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Summary: Photovoltaic power supply of street lighting has been developing rapidly
in recent years. A stand-alone photovoltaic (PV) system supplying light-emitting diode
(LED) outdoor luminaires has been constructed in the Technical University of Gabrovo. A
PV-LED system consists of a PV module, a storage battery, a solar controller, a LED lamp
and a system for remote visualization of operating modes. Working processes for optimiza-
tion of the night operating mode of LED luminaire have been studied. Data on electrical
energy stored by the battery and consumed for lighting have been presented.
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1. INTRODUCTION

Photovoltaic (PV) conversion is being more
and more widely applied in order to satisfy the
requirements of environmental protection in
electricity production and to provide autonomy.
Modern photovoltaic modules are introduced, new
technologies emerge with the development of light-
emitting diodes (LED) for outdoor lighting. The
advantages of LED are the following: long-term ser-
vice life, small size and capability to operate with
vibrations, high light efficiency, favourable colour
rendering index [1,2].

This paper deals with the modes of storage
battery charging and discharging during the opera-
tion of a photovoltaic system with a controller for
street LED lighting. With the development of PV-
LED systems, it is necessary to improve their opera-
ting modes, which requires studying and making
thorough analyses. This has resulted in enhancing
individual engineering characteristics of certain
components and optimization of functional capaciti-
es of the manufactured commercial solar controllers.

2. EXPERIMENTAL STUDIES AND OUT-
COME ANALYSIS

Figure 1 shows the arrangement and position
of components which are included in the PV-LED
system built.

* Corresponding author: platikanov@yahoo.de

The photovoltaic module which converts
daylight into electrical energy has a power of 80
Wp. It consists of 9x4 photovoltaic cells built of
monocrystalline silicon.

The storage battery mounted in a metal box
(Figure 1), has a capacity of 100 Ah and 12 V volta-
ge. It is designed to store the electrical energy pro-
duced by the PV module during the daytime when it
is charged and supply LED luminaire with it at night
(it is discharged) [3].

The street luminaire mounted in the PV-LED
system has a power of 18 W and is built of LED
matrix 4x10 (Figure 2). It is supplied with direct 12
V voltage, provided by the storage battery.

The operating modes of the PV-LED street
system are controlled by a solar controller of MPPT-
TRACER 1210 RN type. It is supplied with 12 Vpc
rated voltage; it has rated current of 10 A. The
maximum input voltage is 100 V (for no-load run-
ning of PV module), and the input power to the con-
troller is 120 W. It has the protection against cur-
rents through the load higher than 35 A. Its own
consumption is low — up to 16 mA, and the opera-
ting temperature range is from —30° C to +60° C.
The duration of consumer operation — a street LED
luminaire with 18 W power can be set within the
range of 1 to 15 hours. The solar controller has 8-pin
port RJ-45 to be connected to LCD display.

The controller has the function: Maximum
Power Point Tracer (MPPT), which is automatic tra-
cing of the point with maximum power from V-A
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characteristic of PV module which enhances the

efficiency of the system [1].

The information on electric processes taking
place and on studying the operating modes of PV-
LED system from the solar controller is sent to LCD

LED luminaire 1§ W

Concrete

foundation _I.l_‘ 7

display MeTer MT-2 by means of RJ-45 connector
along LAN cable. Figure 3 shows the symbols on
the display and their meanings.

Photoveltaic module 80 Wp

Metal box comprising:

- storage battery 100 Ah LCD

- solar controller with MPPT display
- connecting conductors

| —

Steel pylon  LAN cable to the display

Figure 1. Arrangement of PV power supply of a LED street luminaire

Figure 2. Street luminaire with LED matrix
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Figure 3. Meanings of symbols on LCD display MeTer MT-2

LCD display MeTer MT-2 has two LED
indicators. When the battery is charged in the
daytime, a green LED is lit below Charge. When
there is an error, a red LED is lit below Error [1].

The storage battery charge and discharge
modes during the winter months are of particular

interest. Owing to weather conditions and short
days the battery cannot be fully charged.

In Table 1 by means of LCD display MeTer
MT-2 the results of experimental measurements
are presented taken during battery discharge from
the moment of switching on the street LED lumi-
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naire by the controller in the evening on 08 March
2013. Column 2 of Table 1 presents the values of
PV module voltage Upy [V]; columns 3 to 6 show
the values measured of the discharging storage
battery: voltage Ugar [V], current Igat [V], tempe-
rature Tgar [°C] and state of charge SOC [%]. The
voltage Urgp [V] and current I gp [A] of the load

are given in columns 7 and 8; the capacity [Ah]
and the electrical energy [Wh], released by the
storage battery and consumed by LED luminaire
are presented in columns 9 and 10. The
experimental reading of data on discharge mode
took two hours (column 1).

Table 1. Discharge of storage battery through luminaire load (LED matrix 18 W/12 Vpc) at night. Date: 08 March

2013 S

g Voltage of | Voltage, current, temperature and stgte of Load voltage and Capacity and electrical

g % PV modu- | charge of storage battery with capacity of current energy released by the
< le 100 Ah battery through the load

£ ULED ILED

SOl R LR o A | e | o

1 2 3 4 5 6 7 8 9 10
18:47 1.6 13.0 0.0 17 62 0.0 0.0 0.0 0.0
18:50* 1.3 12.6 -7.3 18 50 12.6 7.3 0.0 0.0
18:51 1.1 12.6 -8.4 18 48 12.6 8.4 0.2 59
18:52 1.0 12.5 -8.9 18 46 12.5 8.9 0.4 83
18:53 0.9 12.5 -9.4 19 47 12.5 9.4 0.6 10.3
18:54 0.8 12.5 -9.9 19 46 12.5 9.9 0.7 12.4
18:55 0.8 12.4 -10.3 19 46 12.4 10.3 0.9 14.6
18:56 0.7 12.5 -9.7 19 47 12.5 9.7 1.1 16.7
18:57 0.7 12.4 9.3 20 47 12.4 9.3 1.2 18.7
18:58 0.7 12.5 -8.7 20 47 12.5 8.7 1.4 20.6
18:59 0.7 12.5 -8.5 20 47 12.5 8.5 1.5 22.4
19:00 0.6 12.5 -8.3 20 48 12.5 8.3 1.6 243
19:05 0.6 12.5 -7.6 21 47 12.5 7.6 1.7 323
19:10 0.5 12.5 -6.9 21 48 12.5 6.9 3.0 39.5
19:15 0.6 12.5 -6.9 21 50 12.5 6.9 3.3 46.7
19:20 0.5 12.5 -6.7 21 48 12.5 6.7 4.2 53.7
19:30 0.5 12.4 -6.7 21 48 12.4 6.7 53 67.6
19:40 0.6 12.4 -6.7 21 46 12.4 6.7 5.6 81.5
19:45 0.6 12.4 -6.7 21 46 12.4 6.7 6.1 88.6
19:50 0.6 12.6 -3.6 21 50 12.6 3.6 6.7 95.0
20:00 0.6 12.6 -3.5 20 49 12.6 3.5 7.7 102.6
20:30 0.6 12.5 -3.5 19 46 12.5 3.5 8.9 124.5
20:40 0.6 12.5 -3.5 18 46 12.5 35 9.8 131.8
* - at 18:50 the load (LED luminaire with a power of 18W) is switched on and the storage battery discharge starts.

From the results obtained during measuring

the processes in PV-LED luminaire by means of
LCD-MeTer display, it was found that from the
moment of switching on the load for an hour, the
battery discharge current (which is equal to the
current through the load) was considerably higher
and with variable value. After 60 minutes have
passed from starting the discharge, the same

discharge current decreases considerably and sets
up at approximately 3.5 A.

The results about an hour transition process
when the current through the load is very high are
presented in detail. LED luminaire is switched on
at 18:50. The wvalues of the load current
(respectively the battery discharge current which
has a negative sign) are considerably high during
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one hour. The data on the display are read and
recorded each minute for 10 minutes when the
current reaches its peak of 10.3 A at 18:55 and

then it decreases (decreasing exponent) and it sets
up within the range of 6.7 A to 6.9 A but it conti-
nues to be relatively high — Figure 4.

IieD,
[A]

Time of measurement

Figure4. Variation in current | _gp through LED street luminaire

One hour after switching on the load, the cur-
rent values decrease abruptly and they set up within
3.2 A to 3.6 A up to the very end of the load opera-
tion (it was found that the operation time has diffe-
rent duration for different night hours depending on
accumulated electrical energy in the storage battery
during daytime, i.e. on the state of charge which
depends directly on solar radiation).

In the graph of current through load I;gp vs.
time (Figure 4) a trend line is added with a mobile
average value for the period of the selected series of
data. This period is from the initial moment of rea-
ding - at 18:47 until the end of measuring — at 20:40.
The reason for adding an additional line of trend is
that long-term reading of the variation in electric
current through the luminaire is used, combined with
different frequency of obtained and recorded data.
The values of the current are not recorded over the
same time interval (step) in an x-axis. For some
periods it is approximately constant and the recor-
ding is over longer intervals. For others (e.g. during
the first 20 minutes from switching on LED luminai-
re) the variation is very dynamic, measuring and
recording of values must be performed at very close
intervals — the reading and recording of values of
time on the graph is irregular. Owing to the trend
line, a stable direction of current variation in time
through load I gp is observed and the required clear-
ness of the obtained results achieved.

Variation in current through load in time is
identical for the remaining night hours on other days
(this was established experimentally) but the storage
battery must be sufficiently charged so that the solar
controller can allow switching on the load during the
night.

Figure 5 shows the consumed -electrical
energy in [Wh] from the storage battery through the
LED luminaire with 18 W power and variation in the
state of charge SOC, [%] in the storage battery for
110 minute reading of its discharge.

When reading the state of charge (SOC in
[%]) of the storage battery and consumed electrical
energy in [Wh] by the luminaire at night, the trend
line has been used again. In the period from 20:00
hrs to 20:30 hrs values are not recorded but the sta-
ble character of variation in two electrical parame-
ters is known (a mobile average value has been set).
Electrical energy from the storage battery through
the luminaire varies along the increasing exponent.
After 19:50h decreasing intensity of providing elec-
trical energy was recorded which is explained by an
abrupt decrease of discharge current (respectively
consumed current) from this moment on (Figure 4).

LED luminaire is switched on and off by
illumination control since the electrical voltage of
PV module Upy is proportional to ambient light
(solar radiation intensity). It was established from
experimental studies that LED luminaire switches on
automatically in the evening when PV module vol-
tage decreases below 1.3 V. Luminaire switches off
again automatically in the morning (providing that
the storage battery has enough capacity for the lamp
to operate all night) at PV module voltage value:
Upy = (1.1 + 1.3) V (with an increasing variation
because solar radiation intensity rises).

Table 2 presents the measurement results from
charging in the daytime and discharging at night of
the storage battery (capacity of 100 Ah).
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Figure 5. Variation in SOC and consumed electrical energy from the storage battery
through street LED luminaire

Table 2. Operating modes of PV-LED system

Charging of storage battery . .
100 Ah for 9 hours (when daylight is availa- Discharging of storage battery
) 100 Ah for 6 hours (at night) —
ble) — from 8:00 to
from 18:45 to 00:45 hrs.
17:00 hrs.
Date, weather
conditions . . .
Electrical energy pro- Capacity created by Electrical energy from | Capacity from the stora-
duced by the PV module in the storage battery to the ge battery to
the PV module and the storae batte LED luminaire LED luminaire
stored in the battery, [ fh] RE with a power of with a power of
[Wh] 18 W, [Wh] 18 W, [Ah]
04.03.2013, 266 13.700 243%* 19.500%*
sunny
05.03.2013, 285 15.300 255 20.400
sunny
06.03.2013, 334 15.100 256 20.400
cloudy
07.03.2013, 168 14.600 241 19.400
changeable
08.03.2013, 280 13.500 105%* 10.500%*
changeable
Total 1.333 kWh 72.200 Ah 1.100 kWh 90.200 Ah
Note: Values marked with * show that the storage battery discharges for 5 hours — from 18:45 to 23:50 hrs.

At this time of the year — beginning of March,
LED luminaire operates approximately for half of
the night (from 18:50 to 00:40 hrs — for 6 hours),
because the storage battery cannot be sufficiently
charged. The main reasons are: short days, insuffici-
ent number of sunny hours and low values of global
solar radiation compared to summer months.

Figure 6 presents a daily variation in global
solar radiation Gl, [W/m®] for averaged 10 minute
values for four days at the beginning of March (04,

05, 07 and 08 March), when the operating modes of
PV-LED system were analyzed. The data is obtained
by Kipp & Zonen pyranometer and software for
remote reading [5].

Figure 7 presents a diagram of electrical
energy in [Wh] produced in the daytime and stored
in the battery and then released by the battery and
consumed through the load at night on certain days
in March, 2013. Total values of stored and consu-
med electrical energy for this period are also shown.



Stoyo Platikanov, Milko Yovchev, Study of operating modes of a stand-alone photovoltaic...
Contemporary Materials (Renewable Energy Sources), IV-2 (2013) Page 110 of 111

=f=Gl] [W/m2] - 04.03.2013

=f=GI1 [W/m2] - 05.03.2013

800 1000
600
400
400

200 200

0 TTT T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T 0 TTT T T T T T T T T T T T T T T T T T T T T T T T I T T T T T T T T
T EEEEEEEEREREREEREEEREERER T EEEEEEEEEREEREEREEREEER
TITIZSCSTSSSZEZEESR TTSToo oSSz
R ] i R ]
s IaIdgdsTIassTas? sz TaigsTIastTas
WSS = NS WSS O =T WS
- e e e e v v o o v o o v o o - e e e e v e v o o v o v o o o )

=Gl [W/m2] - 07.03.2013 =+=Gl [W/m2] - 08.03.2013 _.

800 h 800

600 * 600 ¢

400 400

200 200

0 TTT T T T T T T T T T T T T T T T T T T T T T T T T T T T TTTT 0 TT T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T I TTT
ZIEIEEEEEEEEEEEss TIESEEEIEEEEIEssE
SSSSSELSSSSseSESESSS R B — = I ]
sTazTadsiIgsTIadasTa T s TIaIgdsTasstTas
- @SS D = 0T WS I @SS = = e TS
- e e G e v v o o v o o v o o o e R e e R e e o B B B R R ]

Figure 6. Variation in global solar radiation at averaged 10-minute values
read by Kipp & Zonen pyranometer
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Figure 7. Electrical energy produced by the PV module, released by the storage battery and consumed through
the LED load

Electrical energy produced by PV module
depends on weather conditions in the daytime and
sunny hours, while the value of electrical energy

consumed — on the degree of charge in the storage
battery and operation time of luminaire.

3. CONCLUSION

From the storage battery charge and discharge

modes studied at the beginning of March (no snow)
when accumulated electrical energy is not sufficient



Stoyo Platikanov, Milko Yovchev, Study of operating modes of a stand-alone photovoltaic. ..

Contemporary Materials (Renewable Energy Sources), IV-2 (2013)

Page 111 of 111

for the luminaire to operate all night, the following
was established:

e For 5-day charging of storage battery, the
total accumulated electrical energy is 1330 Wh
(Figure 7); at this time of the year the average value
of solar radiation intensity is 418 W/m’ per day
when it is sunny (05.03.2013) and 266 W/m® when it
is cloudy (08.03.2013) — Figure 6.

e From the measurements of storage battery
discharge through street luminaire, two particular
points were found:

1) when LED luminaire is switched on, the
discharge current is high for one hour — from 6,7 A
to 10,3 A (Figure 4) at rated current of the load of
1LSA (18 W/ 12 Vpe);

2) one hour after switching on the luminai-
re, the current decreases abruptly and sets up within
(3,2 + 3,6) A up to switching off the luminaire.

e The electrical energy consumed by LED
luminaire from the morning of 04 March .2013 until
the evening of 08 March 2013 is 1100 Wh (Figure
6), taking into account that due to insufficient

capacity of storage battery, LED luminaire operates
during half of the night hours.

In order to improve the operating modes of
PV-LED system, a high capacity storage battery
should be selected as well as a solar controller which
can rationally set the night operation mode of the
luminaire according to the specific time of the year.
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TOXR

NCTPAXUBAKBE PEXXUMA PAJA CAMOCTAJIHOI' ®OTOHAIIOHCKOI
CUCTEMA 3A BABCKO OCBJETJBEIBE

Caxerak: CHaOnujeBame ynudHe pacBjere (POTOHANOHCKOM EHEPrHjoM MHOCIbE[-
BHX TOJIMHA TOKKMBJbaBa Op3 pa3Boj. Ha Texuuukom yHuepautery y ['abpoBy uspalen je
camocrtaniHu ¢ortoHaroncku (PH) cucrem koju cHabaujeBa JIEJ] ynuuny pacsjery. ®H-
JIE]] cucrem ce cactoju onq ®H monyna, akymynaropa, cojapHor kontposepa, JIEJ] namme
U CHCTEeMa 3a JIaJbUHCKY BU3yalu3alMjy pexuma pazia. V3ydyaBaHu cy pajHU HpoOLECcH 3a
ontuMu3anujy HohHor pexxuma pana. [Ipukasanu cy nojganu o €JIeKTpUYHO] SHEPTHjU Koja
j€ CKIIaIMIITEeHa y aKyMyJIaTopy M Koja ce TPOILH 32 pacBjeTy.

Kmbyune pujeun: OH-JIE]] cucrem, nasbmHCKa BHM3yalM3anuja, ONTHMH3ALM]a,
paIHH PEXXUMH, €KCIICPUMEHTAIHA HCIIUTHUBAKbA, EIEKTPUYHA CTPY]a.
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