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Abstract–This work presents the development of the 
photovoltaic system for energy supply to the public illumination 
in peak demand in electric system distribution. The system can 
supply energy, considering a solar radiation average of 
5500W/m2/day, for two and a half hours, to a 70W high-
pressure sodium lamp (HPS). During the day, the solar energy 
is captured by a photovoltaic panel and stored in lead acid 
batteries through a boost converter. This converter makes 
possible the battery to be charged in photovoltaic maximum 
power point (MPP). In the evening the HPS lamp is started up 
through an electronic ballast, which operates with zero volt 
switch (ZVS). The system, controlled by a AT90S8535 RISC 
microcontroller, seeks the photovoltaic maximum power point, 
monitors the batteries level and determines the time operation 
of the DC/DC converter, that makes possible the use of the 
electronic ballast with the batteries. 
 

I. INTRODUCTION 
 

A photovoltaic system cost is thoroughly related with what 
is considered cost and what is considered benefit. Being 
taken the market prices and the cycle of life of a photovoltaic 
system, the cost of the generated electricity can be around 
0,30 to 1,00 U$D/kW. This cost has been limited factor in 
the use of photovoltaic systems in comparison with costs for 
electric energy from hydraulic, nuclear or fossil source. 
Considering, however, the difficulties that today are imposed 
in the construction of new generation plant, the difficulties 
and cost in the construction of new transmission lines, factors 
as more expensive energy in the hours of demand peak and 
the deregulation of the electric sector that it makes possible 
the purchase of energy produced in excess by the 
photovoltaic system, the proceeding electric power for 
photovoltaic systems can already be considered economically 
viable.  

For amortization of the initial investments, is very 
important that the maximum of power can be extracted from 
the photovoltaic panel. The photovoltaic panel power 
changes with the temperature, solar radiation and the load. 
For a efficient it is necessary the use of a microcontroller, 
together with the power electronics, to adjust the dynamics 
electric impedance of the photovoltaic panel.  

This paper describes the implementation of a photovoltaic 
system for public illumination, different from other 
conceptions of self-sufficient systems [1,2,3], this is 
interlinked the electric net. The energy supplies system, 
through the batteries, a 70W lamp HPS for two and a half 
hours, time in that happens the demand peak in the electric 
system.  

A boost converter charges the lead acid batteries, which 
control is provided by a microcontroller AT90S8535 of 
Atmel. The battery is charged at the photovoltaic panel 
maximum power point. In the evening, the system uses the 
photovoltaic panel as a light sensor and turns on the flyback 
DC/DC converter. The electric grid is softly disconnected, 
due to the high voltage of the dc-dc converter, and energy 
stored in the batteries  supplies the lamp through the ballast 
for a period of time of two and a half hours. The output of the 
DC/DC converter is connected directly in the DC link of the 
electronic reactor. The half bridge circuit of the electronic 
ballast and the igniter circuit, turn on the lamp.  

The diagram in system blocks can be seen in the figure 1. 
This system is divided in four subsystems directly controlled 
by the microcontroller: electronic reactor (ballast); the 
DC/DC converter; the battery charger controller and power 
factor correction (PFC) stage.  

 

 
Fig. 1–Diagram in blocks of the developed system.  

 
II. SIZING OF THE PHOTOVOLTAIC MODULES AND 

BATTERIES  
 

For the design the numbers of the photovoltaic panels and 
the batteries, the system can be simplified [4].  

The average power that should be supplied by the batteries 
bank during the system operation is defined by the equation 
1.  
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PBat → Average power supplied by the batteries bank. 



 

η    → System efficiency. 
Pout → Power drained by the load. 

 
The consumption of the system in amperes hour per day 

(Ah/day) it is defined by the equation 2.  
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AhL → Diary consumption of the load. 
tfunc → Time of operation of the load a day (h/day). 
VDC → Voltage of the battery link (12V, 24V, etc.). 

 
The average capacity of electrical energy production, in 

amperes hour per day of each photovoltaic panel of 12V is 
given by the equation 3.  
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Ahd  → Energy supplied by the photovoltaic module per day. 
Rmed→ Daily radiation average rate at the installation place. 
RS   → Solar radiation (1000 W/m2). 
IRS   → Current supplied by the module for radiation Rs . 

 
The minimum number of photovoltaic panels necessary for 

the specified energy consumption is given by the equation 4.  
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AhL → Capacity of daily consumption of the load. 
 

The total capacity of the batteries necessary for operation 
of the system is given by the equation 5. 
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Cbat → Total capacity of the batteries. 
d     → Autonomy days. 
VDC → Voltage of the batteries link. 
Dc  → Discharge depth. 
Vbat → Voltage of the battery. 

 
The product of the current by the time (Ah) usually 

specifies the battery energy capacity; this characteristic is 
supplied for 20 hours of uninterrupted operation. Whenever 
one wants to use the maximum battery potential in a short 
time interval, it should be applied to the rated Ah an index 
obtained from the curves supplied by the manufacturer. 

For a medium radiation of 5500W/m2/day in Fortaleza-
Ceará-Brazil, 2.5 hours of operation, system efficiency of 
80%, lamp HPS 70W, 30% depth of discharge and battery 
voltage of 24V, two 45Ah stationary batteries were chosen 
and one 75Wp photovoltaic panel. The batteries used were 
the model Moura 12MC45 and the 75W photovoltaic panel 
Siemens SP75.  

 
 

III. THE CHARGE BATTERY CONTROLLER  

 
To maximize the power output from the photovoltaic 

panel, it should be used algorithms for tracking the maximum 
power point of the panel (MPPT). For a perfect system 
design, it is necessary a model for the cell of photovoltaic 
module [5] This model is shown in figure 2. Being Rs the 
resistance of the contact metals with the load (fingers) and 
Rp of the resistances of the crystals of pn junction that 
constitute the photovoltaic cell.  

 
Fig. 2 - The electric model for a photovoltaic cell with load.  

 
The electric model, for the photovoltaic cell can be 

represented mathematically by the equation 6.  
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 Icell  → Cell output current (in A). 
Iph     → Light-generated current (in A). 
I0  → Cell reverse saturation current or dark current (in A). 
q → Electronic charge (1,6.10-19 C). 
Vload → Cell output voltage (in V). 
A   → Ideality constants. 
K   → Boltzmann`s constant (8.65 ⋅ 10-5 eV/K). 
T    → Cell temperature (in K). 

 
An association of cells forms the photovoltaic module and 

its possible circuit representation is showed in figure 3 [6]. 
Where RSM is the equivalent series resistance, RPM the 
equivalent parallel resistance of the module, NP number of 
cells in parallel, NS number of cells in series and IphM the 
current supplied by the current source of the module.  

 
Fig. 3 - The electric model for a photovoltaic module with load. 

 
The manufacturer's manual supplies the maximum current 

that equivalent the short circuit current (Ishort), maximum 
voltage equivalent the open voltage (Vopen), rated current 
equivalent the MPP current (IMPP) and rated voltage 
equivalent the MPP voltage (VMPP). These values are 
supplied for 1000 W/m2 of the solar radiation and 
temperature of 25°C. Table 1 shows the values  for the SP75 
module.  
 
 

Tab. 1 - Electric characteristics of the SP75 Siemens module.  



 

75W SP75 module (Siemens) 
Short circuit current (Ishort) 4,8 A 
Open circuit voltage (Vopen) 21,7 V 

Rated current (IMPP) 4,4 A 
Rated voltage (VMPP) 17 V 

 
In the maximum power point, considering that RPM is 

much larger than RSM, the current source of the photovoltaic 
module (IphM) can be approximate to the maximum current 
(Ishort) and the polarization diode voltage (VD) more the one 
voltage source to the maximum voltage (Vopen). The 
equivalent circuit is shown in the figure 4.  

 
Fig. 4 - Equivalent circuit of the module in the maximum power point.  
 
With the circuit showed in figure 4, the RSM value can be 

obtained trough the equation 7. 
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Similarly, the RPM value can be founded by the equation 8.  
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The characteristic curve IxV, current versus voltage, 
obtained through of the ORCAD model simulation. This 
result is presented in the figure 5.  

 
Fig. 5 – The IxV curves of the photovoltaic module obtained by simulation.  

 
The dual behavior can be observed in the photovoltaic 

module, to the left of the curve as current source and the right 
as voltage source.  

In the figure 6 is presented the PxV curve, current versus 
voltage, also obtained by simulation.  

 
Fig. 6 – Simulated PxV Curve of the photovoltaic module. 

Through of the analyze of figures 5 and 6 is observed that 
the simulated curve is similar to real curve of the 
photovoltaic module, as showed in the figure 7, what assures 
the precision of the model.  

 
Fig. 7 - The IxV curves of the photovoltaic module, retreat of the 

manufacturer's manual.  
 

To reduce the current in the converter and minimize the 
conduction losses, it was used a 24V battery link voltage. 
However, this voltage required the use of a boost converter 
for MPPT.  

In the maximum power point, the photovoltaic module 
possesses dual behavior, as current source and voltage 
source, which makes indispensable the use of a capacitor 
(Ce) in parallel with the photovoltaic panel. This component, 
shown in the figure 8, besides guaranteeing that the input of 
the boost is a voltage source, this makes possible the 
reduction of the voltage variation in the output of the 
photovoltaic panel, getting better the MPP tracking.  

 
Fig. 8 – The boost converter connected with photovoltaic module and input 

capacitor.  
Considering that all the energy of the current variation is 

supplied by the capacitor in parallel with the panel (Ce), 
equation 9 can be obtained.  

2 2 2 21 1( ) ( )
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Ce  →Capacitor in parallel with the panel. 
VMAX →Maximum voltage in the boost converter input. 
VMIN →Minimum voltage in the boost converter input. 
L     →Boost inductor. 
IMAX →Maximum current in the boost converter input. 
IMIN    → Minimum current in the boost converter input. 

 
In terms of the rated current and its variation, equation 10 

is arrived trough equation 9.  
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INOM  → Rated current in the boost input. 
∆I   → Current ripple in the boost input. 
VNOM → Rated voltage in the boost input. 



 

∆V  → Voltage ripple in the boost input. The simulate circuit is shown in the figure 9, the boost 
inductor, L1 is designed for the converter work in continuous 
conduction.  

 

 
Fig. 9 – Battery charger with the Siemens SP75 photovoltaic panel. 

 
The capacitor C1, equivalent to the capacitor Ce, limits 

the voltage ripple in the panel, as well as guarantees that 
the input converter is voltage source. The values R1, 
representing RPM, and R2, representing RSM, they were 
obtained from the data supplied by the manufacturer's 
manual. To represent the battery electric cable resistance 
and its inductance, L2 and R4 were used, that also 
represents the shunt resistor used with current sensor.  

As the battery can be considered as a constant voltage 
source, It was only necessary to monitor the charge current 
in the battery [7] to determine the maximum power point 
and not the input power in the panel, what is usually used 
[8,9,10]. The battery voltage is also monitored, just to 
avoid overcharge, what could damage the accumulators.  

The power point tracking is similar to the algorithm 
used by E. Koutroulis [8], but using the battery charge 
current.  
 

IV. DC/DC CONVERTER 
 

The DC/DC converter used was a flyback converter. 
This converter makes possible the batteries voltage to setp 
up from 20V or 28V to 311V, the high DC voltage link of 
the electronic reactor. This converter also makes possible 
the isolation between the batteries and the electronic 
reactor, due to its good crossed regulation, the feedback is 
made by an auxiliary coil.  

The CI3524 was used for control, which the 
microcontroller just enables its operation, turning on or 
off.  

 
V. THE ELETRONIC BALLAST 

 
The electronic ballast used made possible the direct high 

DC link connection, It has a high efficiency and a reduced 
size., when compared to the conventional ballast.  

The simplified circuit of the electronic half bridge 
inverter ballast can be seen in the figure 10. The frequency 
commutation of the switches is 33kHz. Acoustic resonance 
was not observed in this value for the lamp model 
Phillips SON 70W [11]. The circuit tank, is formed by 
Lo and Cc, these components were designed for zero 
voltage switch (ZVS) operation [12].  
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Fig. 10 - The simplified half bridge model for HPS lamp.  

 
 

The power electronic reactor circuit is shown in figure 
11.  



 

 
Fig. 11 – Electronic ballast circuit. 

 
VI. EXPERIMENTAL RESULTS 

 
The battery charger voltage and the input current are 

shown in figure 12, for fixed duty cycle. No ripple voltage 
or ripple current can be observed in the photovoltaic 
module.  

 
Fig. 12 – Photovoltaic module voltage, channel 2 (5V/div), e current, 

channel 4 (2A/div). 
The battery current charge can be observed in the figure 

13. The current ripple is smoothed by the capacitor at the 
boost output.  

 
Fig. 13 – Battery charge current (200mA/div). 

The lamp voltage and current can be observed in the 
figure 14.  

 
Fig. 14 – Lamp voltage, channel 2 (50V/div), e current, channel 4 

(1A/div). 
 

The figure 15 show a picture of the battery charger 
developed.  

 
Fig. 15 – Charge control picture. 

 
The figure 16 shows the picture of the developed 

electronic reactor. 



 

 
Fig. 16 – Electronic ballast picture. 

 
The figure 17 shows the implemented electronic ballast 

picture and the HPS lamp in your ignition moment.  

 
Fig. 17 – Ignition moment of the lamp. 

 
VII. CONCLUSIONS 

 
The charge controller, the boost converter used to make 

the photovoltaic module to work in its maximum power 
point, was designed and tested through simulations using 
ORCAD. This method validated the used circuit and its 
designer.  

The half bridge circuit used made possible the 
development of a low cost electronic ballast, which was 
more reduced with the use of the incorporate igniter. 

The advanced commutation techniques used, ZVS, 
made possible the losses reduction and consequently an 
increment in the circuit efficiency. Another positive point 
of this technique is the EMI reduction.  
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