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Abstract — The photovoltaic (PV) systems are of great
interest nowadays due to the depletion of fossil smwes and
environmental problems (greenhouse gas emissions,ir a
pollutions and effects of accidents at nuclear poweplants). The
maximum power point tracking (MPPT) systems and sola
trackers allow significantly efficiency increase ofPV systems.
This article presents the efficiency calculations fo2-axial active
solar tracker taking into account losses on panelrintation for
the three most specific months — December, June ai®eptember.
An algorithm for tracker control is proposed and tested on the
developed experimental prototype. It was establiske that the
optimal PV panel orientation change time interval based on the
ratio of efficiency increasing and orientation losss) is 15 minutes.

Keywords— PV system; 2-axis solar tracker; efficiendyV
panel orientation; motor control.

. INTRODUCTION

This paper in the Il section proposes an actiaxi®-solar
tracker with the control system verified on the eleped
experimental prototype. The efficiency calculatioos the
proposed tracker were carried out in the IV secfamthree
specific days of the year that allows to determihe PV
system efficiency increasing range taking into actoPV
panel orientation losses. The optimal panel ortemtatime
interval obtained by simulations, taking into aauban extra
generated power and control consumptions.

Il.  SOLAR TRACKER SYSTEMATIZATION

There are many kinds of orientation systems whenh lze
classified by the hanger type, by the tracking giple and by
the type of Sun position sensors.

A. Trackers classification by the hanger type
The main types of solar trackers, classified bygeartype

The renewable energy sources become increasinglye shown in Fig. 1 [7].

important nowadays. This is due to the rises irceprand
shortage of fossil sources, and environmental coscef
nuclear power. By experts’ assessments, the resi cb
electricity generated by nuclear power plants (tgkinto
account additional costs for disposal of spent &nel accident
consequences mitigation) may be more expensive wiad

and solar energy. Photovoltaic (PV) has becomefdbtest
growing branch of renewable energy in recent yeAtsthe

beginning of 2013 the total installed capacity bfPA/ plants
have reached 100 GW [1], and continued to growdibh32 The
low efficiency and output dependence on the dag time some
of the largest problems which prevent further sgiregof PV.

Increasing the total efficiency of PV systems cam b

provided by the development of new materials whiod able
to improve the solar irradiance conversion, as asllby the
use of the maximum power point tracking (MPPT) beaV-I
curve of PV panels [2], [3], [4], [5]. PV panel eritation
systems (solar trackers), which alter its posiforSun rays are
always perpendicular to the photosensitive surfamlégw
partially compensate the irregularity of electsicgroduction
during the day (especially in the morning and ia &vening).
The efficiency of solar trackers depends on manyditmns,
including tracker type, PV system location coortisa
irradiance, etc. As shown in the literature, therage annual
efficiency improvements of PV systems can reach #8%but
exact value can vary widely, and requires moreiléetatudy.
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Fig. 1. Solar tracker systematization.
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Single-axial trackers can be with azimuth trackiwertical)
[8], with declination angle tracking (horizontaB][and with a
fixed declination angle, which chosen for the |ltmatatitude
(polar or tilted trackers) [8], [10]. The verticiiackers are
recommended to use at high latitudes where theeSan in
summer days doesn't rise high above the horizornlewhe
length of the day is very long (days can last eRérhours —
"polar day"). On the other hand, the horizontatkeas have
the highest efficiency in the regions located ribar equator
and the simplest structure. Efficiency increassuoh trackers
in comparison with fixed panel can reach 20% [THe polar
trackers have the highest efficiency among all Iskagial
trackers. Their rotation axis is tilted at an antgethe line
north-south.



The 2-axis trackers can be either with independeimuth
and declination tracking and with tracking in a boate
system directed perpendicular to the Sun movemdéantep
(polar floating axis trackers or Sun path trackerg first type
of trackers has the highest efficiency among afiety of
trackers, but on the other hand they are also & tomplex
in design and control. Meanwhile, trajectory traskéave
smaller moving losses. The total drawback of alaxi
trackers is the difficulty of performing orientatieoof multiple
panels.

B. Trackers classification by the tracking principle

There are many approaches in PV panel orientatvaard
the Sun position. They can be divided into threesy

e Open-loop trackergletermine the position of the Sun
for a specific location and time by using special
Such systems are

mathematical formulas [12].
insensitive to the side illumination and problemishw

determination the exact position of the Sun whén it

2b. The tunnel sensors are insensitive to parabitininations
(Fig. 2¢) which photocells are placed at the bottdrthe tube
with a hole on the opposite side (aperture). THeevaf the
aperture determines the sensitivity and accuratythéd same
time, the tunnel sensor has a limited operationeanpere the
Sun can be found.

%w:% Solar Rays % Solar Rays %ﬁ:} Solar Rays

L Photocells - Photocells L Photocells -

a) b) c)

cloudy. However, these trackers must be periogicall Fig- 2. Sun sensors: shaded (a), pyramidal (b), tunnel (c).

calibrated. In addition, it is necessary to useiaors
with position feedback.

To maintain the low cost and complexity of the eysta
modified pyramidal sensor was proposed (Fig. 3).ckwh

Closed-loop trackerprovide orientation of the panel provides high sensitivity and protected from theragdic
due to a feedback signal from the sensor. Thdlluminations. A compromise between the range oérafing
advantage of this system is the ability to use anyangles and protection can be achieved by adjustiegangle
actuators, insensitivity to setting errors and eusimg  and height of the protective cone.

in mobile units (no need for the precise setuphsy t SAL
0

cardinal directions after transportation).
Solar Rays

Hybrid trackershave a sensor of the Sun position,
which can adjust orientation based on calculatéapse
During sunny weather system can be configured &y th

signals from the sensors, while in cloudy sky the

coordinates that are calculated by program carsbd.u

Hybrid systems can provide the highest precision in

orientation. They are widely used in concentratér P

C. Trackers classification by the type of Sun positiensors

If the highest precision in orientation is requiréice.
concentrator solar cells) a camera with PC imagesgssing
can be used as a sensor [7]. Such systems araabésto use
only in powerful solar installations. The most coomsensor
in active solar tracker is an optic-electrical certer
(photocell) — e.g. semiconductor photoresistor.résistance
varies with the irradiance changes — the more ligtg better
conductivity of the photoresistor, and therefoesslresistance.

Typically, the photocells are used in pairs in sdi/
trackers, utilizing the difference signals from airp of
photocells as a signal to the control system. Tdreyplaced in
parallel to the surface of the PV panels with laghuracy. The
typical sensor design is shown in Fig. 2 [13].Ha simplest, so
called "shaded" sensors (Fig. 2a) an obstaclegdtin's rays
perpendicular to the surface of the photosensorgsed to
determine the position. "Shaded" sensors have @wsisvity
and they are sensitive to parasitic side illumbraie.g. caused
by rays, reflected from clouds, buildings, etc)crbasing
sensitivity is possible in pyramidal sensors, piggbhotocells
at a certain angle to the surface of the panethasn in Fig.

Photocells

Shield

Fig. 3. A modified pyramidal sensor.

Ill.  EXPERIMENTAL PROTOTYPE OF2-AXIS SOLAR TRACKER

A scheme of 2-axial solar tracker is shown in FigThe
prototype includes a rack with polar hanger, twedr motors
MP-100M-2, a solar panel S-180C, a pyramidal Smms@eand
a control system. Tracker is fed by a rechargebbttery that
is charged through a voltage converter with MPP$ten
followed by the battery charge and load protectiontroller.

A simplified scheme of the solar tracker controlitus
shown in Fig. 5. A modified pyramidal sensor hasrbased as
element of the control system providing informatiahout
panel orientation relative to the Sun rays. Therobsystem is
based on the microcontroller STM32F100C4T6B (ARM
Cortex-M3 family) using a real time operating syste
FreeRTOS. The RTOS allows creating a flexible aantr
system with the simplicity of functional enhancemen
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A. Solar Tracker Control Algorithm
All the major actions of the panel orientation previded
by the program, which simplified scheme is showFim 6.

The control program reads the Sun position sensta d
from the memory. In the next step the obtained eslare

adjusted using calibration data and compared wib t

tolerance. Thus, the difference in resistanceenéars is taken
into account. If deviation from the optimal positiat least in
one plane exceeds permissible value, the processanél

turning begins in the direction of the greatestialton. The

process is repeated until the panel is set in fitienal position

and deviation signals from two pairs of sensord bd less
than permissible value. Thus, orientation processompleted
and control system proceeds to low power mode thilnext
orientation change. The low power mode time isrdateed by

the chosen orientation time discrete.

B. Experimental Implementation

The developed 2-axial tracker is shown in Fig. & T

determine the control losses and evaluate the teféeess of
the tracker, time dependences of the actuator driveent
during panel rotation were obtained for differerdtar supply
voltages. Using (1) the dependence of energy coeduior
rotation per day (maximum rotation is 280 degremsJiine)
from the angle of the elementary rotation (Figw@y obtained.
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Fig. 6. A simplified control process flow chart.
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Fig. 7. An experimental 2-axis solar tracker.
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whereEgr — the full panel turn energy, & — the time of
full panel turn at a given supply voltage of thetandvp, s;
In(t) — the supply current of the motor during panel iotgtA,;
T, —the time of the elementary rotation for angles.



According to calculations the optimal supply voldgr the
motor is 18V. In this case the energy required dtate the
panel by 1 degree will be minimal.
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Fig. 8. The energy consumpted for full turn vs. the elementotation angle.

Fig. 8 shows that in the worst case (under mot@plisu
voltage 27V and elementary rotation about 5 deg)ahergy
consumed per day is 814 J (~ 0.23 W-h). Thus, diig €nergy
consumption for panel orientation is much less teaergy
produced by panel within 1 hour under the nominaldiance
(180 W-h). So, the panel rotation losses were ethiin
subsequent calculations.

V.

The Sunlight irradiance close to the earth surfeee be
calculated using:

EFFICIENCY CALCULATION

l=1.1-1.3530.7"AM"°78 (2)

I =1lg [ﬂcos(a)ﬂ;in(b) Dtos(gl/ - 9)+ sin(a) Ed:os(ﬁ)) 4

wherel — solar irradiance on the panel surface, kWhtm
— Sun elevation angle, deg;— the panel tilt angle (0° for
horizontal, 90° for vertical, (9@) for panel tracking) in degy
— the azimuth angle of panel (the clockwise angiesvben the
north direction and the panel facing direction, fanel with
tracking w=0, for the panel at an angle of 45° to horizon
w=180"), degp — the azimuth of the Sun in deg.

Using (4) the dependence of the solar panel irmaeison
the time of day three cases was analyzed: horizqatael;
panel at an angle of 45° to the horizontal (thénatn angle
for mid-latitudes [19]); panel with 2-axis trackéFhe daily
energy production of panels for the following thiesses has
been calculated based on these dependencies agdbisiThe
calculation results are summarized in Table I.

E=

PI"IOITI 1 (5)
ay

i)

J1{t)dt
Inom Td 0
where P, — rated panel power, W;., — nominal panel

irradiance, kWh/rfy I(t) — irradiance on solar panel surface,
KWh/n; Tyay— the duration of day, h.

A comparison of Fig. 9 and the data representethlbie |
shows that the panel irradiance for panel withaaicker
significantly reduced when the Sun is not at itsithe At the
same time panel with tracker during the day harsdiance at
its maximum level (same as irradiance near théneanface on
Fig. 9), as the panel is always perpendicularéo3tn rays.

In general, the panel at an angle to the horizbalahg the

wherels - irradiation near the earth's surface on a plangear shows a relatively high efficiency, and it slo®t require

perpendicular to the radiation, kWHmM - correction factor,
which shows the degree of the radiation power gibisor
when passing through the atmosphédirean be calculated by

high installation costs and additional equipmek lactuators
and sensors. Therefore, the panels placed at de tmghe
horizontal are so widespread and it will be used esference

the (3), wherd - angle between the normal to the surface andor efficiency comparison between different paryples.

the direction to the Sun, deg.

AM=1/(co9+0.50572(96.07995¢) 1 °3%) (3)
For the geographical coordinates of Chernihiv (lep
using the Sun position data [14] and the formulasofar
irradiance (2), which takes into account the aksmmpof the
atmosphere and diffused solar radiation [15], [IB1], graphs
of solar irradiance near the earth's surface dutiegday for a
surface perpendicular to the radiation were bkitg.(9).

The calculations were performed for three specifigs of
the year 2013: June 21 (summer solstice), Septer@Ber
(equinox solstice) and December 21 (the winter tisels
without taking into account the weather conditiofesg.
cloudiness). Generally, the energy produced by Pdutes is
directly proportional to its irradiance. The depence of the
instantaneous power for ideal trajectory trackirigth® Sun
will be similar to the one shown in Fig. 9.

Calculation of the panel irradiance when the pauoeface
is not perpendicular to the Sun rays can be doimg [83]:

The calculation shows that the greatest benefihfusing
a tracker appears in June. Also there are integesésults in
June, which shows the panel at an angle of 45Kediorizon
— it is less effective than the horizontal panehisTcan be
explained by the fact that in June range of the &zimuth
variation is greater than 180 degrees (the Surs risethe
northeast and sets in the northwest) [14]. So the & the
beginning and at the end of a day is behind theslpamd it
does not drop any radiation on it, it is also see(frig. 9 c).

TABLE I. ABSOLUTE (RELATIVE) DAILY ENERGY PRODUCTION
Month 2-axis trairi]:grgy pr(;iu;::;rr;e\év T (umtSI:orizontal
June, 21th 2267 (1.76) 1285 (1.00) 1438 (1.12)
September, 22ng 1514 (1.35 1119 (1.00) 720 (0.64)
December, 21th 622 (1.27 488 (1.00) 136 (0.28)
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Fig. 9. Solar panel illumination: December (a), SeptembgrJune (c).

At the same time, the horizontal panel is irradlaad the
day. In general, throughout the year panel witbkirey shows
efficiency increase against the tilted panel by enttran 27%
(Table I).

A. Estimation of optimal rotation discrete for tracker

1,kW/m?

minutes does not make any sense, because it dbbsempany
efficiency gain. So, tracking discrete can be sahe range of
15 to 60 minutes, and should be chosen for reasiiosses to
turn the panel, actuators resolution, etc.

To reduce the engine wear, noise and power congsumpt
of the system some discrete in orientation needsbeo

introduced. To choose the optimal orientation ditcrelations
between produced energy and orientation discreteisnuth

and elevation angles were calculated and apprepsiatfaces
were built (Fig. 11). Results can be found in sumyntable of

the relative efficiency of discrete orientation fles II-1V).

Calculations were carried out using (5) for theadiance
calculated by (6).

1) =16 deodat)) sin((t - 4 )) ceodelt) - 6t - 4, ))) +

+1 [sin{a(t) od st - 4.)) ©

wherea(t) — Sun elevation angle, d(t) — azimuth to the
Sun, d;f(t-4g) — the panel tilt angle at the previous s(éft-

Ag)=90-a(t-4g)); O(t-4,) — azimuth of the Sun on the previous

step, dy, —azimuth discrete, hig — elevation discrete, h.

From the tables and diagrams can be seen thatitmeita

orientation discrete is more critical than the at®n angle
discrete. This is due to a much greater range anhgbs in the

azimuth of the Sun compared to the elevation anblnges

during the day (i.e. over the same period of tifiter gpanel has
been set perfectly towards the Sun). The absahstansistency

of azimuth is greater than that of elevation angteit impacts
on efficiency.

The most critical to the accuracy of tracking isnter
months. This is due to the short duration of the @dbout 5h)

and low irradiation levels so adjusting the positad the panel
through relatively long intervals (2h and more), 8@ panel

position will be adjusted only a few times per dapis will

lead to such situation when during the period afhhsolar
irradiance panel will be misaligned and irradiatlewel on its

surface will be significantly reduced.

In general, as shown in (Tables II), even whenkireg

discrete is 60-minutes panel performance duringydee does

TABLE II. RELATIVE EFFICIENCY (JUNE)
Azimuth Elevation discrete, min
discrete, min 0 15 30 45 60 120
0 1,00 1,00 1,00 0,99 0,99 0,96
15 1,00 1,00 1,00 0,99 0,99 0,96
30 1,00 0,99 0,99 0,99 0,99 0,96
45 0,99 0,99 0,99 0,98 0,98 0,95
60 0,98 0,98 0,98 0,97 0,97 0,94
120 0,90 0,90 0,90 0,90 0,90 0,87
TABLE 1. RELATIVE EFFICIENCY (SEPTEMBER
Azimuth Elevation discrete, min
discrete, min 0 15 30 45 60 120
0 1,00 1,00 1,00 1,00 0,99 0,98
15 1,00 1,00 1,00 0,99 0,99 0,97
30 0,99 0,99 0,99 0,99 0,99 0,97
45 0,98 0,98 0,98 0,97 0,97 0,95
60 0,96 0,96 0,95 0,95 0,95 0,93
120 0,81 0,81 0,80 0,80 0,80 0,78
TABLE IV. RELATIVE EFFICIENCY (DECEMBER)
Azimuth Elevation discrete, min
discrete, min 0 15 30 45 60 120
0 1,00 1,00 1,00 1,00 1,00 0,99
15 1,00 1,00 1,00 1,00 1,00 0,99
30 0,99 0,99 0,99 0,99 0,99 0,98
45 0,97 0,97 0,97 0,97 0,96 0,96
60 0,93 0,93 0,93 0,93 0,93 0,92
120 0,65 0,65 0,65 0,65 0,65 0,64

not fall below 93% compared to continuous (zerccreie)
tracking. On the other hand, tracking with disciets than 15
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Fig. 10.The daily energy production vs. the orientatiorcrite: December (a), September (b), June (c).

The Sun tracking system designed to

V. CONCLUSIONS

efficiency of photovoltaic cells was developed.lidétion of
2-axial closed-loop Sun tracker system allowed tise of
cheap actuators without position feedback and witho
necessity of precise hanger placement by cardimattibns
for its high efficiency. The impact of tracker artation time
discrete on the solar panel efficiency is firstetakinto the
account in this research. The energy losses fantaiion
were measured, but they turned out significantlyeo than

panel energy production,

do not affect overall eyst

performance and therefore they were omitted in eqsnt

research. The efficiency of solar panel with trackeas
compared with the same panel installed at an anfjld5

degrees to the horizon and amounted not less ti&n 2 [10]

throughout the year. The maximum efficiency improeat

from tracker usage reaches 76% under the same cismpa

conditions in summer. To retain compromise betweerill]
actuators wear and panel efficiency gain, the ogtim [12]

orientation discrete was calculated and composenitdétes.
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