angle of inclination of the receiver to the ground. This pertains mainly to the morning
and evening hours; however, it should not be ignored in calculations. In the case of fixed
solutions, the southern direction is preferred [1].

It is unrealistic to precisely establish and, in particular, implement the optimal spatial
orientation for the solar energy receiver by changing its position manually at each moment
of time. Such requirements may be met as a result of the use of a tracker. In order to achieve
maximum energy gains, it is necessary to apply a tracking system with a maximum power
point tracking option. Tracking systems are provided with different drive options, among
which one should mention active tracking, passive tracking, semipassive tracking, manual
tracking, and chronological tracking [2].

Other research [2] presents a comprehensive review of such solutions and their po-
tential in the context of solar energy production. The authors characterized the available
structures, taking into account the drive systems as well as their application capacities. As
their studies show, the dual-axis tracking systems are the most popular systems (used in
almost 80% of applications). The most frequently used type of tracking drive is the active
tracking module (76.42%). Such solutions also give the best results. Similarly, the authors
of another study [3] conducted an insightful analysis, evaluation, and categorization of
MPPT solutions with different degrees of complexity and efficiency. They also precisely
specified the future developmental trends.

In one publication [4], the methods of tracking in the PV systems (MPPT) under normal
and partial shadow conditions (PSC) were discussed. The MPPT methods were classified
as based on artificial intelligence, also taking into account the intelligent MPPT with
the configurable technology of field-programmable gate array (FPGA), and evolutionary
programming techniques.

One synthetic paper [5] contains a comparative analysis of MPPT techniques, whereby
the authors focused mainly on numerical methods. In addition to a high level of precision,
these methods guarantee the flexibility of application.

Based on analysis of the technical documentation and bibliographic reports [1,6,7], it
was found that the use of single-axis systems requires an increase in investment by about
10–15% in comparison with fixed systems. On the other hand, the energy gain in dual-axis
solutions is higher by 20–30%. A similar comparison between the investment outlays
of dual-axis and fixed solutions demonstrated an increase of 15–20%, with an increased
energy gain of about 30–40%. In the case of many locations and diverse tracker drives, the
aforementioned gain exceeds these values significantly [1,7,8].

As well as the aforementioned energy gain, solar ”tracking” has a positive effect on
the performance of PV systems:

1. During the movement of the mounting frame with modules, dust and dirt are re-
moved. This limits losses and provides protection against the “hot spot” effect, which
is a result of uncontrolled shading [9]. A fragment of the ”hot spot” area may reach
a temperature of over 250 ◦C, which usually leads to damaging of cells and, in an
extreme case, its self-ignition.

2. The operation of the dual-axis solar tracker eliminates losses resulting from the
nonperpendicular incidence of solar radiation, which are referred to as angular losses.

3. The PV systems on rotary mounting frames also have another positive effect as a
result of movement relative to the air; this contributes to a reduction in losses that are
the consequence of an increase in temperature.

4. With regards to the operation of a tracking structure near the maximum power point
(MPP), the performance of the inverter coupled with it is increased.

On the other hand, the most important drawbacks include the necessity to provide
necessary space, which can be as much as 50% larger for such solutions when compared to
fixed ones, and the higher cost of the tracking structure in combination with the drive.
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The overriding objective of the projects that involve “tracking” is to maintain the
accuracy of positioning with a margin of error not exceeding 1◦ and to maximize the
electrical energy gain in the set interval, with a simultaneous limitation of its consumption.
Hence, some of the authors warn against excessive losses resulting from the consumption
of energy by the drive system [8,10,11].

The authors of another publication [8] suggest resignation from “solar tracking”
during cloudy days even in the summer season, as it is ineffective and causes additional
energy losses related to the nonproductive powering of the tracker’s drive system. They
recommend the positioning of the receiver parallel to the ground. In newer solutions,
this option is taken into account automatically [12]. In [8], the authors also specify the
methodology of estimation of the theoretical profitability threshold for solar tracking.

The efficiency of the single-axis solar tracker was studied by Yousif for a location in
Malta [13]. The author compared the 360 Wp single-axis PV system with a fixed solution,
the power of which was unfortunately different, so the systems were not fully compatible.
The comparative monitoring of their operation covered a period of 12 months. In the case
of the single-axis solar tracking, a stable performance factor was maintained despite the
high-speed winds that occurred at that time. However, the fixed system operated with
lower efficiency during the summertime. The author has a critical opinion about the control
system of the tracker because of the energy losses caused by the necessity to use a pilot PV
module with a double area (higher power).

J.Y. Muhammad and his team also demonstrated in their review paper from the year
2019 [11] that the solar tracker is more efficient in comparison with the solar fixed system
and that the dual-axis tracking system is more efficient than the single-axis system. The
authors, however, do not recommend the use of solar trackers with tracking in the case of a
low-power installation because of the relatively high power consumption of the drive systems,
which ranges between 2 and 3% of the energy increase ensured by the solar energy tracking
equipment, which in the case of a low-power installation constitutes a significant deficit.

Thus, in general, irrespective of the location of the tested objects and the time period of
the tests as well as the method of control of the tracker structure, it must be concluded that
dual-axis tracking solutions have an energy advantage over similar fixed and single-axis
solutions. It is only possible to speculate on the level of these gains.

These observations are confirmed by the authors of another paper [2], who also focussed
on dual-axis tracking systems. They highly valued their capacities, whereby they estimated a
35–43% increase in the efficiency of the system when compared to fixed solutions.

In their considerations, the authors of a further publication [8] demonstrated a slightly
wider range of possibilities to increase the system efficiency from 20% to even 50% when
compared to fixed solutions with the receiver in the optimal position. The numerical and
experimental verification confirmed these considerations based on the isotropic sky model.

The valuable results of research on the positioning of polycrystalline, monocrystalline,
and amorphous silicon modules were presented by H. Zsiborács et al. in 2019 [14]. The
authors examined the positioning features of selected photovoltaic modules installed in
dual-axis tracking systems relative to the focus points of concentrator photovoltaic modules
under real meteorological conditions in Keszthely (Hungary) in the summers of 2017, 2018,
and 2019 on fourteen days. The authors stated that performance insensitivity thresholds of
photovoltaic modules depend on the direction of the changes, emphasizing that inclination
changes towards northwest, southwest, southeast, and northeast lead to significant changes
in the values of the recorded parameters.

The comparison of two innovative trackers, sensorless (with a tracking error of 0.43◦)
and sensor (with a tracking error of 0.14◦), taking into account the seasonality, was the
subject of [15]. The authors stated that the application of a south-facing sensor solar tracker
increases the average daily energy by 27.7%, 32.5%, 37.3%, 42.7%, and 35.22% in winter,
spring, fall, summer, and one year, respectively. In the case of a sensorless tracker, these
values were equal to 19.1%, 22.4%, 26.1%, 30.2%, and 24.59%, respectively.
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In [16], the results of measurements for two identical photovoltaic systems with a
rated power of 7.8 kW are presented. One of them had a fixed position and the angle
of inclination to the ground equal to the latitude value, the other was equipped with a
two-axis tracker. The two-axis solar tracking system made it possible to obtain 30.79%
more electric energy compared to a fixed latitude tilt system. The research was conducted
in the annual period from April 2010 to March 2011.

The advantage of the tracking systems provided with a control system that includes
positioning on two axes seems to be unquestionable in comparison with fixed systems. This
issue is also confirmed by the authors of numerous papers [1,2,8,13,17–23], who specify
the energy gains that they achieved in their studies for the structures under consideration.

Particularly spectacular results were obtained in Toledo, Spain, using the Titan Tracker
Si-01TC solution [7]. The studies were conducted for a period of one year, whereby the
energy gains were at a level of 57% in July, 52% in May, and even 47% in January. The
described unit offers great possibilities of changes in the ranges of angles of inclination
(between 1◦ and 90◦) and angles of azimuth (between −180◦ and +180◦).

Among many analyzed works related to these issues, the authors of only one pub-
lication came to the conclusion that the use of tracking systems does not provide any
noticeable benefits. These surprising conclusions were drawn by R.G. Vieira et al. [10]
after conducting tests in an area of high insolation in Brazil (Mossoró). They compared the
energy gain from photovoltaic conversion in two cases, for a fixed solution and a single-axis
tracker. Having conducted the operating analysis and compared the performance of the
systems under consideration, it was found that an increase in the generated power in the
single-axis solution is only slightly higher in reference to the fixed solution [10].

Not all of the aforementioned publications describe a case in which both systems
would operate over a period of at least one year.

1.2. Solar Radiation Detection Methods

The proper design of the tracker’s structure, including the various available tracking
options, requires a multicriteria approach to solving the task at hand; the consideration of
mechanical, energy, meteorological, and economic factors; and, frequently, the inclusion of
mathematical models and algorithms as well as computer techniques [8,21,22,24].

In one published paper [21], Yasser M. Safan et al. proposed an innovative solution
that guarantees high tracking accuracy even during adverse, particularly cloudy conditions.
They developed a hybrid control strategy, which they implemented using the intelligent
multiple degrees of freedom (MDOF) controller. The basis for the operation of the analyzed
controller is its capacity for integration in an astronomical algorithm in an open loop
and a control strategy in a closed loop. In order to simulate the control process, the
MATLAB/Simulink package was used. The verification of the adopted strategy for the
new solution demonstrated performance at a level of 97% for a day-long operation of the
60 Wp module.

In [25], the design of an innovative solar tracking system intended for application
in greenhouses was described. The developed structure of the tracker took into account
the geographical location (the northeastern part of China) and the climatic conditions that
correspond to this location. It was demonstrated that the energy gains in reference to the
fixed system range between 20 and 25%.

The test results presented in another publication [23] refer to selected locations in
Nigeria. The efficiency of the inclined single-axis and dual-axis tracking surfaces was
compared taking into account six tracking orientations. The preceding simulation tests
were based on the Koronakis isotropic model and Perez anisotropic model. This allowed
for an initial estimation of the potential and possibilities of the solar energy before final
verification (System Advisor Model) and evaluation. The authors estimated the possibility
of increasing the performance in relation to the fixed solution at a level of almost 32% in an
extreme case.
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At the beginning of the second decade of the 21st century, solutions using light-
dependent resistor (LDR) sensors gained importance. When the tracking system is subject
to positioning that involves the use of the external pyramidal sensor, the selection of the
dihedral angle, which determines the reciprocal position of the LDR sensors, is fundamental
because of the accuracy of observation of the location of the source of radiation and the
proportions between the amount of the electricity generated and the energy used for
the system’s own needs [26]. This ratio depends on, among other things, the degree of
cloudiness. With a high accuracy of positioning on both axes, this may lead to a loss of
even 10% of the electricity on an annual basis [10]. D.F. Spencer, in his book [27], presented
a similar analysis regarding the reciprocal angular position of two sensory elements. The
value of the dihedral angle that the author took into account for his analysis was 45◦.

Proper functioning of the system, which is the result of accurate control, may be
ensured through the precise selection of photosensitive LDR elements for both axes [28].
The practical use of this implication in single-axis solutions is shown in [29,30], and the
case of dual-axis solutions is shown in [31,32].

One research paper [33] presents another solution using LDR sensors. These sensors
receive solar radiation. The authors of the publication presented a solar tracking module
on two axes, which is based on microcontrollers. In the system under consideration, two
DC motors operated by a PIC16F72 microcontroller were used in the drive. It processes
the information from the LDR sensors through the internal ADC analog converter and
transmits information to the IC-LM392D motor controller. The latter one controls the
operation of the motors.

Other methods of detection of the perpendicularity of solar incidence were described
in further papers [34–37].

In the year 2004, the vision method [38] using a CCD camera with a resolution of
768 × 576 pixels was used for locating the position of the sun in the sky. The structure
was integrated with a heliostat system (mirror), which allowed for the concentration of
solar radiation on the detection element. As a result of the comparison of the obtained
image with the reference image, a differential signal was generated to implement the
control process.

A.M. Brisha presented very promising test results for a location in the Mansoura state
in Egypt [39]. The tests covered a period of 6 months from March to September 2017. The
proposed system was based on the technology of the automatic process of dual-axis solar
tracking. It operates on the principle of the real-time clock (RTC). The real-time clock
system may generate a periodical signal transmitted to the processor and other elements
of the computer at the right moment. According to the author’s claims, the increase in
the output power from the panel is 74% higher than in the case of the fixed solution. The
authors of this paper are full of admiration for these achievements; however, they suggest
that such spectacular performance should be confirmed for other locations and for longer
testing intervals.

Muhammad E.H. Chowdhury and his team [22] promote the application of algorithms
of the position of the sun that are based on mathematical description or the application of
astronomical data in sensor-controlled PV systems. The proposed procedure, which uses
the astronomical almanac algorithm (AAA), allows for an increase in performance by 2.1%
in the case of the solar tracking system (the sensor-controlled one only) and by 13.09% in
reference to the fixed system. The developed system is reliable, accurate, and cost-effective.

Various programs for the simulation of energy gain are available: PVSYST, PVGIS,
and PVSOL. However, they do not ensure the real conditions, which require, for instance,
the consideration of the dispersion or deflection of solar radiation.

One review publication [40] presents different solutions for trackers that are operated
by means of algorithms, in the context of achievable performance. In this study, algorithms
related to maximum power point tracking (MPPT) were the main focus, and the same focus
is seen in [39]. Furthermore, an automatic tracking module based on a microcontroller
was implemented. Its operation was tested in real time. The authors plan to use a step
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motor in their construction, which is to be connected with the advanced RISC machine
(ARM) processor [40]. This solution seems to be worth attention due to its simple and
energy-saving architecture.

Other literature [24] includes guidelines for the design of an intelligent PID controller.
The task was performed using a simple logic algorithm that adjusts the controller param-
eters automatically. The controller must also be characterized by high performance and
should ensure the appropriate standards in process modeling, a modern control system,
and the ability to adapt at any time and in any weather conditions. This was confirmed by
the verifying simulation conducted using the MATLAB/Simulink software package.

The authors of another study [41] take advantage of this package too. They distinguish
the conventional methods of perturbation and observation (P&O) and incremental con-
ductance (IncCond), and among more advanced methods, they mention MPPT based on
fuzzy logic (FL). The overview of these methods demonstrated that the static and dynamic
performance of the fuzzy MPPT controller is higher than in the case of a controller based
on traditional techniques.

J. Macaulay and Z. Zhou also used the perturbation and observation (P&O) method in
their research [42] and introduced their own modifications. The MPPT solution was tested.
The authors managed to reduce the impact of weather conditions and oscillations. In [43],
thanks to the P&O method, greater efficiency and accuracy were obtained. Fuzzy logic, on
the other hand, was also used to study MPPT algorithms in [44].

M.H. Enany [45] and his team presented the modeling and evaluation of tracking algo-
rithms (MPPT). These algorithms are simulated in the MATLAB/Simulink environment in
order to ensure a comparison in terms of the required sensors and ease of implementation,
as well as performance and dynamic response of the photovoltaic (PV) systems to changes
in temperature and irradiation intensity. What is interesting is that an innovative approach
to artificial intelligence, based on the adaptive neuro-fuzzy inference system (ANFIS), was
also presented. This technique is distinguished by its high precision and operating speed.

In the case of some tests, the use of sensors was abandoned as has been reported,
e.g., in [46,47].

The precise sensorless PV module was characterized in one publication [46]. Exper-
imental and comparative verification with a fixed system showed that as a result of the
application of a tracking system, the energy gain ranges between 19.1–30.2%, depending
on the season under consideration. The solution is cost-effective and simple in operation.
The tracking error is estimated by the author at 0.43◦, and operation is independent of any
interference and cloudiness.

The presented paper provides a detailed comparison between the production of
electricity from photovoltaic conversion, using a previously designed and physically
available dual-axis tracking system, with a control system that integrates astronomical and
sensor-based positioning and a system of installed fixed PV modules, synchronized with
the power grid, for an installation site located in central Poland for a 24-month period of
time. The aim of this paper is also to draw attention to the possibility of increasing the
efficiency of operation of photovoltaic installations and to provide an argument that there
is the possibility to reduce, to a great extent, the impact of selected time, climatic, and
geographical parameters through the use of solar tracking systems.

2. Materials and Methods
2.1. Fixed Photovoltaic Installation

An integral part of the fixed system is the 1000 Wp photovoltaic generator (5 × 200 Wp),
optimally oriented for the geographical–climatic conditions present in Poland.

Figure 1 shows the connection diagram of the devices used in the fixed configuration
of solar modules.
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Figure 1. A diagram of the photovoltaic fixed system used in the comparative analysis with the tracking system.

Table 1 presents the parameters of the photovoltaic modules and microinverters used
in fixed configuration.

Table 1. Electric and nonelectric parameters of the photovoltaic module and microinverters.

Photovoltaic Module Value DC/AC Microinverter Value

1 Maximum power 200 W Nominal input power 240 W

2 Voltage at power point 29.64 V Maximum DC voltage 44 V

3 Current at power point 6.78 A Minimum DC voltage 20 V

4 Open circuit voltage 35.94 V Range of MPPT 23 V . . . 35 V

5 Short circuit 7.6 A Maximum input current 12 A

6 Efficiency 12.61% Temperature work −40 ◦C . . . 85 ◦C

7 Power tolerance +/−3% Internal protection IP66

For the purposes of transforming electric energy generated by the photovoltaic mod-
ules, DC/AC microinverters were used and attached to a flat bar structure to track the
maximum power point. The microinverters use Bluetooth technology to transmit data
wirelessly to the system gateway unit.

The set of photovoltaic modules is characterized by its annual average angle of
inclination of the plane to the ground β = 37◦, determined on the basis of the algorithm
presented in Figure 2. The calculations were conducted using input data in the form of
the values of the direct and diffuse solar radiation intensity. The data were compiled on
the basis of a typical meteorological year and statistical climatic data available for the city
of Poznań [48]. By using the calculations in the iteration loop, for each new value of the
angle of inclination β, incremented by one step, the value of the hourly insolation was
calculated, and then this value was summed up in the daily and annual cycles. The values
of calculated insolation for iteration marked i were stored in created data table under item
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t[i]. The highest annual insolation (ins_max) occurs when the sought angle of inclination of
the photoreceiver plane treated as the optimal angle βopt is adopted.
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Figure 2. Algorithm for the determination of the angle of inclination of the plane of the photovoltaic
modules installed in the fixed structure.

The parameter that determines the achievement of the optimal angle of inclination is
the value of irradiation understood as the momentary insolation recorded on the measuring
plane, which adopts the maximum value for the optimal value of the angle of inclination
βopt, in the entire range of its variability. In order to determine the value of irradiation, the
modified isotropic mathematical model developed by Liu and Jordan, with the analytical
form adapted to local climatic conditions (Central Poland, 52◦24.4152′ N, 16◦55.7958′ E),
was applied. The model was implemented in the Microsoft Visual C# environment. The
correction factor of diffuse radiation, which is a parameter that depends on the geographical
location, is subject to modification.

In general, the Liu–Jordan isotropic model looks as follows [12]:

Gβ = Gb · (
cos(ϕ−β)·cos δ(t)·cos ω(t)+sin(ϕ−β)·sin δ(t)

sin ϕ·sin δ(t)+cos ϕ·cos δ(t)·cos ω(t) )+

+Gd · (
1+cos β

2 ) + (Gb + Gd) · ρo · ( 1−cos β
2 )

(1)

where Gb and Gd are the direct and diffuse components of solar radiation for the horizontal
plane, Gβ is the total solar radiation on the plane inclined at angle β, ϕ is the angle of
latitude, δ(t) is the angle of sun declination, ω(t) is the hour angle, and ρo is the reflectivity
coefficient of the ground.

The relationship of the nonlinear solar radiation intensity estimator vs. the modified
correction factor of the diffuse component, taking into account the angle of inclination of
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the plane of the solar receiver β, latitude ϕ, and sun declination δ may be presented in the
form given in [12]:

Ĝβ = Gb · (
cos(ϕ−β)·cos δ(t)·cos ω(t)+sin(ϕ−β)·sin δ(t)

sin ϕ·sin δ(t)+cos ϕ·cos δ(t)·cos ω(t) )+

+Gd · (a0 + a1 · cos(a2 · β + a3)) + (Gb + Gd) · ρo · ( 1−cos β
2 )

(2)

The value of the sought correction factor of the diffuse component of the solar radiation
can be written as [12]

R̂d = a0 + a1 · cos(a2 · β + a3) (3)

Mean squared error has been taken as the estimation criterion:

RMSE =

√√√√√ 12
∑

n=1
(Gβ,n − Ĝβ,n)

2

n
(4)

where Gβ,n is the measured value of solar radiation intensity and n is the number of months
in a measuring year.

In order to determine the generalized form of the correction factor of the diffuse component
of solar radiation in the function of angle of inclination of the solar receive plane β, the RMSE
criterion in the function of estimation parameters a0, a1, a2, and a3 was minimized.

∂RMSE
∂ak

= 0 for k = 0, 1, 2, 3 (5)

where ak is the k-th estimation parameter forming the diffusion radiation correction factor
and RMSE is the root-mean-square error.

In order to solve the aforementioned condition, the MATLAB environment, which
enables searches for minimax solutions using the optimization toolbox, was used.

Figure 3 presents the course of the variability of correction factors determined for the
respective angles of inclination of the receiver to the ground, including their approximation
for all the analyzed angular positions.
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The determined correction factor of the diffuse component of solar radiation as the
approximating function which takes into account the angle of inclination of the photovoltaic
receiver plane for the local climatic conditions of the city of Poznań takes the following form:

Rd = 0.046p +
2p(p + q)(1 + cos β) + q

2p + q + 2
+ 0.006q (6)

Therefore, the irradiance on the plane inclined at any angle, on the basis of the
modified Liu–Jordan method, taking into account the correction factor Rd, can be described
as follows:

Gβ = Gb
sin δ(t)[sin ϕ cos β−cos ϕ sin β cos γ]
sin δ(t) sin ϕ+cos δ(t) cos ϕ cos ω(t)+

cos δ(t)[cos ϕ cos β cos ω(t)+sin ϕ sin β cos γ cos ω(t)+sin β sin γ sin ω(t)
sin δ(t) sin ϕ+cos δ(t) cos ϕ cos ω(t) +

+Gd[0.046p + 2p(p+q)(1+cos β)+q
2p+q+2 + 0.006q] + (Gb + Gd)ρo(

1−cos β
2 )

(7)

where Gb and Gd are the direct and diffuse components of solar radiation for the horizontal
plane, Gβ is the total solar radiation on the plane inclined at β angle, ϕ is the angle of
latitude, γ is the azimuth angle of the solar receiver, δ(t) is the angle of sun declination,
ω(t) is the hour angle, ρo is the reflectivity coefficient of the ground, and p and q are
postoptimization adjustment parameters.

For the months of October–January, for which the percentage of the diffuse component
in the total solar radiation, for a typical meteorological year of the city of Poznań, exceeds
75%, the values of parameters p and q are 0 and 1, respectively, modifying the relationship
(7) to the following form:

Gβ = Gb
sin δ(t)[sin ϕ cos β−cos ϕ sin β cos γ]
sin δ(t) sin ϕ+cos δ(t) cos ϕ cos ω(t)+

cos δ(t)[cos ϕ cos β cos ω(t)+sin ϕ sin β cos γ cos ω(t)+sin β sin γ sin ω(t)
sin δ(t) sin ϕ+cos δ(t) cos ϕ cos ω(t) +

+Gd[0.67 + 0.33 cos β] + (Gb + Gd)ρo(
1−cos β

2 )

(8)

For other months, for which the percentage of direct radiation increases in the global
radiation, the values of parameters p and q are 1 and 0, modifying factor Rd to the
following form:

Gβ = Gb
sin δ(t)[sin ϕ cos β−cos ϕ sin β cos γ]
sin δ(t) sin ϕ+cos δ(t) cos ϕ cos ω(t)+

cos δ(t)[cos ϕ cos β cos ω(t)+sin ϕ sin β cos γ cos ω(t)+sin β sin γ sin ω(t)
sin δ(t) sin ϕ+cos δ(t) cos ϕ cos ω(t) +

+Gd[0.546 + 0.5 cos β] + (Gb + Gd)ρo(
1−cos β

2 )

(9)

In order to determine the accuracy of the presented solar radiation model, calculations
of the solar radiation density for selected days of each month of the year and for different
inclination angles of the photovoltaic plane were made. The obtained results of calculations
were compared with the results of measurements. Finally, the results were compared with
five mathematical solar radiation models common in the literature, namely the Liu–Jordan,
Hay, Badescu, Tian, Koronakis, and Steven and Unsworth models. The proposed model
allowed the root-mean-square error (RMSE) and mean bias error (MBE) to be reduced
in relation to the six different models. RMSE and MBE were calculated according to the
following relations:

RMSE =

√
∑ (Ci −Mi)

2

n
(10)

RMSE% =
RMSE
−
M

100% (11)
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MBE =
∑ (Ci −Mi)

n
(12)

MBE% =
MBE
−
M

100% (13)

where M is the average measured value of radiation power density on an inclined plane
and C is the calculated value of radiation power density on an inclined plane.

The value of the MBE may indicate whether there has been an overestimation or
underestimation of the solar radiation intensity value, determined on the basis of the
analyzed mathematical models, in relation to the measured value. The RMSE parameter
makes it possible to state whether the selected mathematical model can be used, with high
accuracy, to separate global solar radiation into direct and diffuse.

Table S1 in Supplementary Material shows the differences in RMSE% and MBE% of
incident solar radiation of multiple models for a plane facing south at selected inclination
angles of 30, 45, and 60◦ located in Poznań, Poland.

Among many independent (explanatory) variables that have a potential effect on
the analyzed dependent (response) variable, there are those that are critical for the value
of the electricity produced in photovoltaic systems. Insolation, as the parameter that
follows from the irradiance value, is directly correlated with the value of electricity from
photovoltaic conversion, which determined the choice of this parameter as the criterion
when determining the optimal angle of inclination of the planes of photovoltaic modules
in the fixed module. Figure 4 presents the studied impact of the registered irradiance and
the insolation determined on this basis on the value of electricity transmitted to the power
grid using one of the designed photovoltaic systems.
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Additionally, other variables recorded during the measurements, such as cloudiness
(ee_z), length of day (ee_dd), pressure (ee_p), maximum air temperature (ee_tmp), precipita-
tion (ee_o), sunshine duration (ee_u), and wind speed (ee_w), were subjected to evaluation.
For this purpose, the value of the Pearson correlation coefficient for the impact of the
respective independent variables on the dependent variable (in the form of daily electricity)
was determined based on [49]:

rx,y =

1
n ·

n
∑

i=1
(xi −

−
x) · (yi −

−
y)√

1
n ·

n
∑

i=1
(xi −

−
x)

2
·

√
1
n ·

n
∑

i=1
(yi −

−
y)

2
=

cov(x, y)
Sx · Sy

(14)
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where Sx and Sy are the deviations of the standard variable x and y and n is the size
of the population.

In characterizing the correlation between two variables, the direction and strength
of the correlation should be described. The numerical expression of the correlation is the
correlation coefficient within the range <−1; 1>. A correlation can be distinguished as
positive (rx,y ranges from 0 to 1), informing that an increase in the value of one variable is
accompanied by an increase in the mean values of the other feature, or negative (rx,y varies
from −1 to 0), informing that an increase in the value of one feature is accompanied by a
decrease in the mean values of the other feature.

The strength of the correlation relationships depends on the value of the correla-
tion coefficient: values below 0.2, weak correlation (practically no relationship); 0.2–0.4,
low correlation (clear relationship); 0.4–0.6, moderate correlation (significant correlation);
0.6–0.8, high correlation (significant correlation); 0.8–0.9, very high correlation (very high
correlation); 0.9–1.0, the relationship is practically complete.

The Pearson correlation coefficients determined for other explanatory variables are
presented in Table 2. The response variable is defined in the analysis as the value of the
daily production of electricity for the analyzed measuring period. The values of variables
regarded as less significant in the forecasting process are marked in red.

Table 2. Values of Pearson correlation coefficients determined for the selected explanatory variables
and the response variable.

Explanatory Variable Symbol Pearson Correlation Coefficient
1 Daily insolation ee_dn 0.967
2 Cloudiness ee_z 0.679
3 Length of day ee_dd 0.202
4 Pressure ee_p 0.146
5 Maximum air temperature ee_tmp 0.442
6 Precipitation ee_o −0.250
7 Sunshine duration ee_u 0.904
8 Wind speed ee_w 0.212

Table 3 presents the calculated values of the correlation coefficients between the explanatory
variables, which occur with the highest Pearson correlation coefficient values in the form of
daily insolation, cloudiness, maximum air temperature, and sunshine duration.

Table 3. The determined correlations between the explanatory variables.

Variable
Pearson Correlation Coefficients

Daily Insolation Cloudiness Maximum Air Temperature Sunshine Duration

daily insolation 1.000000 0.650988 0.510682 0.924923

cloudiness 0.650988 1.000000 0.424817 0.652897

maximum air
temperature 0.510682 0.424817 1.000000 0.566304

sunshine duration 0.924923 0.652897 0.566304 1.000000

The highest rank in the statistical analysis is assigned to such variables as ee_dn and
ee_u. Figure 5 presents their impact on the response variable in the form of the daily elec-
tricity from photovoltaic conversion. Variables ee_dn and ee_u are strongly correlated with
each other. In issues related to the periodical forecasting of electricity from photovoltaic
conversion, superfluous variables are subject to reduction in order to avoid the artificial
overestimation of the accuracy of the forecast model.
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For this reason, the insolation variable, which occurs with the highest rank in the
conducted statistical analysis, was used as the criterion variable in the formulation of the
objective function to the problem of optimization of the angle of inclination of the plane of
photovoltaic modules in the fixed variant.

In addition to the power density of solar radiation reaching the receiver and the
annual insolation, related to the geographical location, electric energy from photovoltaic
conversion is also influenced by the value of the photovoltaic cells’ operating temperature.
This value indirectly depends on the ambient temperature, solar radiation power density,
wind speed, and nominal operating cell temperature (NOCT) parameter. The electrical
parameters of the photovoltaic module that vary as a function of temperature are voltage,
current, and electric power. The intensity of these changes depends on the type of solar
cell material. The polycrystalline photovoltaic modules used in the comparative tests are
characterized by the temperature coefficients of−0.35%/◦C, and 0.05%/◦C for open-circuit
voltage and short-circuit current, respectively.

On the basis of selected measurement days from the entire measurement period, a
comparative summary was prepared in which the values of the recorded ambient tem-
perature, the temperature of the back side of the photovoltaic module, and instantaneous
electrical power, with the increasing value of the registered irradiance in the plane of the
stationary module, are compiled. Results are presented in Table 4.

Based on the obtained results, the mutual correlations between the variables irradiance,
photovoltaic module electric power, and module temperature were determined. They are
presented in Table 5.

Based on the described range of variability of the correlation coefficient parameter, a
moderate influence of the photovoltaic module temperature on the value of electric power
was observed. It should be noted that the irradiance parameter has the greatest impact
on the value of electric power; despite the increasing module temperature, the irradiance
parameter contributes with greater value to the increase in the value of electric power.
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Table 4. Variability of recorded parameters for a wide range of measured irradiance.

E
(W/m2)

Tamb
(◦C)

Tmodule
(◦C)

Pmodule
(W)

Irradiance
(W/m2)

Tamb
(◦C)

Tmodule
(◦C)

Pmodule
(W)

1 84.5 8.31 8.0 13.30 21 442.5 7.35 34.0 86.83

2 109.4 10.26 11.9 17.24 22 456.3 6.05 12.7 84.21

3 113.1 2.52 3.8 19.35 23 480.6 15.90 36.0 86.40

4 120.5 10.35 11.8 19.20 24 481.8 13.70 40.2 95.17

5 154.8 21.01 34.7 25.05 25 570.5 19.15 34.8 116.32

6 172.1 2.06 7.4 24.59 26 587.1 3.36 17.3 108.85

7 173.9 2.39 6.6 32.51 27 594.4 27.00 46.0 99.48

8 195.3 7.79 9.3 42.29 28 659.9 18.77 38.3 121.89

9 233.7 8.47 13.5 44.41 29 727.7 23.48 35.4 133.97

10 269.7 4.36 14.6 43.84 30 774.9 25.77 36.1 125.15

11 281.8 18.90 39.7 54.86 31 781.5 11.06 22.7 151.83

12 307.8 7.85 12.0 56.18 32 852.7 23.09 43.6 152.24

13 316.5 10.76 13.8 74.21 33 889.7 6.70 20.9 164.94

14 346.4 25.85 38.3 61.16 34 915.5 26.77 50.9 152.69

15 355.8 14.68 23.2 63.64 35 921.1 25.00 46.6 163.16

16 377.5 25.34 34.2 79.40 36 958.0 11.43 29.8 182.23

17 378.4 25.82 36.9 64.44 37 1083.4 25.88 42.2 192.98

18 406.8 26.39 31.5 60.31 38 1128.0 13.65 35.2 202.02

19 440.2 19.81 37.9 88.01 39 1129.1 28.03 44.2 203.91

20 440.4 7.47 18.9 91.87 40 1137.7 24.75 46.3 215.45

Table 5. The determined correlations between the explanatory variables.

Variable E (W/m2) Pmodule (W) Tmodule (◦C)

E (W/m2) 1.000000 0.857797 0.453646

Pmodule (W) 0.857797 1.000000 0.498896

Tmodule (◦C) 0.453646 0.498896 1.000000

2.2. Tracking Photovoltaic Installation

The dual-axis tracking system allows for a change in the spatial orientation of pho-
tovoltaic modules using a control system that integrates astronomical positioning and
sensor-based positioning. The mechanical system ensures a change in the angle of azimuth
for the east–west direction in the range between −90 and 90◦ in relation to the southern
azimuth and a change in the angle of inclination ranging between 0 and 90◦. The choice of
the control strategy depends on the value of the irradiation of the solar radiation measured
by an additional sensor in the form of a pyranometer, installed close to the tested system.
Any registration of an irradiance value exceeding 200 W/m2 causes the switching of the
astronomical control to the sensor-based control.

Figure 6 presents the algorithm of the two-axis tracking system operation.
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A schematic diagram of the tracking system is presented in Figure 7.
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The inverters used in the maximum power point tracking system use the perturbation
and observation method (P&O). In the P&O method, the operating voltage of the PV
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generator is disturbed by a small increase in dUPV, and as a consequence, there is a change
in power dPPV. If the increase in power occurs, changes in operating voltage in the same
direction should be continued. Otherwise, the direction of voltage increase should be
changed. In the implemented method, the knowledge of the current–voltage characteristics
of a PV generator is not required, which is the advantage of the method. The difficulty of
the method is that with constant irradiation, the power of the generator oscillates around
the maximum power point.

An image of the wiring diagram of the solar radiation detection block for the sensor-based
control of each electrical actuator of the dual-axis tracking system is presented in Figure 8.
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The detection part presented in Figure 8, built of semiconductor elements, operates in
a differential configuration and sends a signal to the control unit to supply the executive
elements in the form of electric actuators. Based on different levels of voltage signals from
diode sensors D5–D6 and D7–D8, which determine the state of balance of the illuminated
photodetectors, the linear slide actuator is powered. This enables a change in the spatial
orientation of the set of photocells. The supply voltage of the actuator is maintained until
the state of balance, understood as the identity of voltages in both detection branches of
semiconductor elements D5–D6–D7–D8, is obtained. Transistors Q8 and Q5 are the ele-
ments controlled in the differential solar radiation detection system. Uneven illumination
of the pairs of photodetectors causes an exit from the state of balance and the appearance
of voltage which controls the relevant transistor. The achievement of the end position,
signaled by the activation of the integrated microswitches, allows for the system to be
switched off for sunrise and sunset. The additional element in the form of the twilight
detection photoresistor U4 enables the detection block to be switched off if there is no
solar radiation. The system moves to its initial position, which approximates the eastern
direction with the appropriate location of the structure in relation to the southern azimuth.
The used linear slide actuators allow for a change in the position with a resolution of
1 mm/380 imp.

The control algorithm implemented was provided using the Micro800 programmable
controller. The determination of the position of the photovoltaic module is possible as
a result of the application of incremental magnetic encoders. A sensor, in the form of
an integrated circuit over which a magnet rotates in the axis of rotation of the actuator,
measures the Hall voltage on electrode leads placed perpendicularly in relation to the
magnetic field line, thus determining its strength, whose value depends on the actual tilt
of the magnet. The task of the sensor is the detection of the angular translocation of the
magnetic shield.

The use of the hybrid astronomical-sensor control is prompted by the frequent trans-
mission of control signals and additional consumption of electricity in the situation of
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heavy cloud cover in the geographical location of the installation site of the photovoltaic
modules. When the sky is covered partially or totally with clouds, the control system
positioned the plane of photocells towards the brightest point on the sky, making the
energy balance much worse.

Figure 9 presents the periodic consumption of electricity for the needs of the dual-axis posi-
tioning system for the first and second measuring year. Electricity was measured continuously
for two years. On the basis of the daily values, the monthly values were determined.
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An image of the single structure operating in the fixed system with the determined
optimal angle of inclination and the dual-axis tracking system is presented in Figure 10.

Energies 2021, 14, x FOR PEER REVIEW 18 of 26 
 

 

An image of the single structure operating in the fixed system with the determined 
optimal angle of inclination and the dual-axis tracking system is presented in Figure 10. 

 
Figure 10. Image of the fixed and tracking photovoltaic system installed on the rooftop of the 
building of the Poznan University of Technology. 

The dual-axis tracking system works together with a vane anemometer to measure 
the speed and direction of the wind. This allows the plane of the photovoltaic modules to 
be set in a horizontal position if the pre-set wind speed is exceeded, in order to protect the 
system from mechanical damage.  

Within the plane of the silicon modules, solar radiation power density sensors were 
also installed. These sensors consist of a microprocessor measuring system. The instru-
ment is provided with a digital current interface with transients compliant with the 
RS232 standard. By using a converter, the meters were connected to the master data col-
lection system. This enables registration of the total solar radiation within the plane of 
each photovoltaic module at 10-s increments, both in the fixed and tracking configura-
tion. Each photovoltaic module works with a transformerless microinverter that operates 
the global tracking of the maximum power point (MPPT), which is connected directly to 
the power grid. The converters used enable the wireless transmission of the data being 
measured to the data archiving system in the form of a PC using Bluetooth technology. 

3. Results 
The percentage gain and value of electricity produced by the dual-axis tracking 

system and fixed system during the first and second years of analysis are presented in 
Tables 6 and 7. Red was used to mark the cases when the fixed system was characterized 
by better energy efficiency when compared to the solar tracking system. 

Figures 11 and 12 present the variability of the monthly and accumulated electricity 
produced by photovoltaic modules in different configurations and the variability of in-
solation being in correlation with electricity, recorded on both measuring planes. 

Gross electricity is electricity produced by photovoltaic modules in a follow-up 
system without taking into account its consumption for the purposes of powering actu-
ators. 

Net electricity is electricity produced by photovoltaic modules in a follow-up sys-
tem, taking into account its consumption for the purposes of powering actuators. 

The results of the electricity production and the determined insolation for selected 
months of the full measuring period are presented in Figures 13–17. The monthly pro-

Figure 10. Image of the fixed and tracking photovoltaic system installed on the rooftop of the building
of the Poznan University of Technology.

The dual-axis tracking system works together with a vane anemometer to measure
the speed and direction of the wind. This allows the plane of the photovoltaic modules to
be set in a horizontal position if the pre-set wind speed is exceeded, in order to protect the
system from mechanical damage.
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Within the plane of the silicon modules, solar radiation power density sensors were
also installed. These sensors consist of a microprocessor measuring system. The instrument
is provided with a digital current interface with transients compliant with the RS232
standard. By using a converter, the meters were connected to the master data collection
system. This enables registration of the total solar radiation within the plane of each
photovoltaic module at 10-s increments, both in the fixed and tracking configuration. Each
photovoltaic module works with a transformerless microinverter that operates the global
tracking of the maximum power point (MPPT), which is connected directly to the power
grid. The converters used enable the wireless transmission of the data being measured to
the data archiving system in the form of a PC using Bluetooth technology.

3. Results

The percentage gain and value of electricity produced by the dual-axis tracking
system and fixed system during the first and second years of analysis are presented in
Tables 6 and 7. Red was used to mark the cases when the fixed system was characterized
by better energy efficiency when compared to the solar tracking system.

Table 6. Percentage gain and value of electricity produced by the dual-axis tracking system and fixed system in the period
between 07.2016 and 06.2017.

Month of the
Year

Tracking System
Gross Electricity

(kWh)

Tracking System
Net Electricity

(kWh)

Fixed System
(kWh)

Gross Increase in
Electricity (%)

Net Increase in
Electricity [%]

07.2016 164.8 158.5 116.15 41.89 36.46
08.2016 167.2 160.3 124.75 34.03 28.5
09.2016 90 83.1 87 3.45 4.7
10.2016 76.8 70.9 61.4 25.08 15.5
11.2016 22.3 18.4 18.85 18.30 2.4
12.2016 17.5 14.6 16.45 6.38 12.7
01.2017 32.8 29.1 28.4 15.49 2.5
02.2017 84.4 78.4 65.15 29.55 20.3
03.2017 102.3 96.1 79.1 29.33 21.5
04.2017 129.2 121.8 96.1 34.39 26.7
05.2017 175.25 167.8 112.1 56.33 49.7
06.2017 188.45 181.1 117.35 60.59 54.3

Annual gain (%) gross 35.56 Net 27.88

Table 7. Percentage gain and value of electricity produced by the dual-axis tracking system and fixed system in the period
between 07.2017 and 06.2018.

Month of the Year
Tracking System
Gross Electricity

(kWh)

Tracking System
Net Electricity

(kWh)

Fixed System
(kWh)

Gross Increase in
Electricity (%)

Net Increase in
Electricity (%)

07.2017 190.75 183.9 124.95 52.66 47.2
08.2017 168.7 161.1 114.9 46.82 40.2
09.2017 145.75 139.5 107.15 36.02 30.2
10.2017 85.7 80.6 64.1 33.70 25.7
11.2017 26.15 22.9 20.55 27.25 11.4
12.2017 15.7 12.9 12.05 30.29 7.1
01.2018 23 19.9 19.05 20.73 4.5
02.2018 64.7 60.1 47.75 35.50 25.9
03.2018 121.45 114.7 86.65 40.16 32.4
04.2018 139.25 132.6 102.9 35.33 28.9
05.2018 177.6 170.2 113.4 56.61 50.1
06.2018 185.25 177.9 115.6 60.25 53.9

Annual gain (%) gross 44.66 Net 37.38
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Figures 11 and 12 present the variability of the monthly and accumulated electric-
ity produced by photovoltaic modules in different configurations and the variability of
insolation being in correlation with electricity, recorded on both measuring planes.
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Figure 12. Variability of electricity produced by photovoltaic modules in the fixed and dual-axis tracking configurations for
a two-year measuring period and insolation recorded on both planes.

Gross electricity is electricity produced by photovoltaic modules in a follow-up system
without taking into account its consumption for the purposes of powering actuators.

Net electricity is electricity produced by photovoltaic modules in a follow-up system,
taking into account its consumption for the purposes of powering actuators.

The results of the electricity production and the determined insolation for selected
months of the full measuring period are presented in Figures 13–17. The monthly pro-
duction of electricity indicates the periods in which the use of positioning is energetically
justified, as it leads to significant, even as much as 60% (for selected days), energy gains in
relation to the fixed system (Figure 13). As a consequence of significant cloud cover and the
significant share of diffuse radiation in the total solar radiation, those months with limited
efficiency are also presented (Figure 14).
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4. Discussion and Conclusions

The aforementioned discussion and the 24-month long-term comparative analysis of
the tested PV configurations confirm that the application of dual-axis solar tracking systems
is beneficial for the analyzed geographical location and increases the performance of the
tested polycrystalline photovoltaic modules, whereby the energy gains are particularly
high during summer months.

The proposed solar radiation model used to determine the optimal value of the angle
of inclination for a stationary photovoltaic installation takes into account the different
levels of direct and diffuse radiation during the year. The presented correction factor
takes two forms depending on the total amount of the contribution of diffuse radiation,
reducing annual average MBE% for inclination angles 30, 45, and 60◦ to 1.1%, −0.6%, and
−3.1% from −1.97%, −5.58%, and −7.05% for the well-known Liu–Jordan model. As a
result, monthly RMSE% and MBE% were reduced, for example for selected settings of
30–45◦ to <0.79%–8.5%> and <−2.8%–2.4%>, respectively, as presented in Table 1 (SM).
The proposed mathematical model can be used to determine the value of irradiance on the
plane of the photoreceiver inclined at an angle with respect to the ground, based on the
value of irradiance on the horizontal plane. The form of dependence has been adapted
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to the Polish climatic conditions on the basis of solar radiation distribution, taking into
account the direct and diffuse components of global radiation.

The use of the system of spatial positioning of photovoltaic modules using astronomical-
sensor control enabled an increase in the production of electricity from photovoltaic con-
version by 40% (without taking into account its consumption by the positioning system
for its own needs) and by 32.6% (taking into account the consumption of electricity) in the
period between July 2016 and June 2018.

The gross energy gain as a result of the implementation of the hybrid astronomical-
sensor-controlled algorithm in the dual-axis system amounted to 56.33%, 60.59%, 52.66%,
and 46.82% and the net energy gain was 49.7%, 54.3%, 47.2%, and 40.2% for the selected
months of May, June, July, and August 2017 respectively.

There is a periodical repeatability of recorded values of the monthly production of
electricity, especially for the periods with low cloud cover such as August 2016 and August
2017, in which it amounted to 167.2 and 168.7 kWh, respectively, for the dual-axis tracking
modules and 124.75 and 114.9 kWh, respectively, for the fixed modules. The value of the
monthly insolation on the tracking and fixed planes for August 2016 was 226,910 and
192,576 Wh/m2, respectively and 188,668 and 164,193 Wh/m2 in the following year.

The impact of the operating temperature of the silicon cells on electrical parameters
such as voltage and momentary electrical power is marked. These parameters correlate
with the value of electricity obtained during the summer months. This impact can be
observed, for instance, on the 3rd and 23rd days of July 2016, where the summarized value
of the daily production of electricity for a similar value of daily insolation is observed
in reference to the tracking modules and the fixed modules, that is, 7600 and 4750 Wh,
respectively, in July 2016 and 11,010 and 6730 Wh in July 2017. A similar relationship is
observed for other days of those months with high average daily values of air temperature.
This situation is the result of a reduction in the value of the open-circuit voltage and the
voltage at the maximum power point, in the case of the optimal power load, while this effect
does depend on the value of the temperature coefficients of these electrical parameters.

Analysis of the obtained measurement results has demonstrated that the position-
ing of photovoltaic modules using the system which changes its position on both axes
allows for an improvement in the heat transfer conditions, ensuring better ventilation
as a consequence of natural air motion at the bottom part of the photovoltaic module
base, thus preventing the negative effect of temperature on the electrical parameters of the
semiconductor junction.

For the winter months, there is a lack of repeatability in the distribution of the monthly
insolation and the obtained electricity in relation to similar results obtained during the
subsequent years (Figure 14). The stochastic distribution of the radiation power density
makes it difficult to forecast the generation of electricity from photovoltaic installations
during those periods of the year in both variants, the fixed and the tracking installation of
PV modules.

Despite the limited energy efficiency of the modules installed in the tracking system in
relation to the fixed configuration during the winter period (Figure 14), it was demonstrated
that the value of electricity produced during that period does not exceed 20% of the total
electricity produced in the period between May and September, which consequently has a
positive effect on the annual energy balance of the dual-axis positioning system used.

The maximum monthly consumption of electricity (Figure 9) to ensure the continuity
of the power supply for the applied electrical actuators slightly exceeds 7.5 kWh. Limitation
of this value must be sought in the selection of the actuator switching frequency and in the
search for new, energy-saving electrical drives and passive systems.

Analysis of the two-year production of electricity indicates the months for which the
use of PV module spatial positioning systems is particularly justified, ensuring electrical
energy gains when compared to the fixed configuration (Figure 16), and the periods of
limited efficiency related mainly to long-lasting cloudiness.
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By analyzing the distribution of solar radiation power density by means of pyranome-
ters, insolation, and diagrams of electric energy generation, it was found that the efficiency
of the tracking system was more advantageous than that of the fixed one, above all at
early and evening hours and when the sky was clear, and that it was illegitimate to use the
positioning system on days with heavy clouds. The two-axis positioning system is found
more advantageous in the evening hours, a feature which can be used for living purposes
provided the power is high enough, so that users early in the morning and in the evening
can use the energy stored, for example, to heat utility water.

The efficiency of the sun-tracking systems depends on the type of positioning (as-
tronomical, sensor, hybrid control), the radiation source detecting method, the frequency
of moving the photovoltaic modules, and the angular operating range. For geographical
locations with a significant contribution of diffuse radiation in total solar radiation, the use
of astronomical-sensor positioning should be considered. The use of a two-axis tracking
system with voltage signal control from an external sensor in the initial stage of the research
turned out to be particularly unfavorable in the situation of moderate and strong cloud
cover. It led to a reduction in the instantaneous electric power with additional use of electric
energy by the actuators and frequent unnecessary positioning towards the brightest point.
For this reason, the authors modified the system using closed-loop control (astronomical
positioning) and open-circuit control with the use of an external solar radiation sensor.

The proper selection and adjustment of the control algorithm to the current climatic
conditions that describe the place of photovoltaic module operation seems to be necessary
taking into account the nature of the total solar radiation distribution and contribution of
the direct, diffuse, and even reflected radiation.

The obtained results of long-term analysis of electricity production can be used in
complex economic analysis of two-axis sun-tracking system applications with hybrid
astronomical-sensor control. Taking into account the increase in electric energy production
in a two-axis tracking installation, including extra cost resulting from the applied structures
and current support system provided by the country, it is possible to assess the investment
payback period and operational costs.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/en14102938/s1, Figure S1: Variability of the electricity production and the determined
insolation for photovoltaic modules in the fixed and dual-axis tracking configurations in August 2016.
Figure S2: Variability of the electricity production and the determined insolation for photovoltaic
modules in the fixed and dual-axis tracking configurations in August 2017. Table S1: Values of
RMSE% and MBE% for tested models.
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Nomenclature

Acronym Meaning Units
β angle of inclination of the photovoltaic module plane to the ground ◦

ins_max the highest annual insolation Wh·m−2

βopt optimal inclination angle of the photovoltaic module ◦

Gb, Gd direct and diffuse component of solar radiation for the horizontal plane W·m−2

Gβ total solar radiation on the plane inclined at angle β W·m−2

ϕ angle of latitude ◦

δ(t) angle of sun declination ◦

ω(t) hour angle ◦

ρo reflectivity coefficient of the ground -
RMSE root-mean-square error -
MBE mean bias error -
Rd correction factor of the diffuse component of solar radiation -
γ azimuth angle of the solar receiver ◦

p, q postoptimization adjustment parameters -
M average measured value of radiation power density on an inclined plane W·m−2

C calculated value of radiation power density on an inclined plane W·m−2

ee_z cloudiness variable -
ee_dd length of day h
ee_p external pressure Pa
ee_tmp maximum air temperature ◦C
ee_o precipitation mm
ee_u sunshine duration h
ee_w wind speed m·s−1

rx,y Pearson correlation coefficient -
Tamb recorded ambient temperature ◦C
Tmodule temperature of the back side of the photovoltaic module ◦C
Pmodule instantaneous electric power W
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