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Abstract. The paper presents a physical construction of a measurement stand consisting of a photovoltaic module

operating in a fixed optimal configuration and in a solar tracking with a modified astronomical positioning. In order
to reduce the electric energy consumption by two direct current linear motors system is positioned three times a day

during winter months. Prepared energy balance, using annual measurements, confirmed the legitimacy of using two -

axis Sun tracking units for central Poland. Basing on the daily and monthly electricity production and solar irradiance

for both photovoltaic units a mathematical formula with proposed correction factors is presented to calculate with

good accuracy monthly electric energy generation for a fixed photovoltaic installation. The results of calculations

were compared with measurements showing good correlation.

1 Introduction

The efficiency of photovoltaic conversion depends, on
the one hand, on parameters of the receiver, on the other -
on the availability of solar radiation on its surface. It is
possible to increase the amount of solar radiation on the
surface of the receiver. Its value is determined by external
factors like: geographical location of the PV module, the
period of operation (during the day and year) and
meteorological conditions, particularly cloud cover and
composition of the atmosphere described by a
transparency factor as well as random shading of
photovoltaic cells.

Negative impact of most external conditions can be
reduced by choosing appropriate spatial orientation of the
receiver, including azimuth and elevation angle to the
ground. The simulation carried out for Belgrade (44°47°
N), with similar latitude to Poznan (52°25° N), where
four different seasonal and two different biannual
scenarios were considered, has shown that monthly,
seasonal and yearly tilt angle optimization leads to an
increase of electric energy from photovoltaic modules by
15,42 %, 13,55 % and 5,98 %, respectively [1].

Among many works available in the literature,
concerning the legitimacy of using various types of Sun
tracking systems, exist mainly those relating to uniaxial
horizontal or vertical systems, considered as units with
less complexity. The problem of a single axis positioning
of the photovoltaic modules was analyzed in publications
[2, 3, 4, 5, 6], where authors presented different projects
and executions of the follow - up systems for different

geographical locations. The investigation conducted by G.

C. Lazaroiu et al. [7] using a fixed and single — axis Sun
tracker, during May and June 2014, showed the increase
by 12 % - 20 % of the produced energy by using the Sun
tracker. The growth is maximized during “clear sky” and
the ending hours of the day.

The analysis of selected works allows to state that
increased complexity in the design and implementation of
dual - axis control algorithm affect the growth of the
electric power generation [8, 9], compared to systems
with low complexity level [10].

The comparison of two - axis follow - up and fixed
systems, performed in AGH Laboratory of Automation,
Robotics, and Photovoltaic Systems (Cracow, Poland),
showed that azimuth and elevation angle adjustment, in
the range of 0° - 350° and 0° - 70°, leads to 35 % increase
in electric energy during the year [11, 12].

In the foreign literature there are a few publications
comparing two - axis trackers and fixed units in a
different time scale, e.g. for Texas (USA) [13], for
Denizli [14] and Kahramanmaras (Turkey) [15], Almaty
(Kazakhstan) [16], Gwangju (South Korea) [17],
Montreal (Canada) [18], Bengaluru (India) [19].

In 2013 Ch. Okoye and S. Abbasoglu presented the
results of measurements of electric energy generated by
three photovoltaic modules in fixed (inclination angle f§ =
36°), horizontal (8 = 0° and two — axis tracking
configurations. In case of using mobile construction the
highest percentage energy gain, comparing to fixed
installation, was recorded for June (58 %), the lowest for
January (28 %) [20].

The influence of cloud cover and the contribution of
the diffuse solar radiation on the electrical parameters of
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solar cells in high latitudes (Montreal, Canada) was
investigated by G. Quesada et al. [21], showing that some
tracking strategies can lead to decrease in electric energy
production up to 25 %, comparing to fixed and horizontal
panels, especially on cloudy days.

A limited number of publications, describing the
legitimacy of using 2 — axis Sun tracking systems for
Polish climatic conditions (Central Europe), where the
contribution of diffuse radiation in total solar radiation
reaches even 70 %, forces to present long — term
measurements in order to perform complete energy and
economic balance, that is also common and important in
case of other renewable sources of energy like biogas
[22][23].

2 Two — axis follow — up system

A two - year comparative analysis of the operation of a
photovoltaic system consisting of a polycrystalline PV
module in a stationary and 2 — axis Sun tracking
configuration was performed using a measurement stand
showed in figure 1.

Figure 1. A photovoltaic syste consisting of the fixed
and the 2 - axis tracking construction.

Table 1 presents the parameters of the single
photovoltaic module and DC/AC microinverter used in
the comparative analysis.

Table 1. Parameters of the photovoltaic modules
and microinverters

Photovoltaic Value DC/AC Value
module converter
Maximum power 210 W, Nominal input 240 W
power
Voltage at max. 2064V Maximum DC 44V
power point voltage
Current at max. 6.98 A Minimum DC 20V
power point voltage
Open circuit Range of
voltage 3594V MPPT 23 V35V
Short circuit current 7.6 A . Maximum 12 A
input current

In the project the magnetic incremental encoders are
used to describe the current position of the solar receiver
in a horizontal and vertical axis. Two Hall sensors
measure the voltage at the electrode terminals
perpendicular to the magnetic field line. The current

magnet displacement is correlated with the magnetic field
intensity. The resolution of used direct current linear
motors is 380 imp./mm. The control unit used in the
tracking system allows to connect external sensors e.g. to
measure the wind speed and direction, snow cover,
temperature or weight on the photovoltaic module plane.
In the case of high wind speed the solar receiver is
positioned to horizontal position. Snow coverage implies
vertical position with the inclination angle to the ground
£ =90°, which allows to reduce the shading effect.

In order to determine the incidence angle of solar
radiation on a plane tilted at f angle to the ground, a
relationship between vector a {a,, a,, a.} - perpendicular
to the surface of the photovoltaic module — and b {b,, b,,
b.} — identical with direct solar radiation — should be
described. A scalar product of two vectors equals cos 6.

A unit vectors can be determined using relationships

(1 - ) [24]:

a, =cosacos b, =cosa'cos S (1)
a, =sinacos 3 b, =sina'cos f' ()
a, =sinf b, =sinf' 3)

where: @, f — azimuth and inclination angle of the
photovoltaic module, a” — Sun azimuth angle, f’ — Sun
elevation angle.

Sun elevation and azimuth angle are defined by the
relation [24]:

B'= arcsin(sin @ sin & + cos ¢ cos & cos ) “
. . CcosSOsin®
a'=arcsin(———) 5
cos ' (%)

Taking into account equations (1) — (5) formula
describing the incidence angle of solar radiation on a
plane tilted at f angle to the ground has the following
form [25]:

cos @ = sindsingcos f -sino cos @sin Fcos y +
+ €0s O cos @ cos [ cos @+ cos I singsin Fcos y cos w + (6)
+cos Jsin Fsiny sinw

For considered spatial orientation (photovoltaic
module plane is facing south) the relation (6) can be
expressed by the following formula:

cos @ =sindsin(p — ) +cosdcos(p — f)cosw  (7)

Time between the local noon and the sunrise () and
sunset (H,) were calculated using formula [26]:

Hsr =—Hss = arccos(—tan ¢ tan 8) /15 (®)

The hour of the day when the Sun reaches its highest
altitude can be described using the relation [27]:



MATEC Web of Conferences 59, 03004 (2016)
ICFST 2016

DOI: 10.1051/matecconf/20165903004

LN =12:00—{229,2{0,000075 + 0,00187 cos & —
+0,03208sinw — 0,0146 cos 2 — )
+0,0409sin2w} }/ 60

Local time LT for an analyzed longitude can be
expressed by the following relation [26]:

LT = GMT + Long./15 (10)

where: GMT - Greenwich Mean Time, moment the Sun
crosses the Greenwich meridian.

3 Stationary photovoltaic configuration

Fixed photovoltaic unit, analyzed with 2 — axis follow —
up construction, consists of polycrystalline module
installed with calculated elevation angle f = 37° in south
direction. The Liu — Jordan isotropic model, which
describes solar radiation on tilted surface using direct and
diffuse radiation for a horizontal plane, was used to
determine the elevation angle [25]:

sind(7) -[sing - cos ff - cos ¢ - sin B - cos y]

s sind(t) - sing + cos 5(t) - cos @ - cos @(t)
cos5(t)-[xo((0,ﬂ,a))+x1((p,ﬂ,}/,a))+x2(ﬂ,;/,a))+ (11)
sind () - sing + cos 6(¢) - cos ¢ - cos w(t)
l+cos S I—cos
+ Gy ( 5 )+(G, +Gy)p, 2 )
X, = C0s ¢ cos 3 - cos a(t) (12)
x, =sing-sin - cos y - cos @(t) (13)
X, =sinB-siny -sina(t) (14)

where: G, G, — direct and diffuse solar radiation for a
horizontal surface; Gy - total solar radiation for a plane
tilted at B angle; ¢ - latitude angle; d(z) - declination angle;
(t) - hour angle; p, - reflectance factor.

The calculations were conducted using Matlab
simulation software. The aim was to verify the total value
of radiation power density in a one - degree step. For
each new value of the f angle, the insolation value was
determined for particular hours and was added on a daily
and yearly basis to a two — dimensional array. The
calculations were repeated until the highest value
corresponding to the amount of electricity was obtained.
The values of total, direct and diffuse solar radiation at
selected spatial orientations were obtained from a typical
metrological year TMY2 for the city of Poznan (Poland)
[28].

4 Results

The two - year measurements of electric power and
cumulative energy, AC voltage and current, irradiance
and insolation on a photovoltaic module plane in a
stationary and follow — up configuration were conducted
in natural solar radiation.

The wvalue of electric energy produced by a
photovoltaic module, dependent on the registered
insolation, efficiency of a photovoltaic conversion, area
of a PV module and value of electric energy losses (e.g.
temperature losses, shading effect) may be defined by the
relation:

100%— > P,

Ere= £S5 ——00%

(15)

where: E — insolation on a horizontal photovoltaic
module plane, S — area of a PV module plane, Py, —
power losses in analyzed system, # — efficiency of a
photovoltaic conversion.

A modified relationship, presented in a general form
in [29], describing monthly electric energy production by
a fixed photovoltaic unit, using determined correction
factors for Polish climatic conditions presented in table 2,
has the following form:

12
1
Erz ixed — Elxi'ki Pm l—— ])900 1
ved (Z‘ i k) By 1= s (U RaO] - (16)

where: Ej — insolation on a fixed photovoltaic module
plane, P, — maximum power of a photovoltaic module,
k; — average value of determined correction factor.

In addition, monthly electric energy produced by a 2 —
axis Sun tracker has been described using a modified
formula [30]:

i=12

1
Erz,track:n'zEtr,i'ZPS'POC,SC'FF'|1_—| (17)
i=1 Zps

where: E, — insolation on a 2 — axis tracking plane, n —
number of PV modules, P,.,. — apparent power, FF — fill
factor.

Results of measurements, conducted between July
2014 and June 2015, were compared with values
determined using formula (16) and (17).

On the basis of a thirty — second measurements of
irradiance, conducted by means of prepared
microprocessor system and a silicon sensor, monthly
insolation Ej; and E, was determined on a photovoltaic
module plane in a fixed and tracking configuration.
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Average correction factors calculated for 12 months
of the year, on the basis of 24 — month measurements
conducted between 07.2013 - 06.2015, describe the
relationship between monthly electric energy generated
by a photovoltaic module in a fixed configuration and
value determined using general formula (15), for central
Poland.

Table 2 presents calculated correction factors of
monthly electric energy for a fixed photovoltaic unit.

Table 2. Correction factors of the electric energy determined on
the basis of 24 - month measurements

Month number 1 11 111 v \4 VI
Value 093 | 093 | 0.83 | 0.87 | 0.88 | 0.84
Month number | VIT | VIIT | IX X XI | XII
Value 0.73 | 0.78 | 0.93 | 0.88 | 0.77 | 0.73
35 +
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20 ]
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Figure 2 shows the value of annual electricity
production for a fixed photovoltaic installation, on the
basis of real measurements conducted between July 2014
- June 2015 and calculations using modified
mathematical relationship (16) with relative error analysis,
including determined correction factors and without
correction.

Figure 3 shows the value of annual -electricity
production for a 2 — axis Sun tracking construction, on
the basis of real measurements conducted between July
2014 - June 2015 and calculations using mathematical
formula (17).
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Figure 2. Energy differences between calculated without correction, with proposed monthly correction factors and measured values of

electric energy for a fixed system including relative error analysis.
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Figure 3. Energy differences between calculated and measured values of electric energy for a 2 — axis Sun tracking unit.
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5 Discussion

The comparative analysis for 24 months proved the
legitimacy of using 2 - axis follow — up systems in
photovoltaics for the climatic conditions of central
Poland.

Energy gain from the proposed algorithm was 56 %,
61 %, 53 %, 47 %, 36 % and 34 % gross, and 43 %, 47 %,
40 %, 32 %, 23 % and 16 % net in May, June, July,
August, September and October 2014, respectively.

The proposed mathematical relationship for a
stationary PV system, based on the monthly insolation
and the proposed 12 correction factors using 2 - year
measurements, allows to estimate the value of monthly
electric energy with sufficient accuracy. The application
of average correction factors allowed to reduce the
percentage relative error from 23.32 %, 22.81 %, 13.6 %,
16.26 %, 25.93 %, 29.09 % to 9.92 %, 3.95 %, 5.64 %,
2.31 %, 3.41 %, 6.11 % in July, August, September,
October, November, and December 2014. The lowest
value of the A% parameter, in case of a fixed
photovoltaic unit, was observed in February 2014, where
introduced correction decreased the percentage error
more than four times from 6 % to 1.39 %. A similar
situation occurs in the following measurement year,
where the value of the percentage relative error A%,
between measured and calculated amount of electric
energy in February 2015 is reduced from 8.63 % to
1.06 %, which is presented in figure 2.

The biggest differences between a measured value of
the electric energy produced by the fixed photovoltaic
module, and one determined on the basis of the relation
without correction, are observed in June, July and August.
A high temperature of silicon solar cells during summer
months, without sufficient ventilation, may cause the
decrease in voltage at the maximum power point, leading
to significant differences in electric energy. This situation
does not occur at such a level in the case of well
ventilated solar module in tracking unit (figure 3).

A mathematical formula describing monthly electric
energy production by the 2 - axis follow - up unit allows
high accuracy prediction using values of insolation on a
surface at a particular spatial orientation and the electrical
parameters of a solar module, which is confirmed in
figure 3. Presented formula does not require to use
correction factors.

Calculations based on the generalized mathematical
relationship (15), without monthly correction, lead to
significant forecast errors.
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