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Abstract This paper reports a new technique proposal
to improve the photovoltaic systems. It was made to
design and implement an electronic system that will
detect, capture, and transfer the maximum power of
the photovoltaic (PV) panel to optimize the supplied
power of a solar panel. The electronic system works
on base technical proposal of electrical sweeping of
electric characteristics using capacitive impedance. The
maximum power is transformed and the solar panel
energy is sent to an automotive battery. This electronic
system reduces the energy lost originated when the
solar radiation level decreases or the PV panel tem-
perature is increased. This electronic system tracks,
captures, and stores the PV module’s maximum power
into a capacitor. After, a higher voltage level step-up
circuit was designed to increase the voltage of the PV
module’s maximum power and then its current can be
sent to a battery. The experimental results show that
the developed electronic system has 95% efficiency.
The measurement was made to 50 W, the electronic
system works rightly with solar radiation rate from 100
to 1,000 W m~? and the PV panel temperature rate
changed from 1 to 75°C. The main advantage of this

J. E. Flores-Mena (X)) - L. A. Juarez Moran

Facultad de Ciencias de la Electrénica, Benemérita
Universidad Auténoma de Puebla, C. P. 72570, Puebla,
Puebla, México

e-mail: eflores@ece.buap.mx

L. A. Judrez Morén
e-mail: luisjumol13@hotmail.com

J. Diaz Reyes

CIBA-IPN Tlaxcala, Ex-Hacienda de San Juan Molino,
Km. 1.5, Tepetitla, Tlaxcala, 90700, México

e-mail: jdiazr2010@yahoo.com

electronic system compared with conventional methods
is the elimination of microprocessors, computers, and
sophisticated numerical approximations, and it does
not need any small electrical signals to track the maxi-
mum power. The proposed method is simple, fast, and
it is also cheaper.

Keywords Maximum power point tracking -
Photovoltaic module - Electric sweeping - Solar energy

1 Introduction

The photovoltaic (PV) cells are electronic devices that
transform the visible light into electrical energy of
direct current [1], see Fig. 1. The generated current
(1), output voltage (V.), serial resistance (Rs), flight
resistance (Ry), output current (), and the output
power ( P.) are related by the following equation:

P. =V, {Ig — 1y (exp [%] — 1)

& M

Ve + IR }
where I is leakage current of diode, g is the electron
charge, and kg is Boltzmann constant.

The PV module is composed by 36 cells electrically
connected in cascade; its output voltage is 19 V. Its
output current is around 1-3 A, and its output power is
about 17-90 W depending on the manufacturer [2]. The
PV module has one electrical condition where it sup-
plies output maximum power, this condition has a max-
imum current (/) and a maximum voltage (V) [3].
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Fig. 1 Photovoltaic solar cell

The PV module is designed to be connected to an
automotive battery, and its electrical characteristic I,
Ve, Vm, and P, are determined at 25°C and 1,000 W m 2
of solar radiation, but in real operation conditions the
radiation level is variable, see Fig. 2, and also the
operation temperature of the module can increase up
to 1.75 times more than the nominal temperature [4],
then its output voltage can be lower than the battery
voltage, Fig. 3; therefore, its current does not charge
the battery and then the module energy is lost. Such
condition reduces the module power because the max-
imum power point changes continually. The electronic
equipment should be designed to detect the maximum
power of the PV module and to transfer it to the
battery. Its operation consists of the electrical sweeping
of the module’s I-V characteristic function [4].
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Fig. 2 I-V curves of the PV panel with variable irradiation
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Fig.3 The PV panel output voltage is decreased for temperature
increasing

When the temperature of the PV module is increased
or when the irradiation level is very low, the voltage of
the PV module is reduced and the PV module’s cur-
rent cannot charge the automotive battery, because the
module’s maximum power voltage becomes lower than
the battery’s voltage. So, the power of the PV module
is lost. This technical problem can be eliminated by
designing a maximum power point tracker (MPPT)
electronics circuit. Some MPPTs have been developed
using different techniques.

Ladsman [5] compared the power of two PV mod-
ule curves and changed the PV module’s voltage to
generate oscillation around the maximum power of the
PV module. Another method to locate the maximum
power of the PV module was proposed by Arcidiacono
et al. [6], wherein they used a small triangle periodical
signal to generate oscillations around the maximum
point over the current-voltage curve. The same au-
thors also developed a sophisticated mathematics al-
gorithms [6] using derivative function of V-P curve
to determine the MPPT. Bucciarelli [7] used a per-
sonal computer and microprocessors to track the PV
module MPP. de Beruete and Serrano [8] located the
PV module’s maximum power, modulating the cur-
rent signals of the module to generating electrical
oscillation around the PV module’s maximum power
point. Goncalvez et al. [9] located the maximum power
controlling the PV module’s current and the battery
current. Chung [10] located the MPPT of the panel,
modulating a small sinusoidal signal and controlling the
maximum variation of the PV module’s voltage. Some
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Fig. 4 It is showed the proposal of the electrical sweeping of the
PV module current-voltage curve

of these methods are sophisticated and complex, but
they are also very expensive some times.

Here, one proposes a new technical design to de-
velop an MPPT, which detects the maximum power of
the PV module and after transfers it into an electri-
cal load or automotive battery. The proposed MPPT
works on the base of the electrical sweeping of the
PV module’s current-voltage characteristics curve. The
proposal of an electrical sweeping technique of the PV
module’s I-V curve (Fig. 4) is implemented using ana-
logical and digital electronic devices to detect the MPP,
after the maximum power voltage is increased and its
current is sent to battery. The developed technique
here is simple, fast, and it has no computer or numerical
problem and it is cheaper.

2 Proposed Electronic System

The electrical sweeping technique was proposed to de-
tect the maximum power point (MPP) of the PV mod-
ule, using a capacitor, inductor, and electronic switches
by a CMOS power transistor coupled to the module.
The capacitor is charged by the current module, and
then the current and voltage of the photovoltaic gener-
ator are sampled and processed determining the power

while it is going through Pp,. The charge and discharge
of the capacitor is achieved by an electronic switch
using power transistors with a metal oxide semicon-
ductor (MOS) connected in cascade with the capacitor
to the PV module. This technique works by means of
electrical auto regulation of the PV module and the
variable impedance of the capacitor. The transistor is
driven by an electronic circuit, which detects when the
Py, is reached, see Fig. 5.

At the beginning, the switch is opened and the mod-
ule is in the open circuit condition, the voltage at point
A is the maximum value given by the module and
corresponds to the voltage of the open circuit (V,)
and the capacitor C is discharged. When the switch is
closed, the module sends the maximum current /.. to
the capacitor, this effect corresponds to the condition
of a short circuit because the capacitor is discharged;
the capacitor begins to charge and the module is going
through the maximum power curve point. And at this
moment, the control circuit blocks the switch and the
module’s maximum power is stored in the capacitor;
therefore, the voltage—current characteristic curve of
the module is swept in an analogical form.

The sweeping of the current-voltage characteristic
curve of the PV generator can be executed by using
the proposed method, which sweeps point by point
all the values from I to Vi,, going through Pp. The
lost energy coming from the module is eliminated by
means of the technique proposed because of the en-
ergy is stored in the capacitor. When the electronic
circuit detects the module maximum power the switch
is opened and discharges the capacitor energy into the

Tracker of maximum
power point

FVm

el v
c

Electronic
system of
power

— |1}

transference

Battery

Fig. 5 Blocks diagram of proposed electronic system
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battery beginning the capacitor charging process. The
electronic system illustrated in Fig. 5 is integrated by
two important stages: (a) an electronic circuit that is
continuously detecting the maximum power of the solar
module, this circuit was designed to work with great
rates of incident light from 100 to 1,000 W m~2. It
also works with broad temperature range from 0 to
70°C, and (b) the second one is an electronic circuit
that transform the output power of the PV module
and it works from 0 to 70°C increasing the PV module
voltage and sending the PV module energy to the bat-
tery, this electronic circuit is designed to work from 1
to 50 W.

2.1 Control Electronic Circuit to Detect
the Maximum Power

The proposed electronic system is mainly composed
by two stage, the first one is an electronic circuit that
uses the MC1494L analogical multiplier circuit to de-
termine the power, and the second one is a logic circuit
composed by several integrated circuits to generate
the signal control which frequency was calibrated to
3,000 Hz, a point detector and a comparator circuit
were also used to detect the maximum power [11], the
output signal of this stage is shown in Fig. 6.

2.2 Design of Electronic System
of Energy Transference

Due to maximum power energy of the PV module is
instantaneously stored into an electrolytic capacitor,
so that, this energy must be transferred to the battery
or electronic equipment that must be working. Then,
one proposes a commutation circuit to transform and

A Output signal of
£ — : maximum power
o : : detector
i !
L : L >
A ! i ! 1
i Output signal of
> ' analogy circuit
]

t

Fig. 6 Theoretical waveforms of electronic circuit to detect the
maximum power
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transfer the PV panel maximum power; this electronic
system increases the voltage level until it is higher than
the battery voltage so that the PV module current can
be flowing to the battery [12]. The electronic circuit of
energy transference was designed to a modulator circuit
of variable wide pulse, which increases the voltage of
maximum power of the PV module so that its current
can flow to the battery, see Fig. 7.

2.2.1 Designing Equations

When the output of the electronic system’s maximum
power detection (see Fig. 7) presents a high-level volt-
age (15 V), the power transistor (7) is fixed to a sat-
uration condition during a short time period of about
1 x 1073 s, in this time the current from the capacitor
(Ca) flows by the inductor and the stored energy in the
capacitor is discharged, but at the same time it is stored
in the inductor. When the output of the electronic
system’s maximum power detection presents a low-
level voltage (0 V) in the gate of the T, the transistor
stops its work and the current does not flow; then,
a voltage level is generated in the self inductor and
therefore the inductor output voltage is increased, so
the output voltage of the PV module maximum power
is greater than the battery voltage. Then, the module
energy instantaneously stored in the capacitor is trans-
ferred to the battery. This electronic technique allows
the transformation of the voltage power from low to
high, which can then be transferred to the battery. The
designing equation of a commutation electronic circuit
is connected with the input voltage (V;), output voltage
(Vo), and the dropping voltage between the source
and drainer of the power transistor (Vy), the turn-on
time (fon) and the turn-off time (Z) of the electronic

lo

—

Detection

of Py,

Vs
battery
L
JT_

%.

Fig. 7 Block diagram of proposed transference circuit
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circuit’s timer. All these variables are related in the
following equation [13].

Vo— Vi Vi— Vi
( 0 I >t0ff = (Tt) Ton- (2)

The electrical capacitance (C) and the inductance
(L) can be determined by the output current (Iy), the
ripple voltage (AV)), the output voltage (V), and the
frequency ( f) of the timer circuit, which are related by
the following equations:

_ L(Vo - Vi)
 VofAaVy ®)
25VA(Vy - V) "
B Vi

2.2.2 Designing Characteristics

The commutation circuit was designed to work at a 3-
KHz frequency, the rate of its input voltage is from
8 to 17 V, the supplied voltage rate ranges from 12
to 16.5 V, the voltage rise is 50 mV, the output cur-
rent is 3.3 A, and the output power is 50 W. A high
efficiency is required. Here, it proposes more than 90%,
therefore, power electronic devices with metal oxide
semiconductor (MOS) technologies were used. The
output voltage of energy transference circuit is higher
than the module voltage, which was connected at the
input of the transference electronic circuit. Then, the
electrical power with low-level voltage that had been
stored into the capacitor connected in cascade with the
photovoltaic module can be transformed to the same
power but with great voltage and low output current.
And then, one can be sure that the module’s photo-
voltaic output is transmitted to the battery. And so, the
lost energy of the PV module, which was originated
by low radiation solar level or high PV module tem-
perature, can be eliminated. Fig. 7 illustrated a lineal
electronic commutation regulator which is integrated
electronically using a MOSFET power transistor of
15 A and 75 V, an inductor of 250 mH, an electrical
capacitor of 4,700 uF, a rectifier diode with Schottky
barrier of 6 A and 50 V, and an electronic circuit that
detects the maximum power point of the solar module.
The output voltage value of this circuit depends on the
delay time in which the maximum power was detected;
therefore, the power transference circuit is driven by

voltage pulses supplied by the maximum power point
tracker. With this proposed system, it is possible to in-
crease the efficiency of the MOSFET power transistor
by using a Schottky diode [13]. In this case, the elected
MOSFET power transistor, when it is working in full
conduction, presents low electrical resistance, which is
about 0.1-0.2 ©; also, this transistor only needs from
200 to 250 nA in its gate to work rightly [14]. So that
when the output current of developed electronic system
is around 4 A and the output voltage is about 15 V,
then the lost power is only 0.75 W, also in the Schottky
diode with the same characteristics the lost power is
only 0.5 W. For the above technical reasons, the great
input power is transferred to the output circuit, and
therefore its efficiency is increased. The output voltage
level is regulated to control the commutation time of
conduction and no conduction of a power transistor.
When high-level voltage is presented on the transistor
gate, this going to full conduction condition, then the
electrical current energy that had been stored into the
capacitor flows throw the inductor and it is stored into
the self inductor. When the voltage is approximately
zero on the transistor gate this does not work, and
the magnetic field drastically changes in direction, this
electrical condition creates in the inductor a voltage
level that has an opposite direction, so that the current’s
continues flowing throw the inductor in the same direc-
tion, therefore the output voltage is equal to the input
voltage of the transference circuit plus the generated
voltage of the inductor. Thus, the transference elec-
tronic circuit works in increasing the output voltage.
Figure 8 shows the waveforms of electrical signals of
the Fig. 7 circuit.

A
VC/\/\/\/

Capacitor voltage at output
transference circuit

~Y

Battery voltage

>
t

Fig. 8 Theoretical waveforms of energy transference circuit

@ Springer



34

Braz J Phys (2011) 41:29-37

Fig. 9 Printed circuit board

3 Electronic System Implementation

Integrated circuits with MOS technology were used
to reduce the energy lost. In order to determine the
PV module’s electrical power, the analogical multiplier
MC1494L was selected [15]. The electrical signals of
the current and voltage were driven using analogically
integrated circuits MC407, the oscillation frequency
was fixed using the timer MCS5S5S5. For the logic circuit,
several MOSFET gates connected with the comparator
LM311 were used to detect the maximum power and
in order to drive the power were using the transistors
MCN3055 and MCP2955, due to their being present in
low electrical resistance of about 0.1 € at full conduc-
tion and 0.2 V between drainer and source of the tran-
sistor [16]. Also, to reduce the power lost, the Schottky

Fig. 10 Electronic system implemented to optimize the solar
panel energy

@ Springer

barrier diode was used. A printed circuit board parts
layout was designed and developed to fix the electrical
elements and integrated electronic circuits, see Fig. 9,
and the developed electronic system is shown in Fig. 10.

4 Electrical Signals Measurements

In order to make the measurements, a photovoltaic
system (PVS) was implemented, which was integrated
by the following elements: three PV modules of 17 W,
1.1 A, and 17 V manufactured in laboratory, one auto-
motive battery of 60 A-h and 12 V, one electrical re-
sistance of 100 W, the developed electronic circuit, one
solar simulator of variable radiation that performs from
50 to 1,000 W m~2, and a resistive load of 3.6 Q, 150 W.
The electrical waveforms, the current, the voltage, and
the power were measured in different sections of the
electronic circuit being developed.

5 Waveform Measurement in Maximum Power
Detection Circuit

To prove that the proposed electrical swept technique
works properly, the output waveforms from the max-
imum power detection electronic circuit and the log-
ical circuit were measured; the obtained results are
illustrated in Fig. 11. These measurements were made

Disparad

Output signal of
M logical and
control circuit

Output signal
from maximum
power detection
circuit.

Fig. 11 Output waveforms obtained from maximum power de-
tection circuit
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QOutput voltage
from transfer
circuit

Voltage of
maximum power
o PV module

P1.00ms A Chi J

W+ 9.65400ms

Fig. 12 Output waveforms from energy transfer circuit

using three PV modules connected in parallel, and the
incident power of the solar simulator was 750 W m~2.
Also, the different output waveforms from the energy
transference circuit to the battery were measured, see
Fig. 12. This was made to verify that the technical
design is right and the electronics circuit of this section

3.00¢
2.75
2.50
2.25
2.00

1.75

1.50
1.25
1.00
0.75
0.50
0.25

Ol.l.l.l.l;ll

18 26 34 42 50 58 66
Tm(°C)

Im: 1, (A)

| 4

Fig. 13 The PV module current versus temperature curve a) and
the output current from developed electronic system to battery
curve b)

are working in accordance with the proposed design
criteria.

5.1 Current Measurement

In a PV system composed of a 60-A-h battery, devel-
oped electronic system, two PV modules of 27 W, and
three electric lamps, the incident light power was cali-
brated at 925 W m~2. Output current curves versus PV
module temperature were measured, see Fig. 13. The
output current from the circuit developed in the battery
was measured, where four technical pins were used to
avoid mistakes during this process [11]. Also in the
same process, the PV module’s current was measured
at the input of the developed electronic system when
the radiation level was calibrated at 925 W m~2. To
compare the value of the PV module’s current when it
is directly connected to the battery with that of the cur-
rent of the PV module at the output of the developed
electronics system, both variables were simultaneously
measured. The results are shown in Fig. 14. The elec-
trical current (/y,), voltage (V,), and power (Pp,) were
measured from the PV module, and the same electrical
variables I, V}, and P, were also measured after the
developed electronic system at the battery input to
determine the electronic system efficiency. The results
are presented in Table 1.

4 This place represents the
obtained current using
3.0 the developed electronic
system

25—

2.0
<
- 15
1.0
05}
0 1 " | - re
20 26 32 38 44 50 56
Tm(°C)

Fig. 14 The PV module’s output current versus temperature
in curve a) and output current from electronic system versus
temperature of the PV module in to the battery curve b)
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Table 1 Experimental results Tm (°C) Vin (V) Vi (V) I (A) Iy (A) P (W) Py (W)

of current, voltage, and

power that were measured 14 14.47 13.66 3.49 3.48 50.47 47.85

from the designed electronic 17 14.45 13.66 3.48 3.47 50.30 47.37

system at its input and output 19 14.43 13.57 3.47 3.46 50.00 47.29
20 14.40 13.68 3.45 3.43 49.85 46.92
21 14.36 13.68 3.42 3.42 59.52 46.70
25 14.32 13.69 341 341 49.26 46.66
27 14.24 13.73 3.40 3.35 48.69 46.54
32 14.18 13.76 3.38 3.31 47.92 45.70
36 14.10 13.81 3.35 3.18 47.21 44.85
40 13.99 13.83 3.24 3.10 45.27 43.03
43 13.94 13.85 3.21 3.04 44.80 42.10
46 13.90 13.87 3.10 2.92 42.84 40.66
48 13.88 13.88 3.03 2.85 41.75 39.55
49 13.79 13.88 2.92 2.74 39.88 38.10
52 13.61 13.78 2.85 2.67 38.75 36.79
53 13.48 13.77 2.82 2.61 37.84 35.90
54 13.34 13.64 2.70 2.53 36.00 34.50
56 13.21 13.58 2.61 2.40 34.48 32.60
57 13.16 13.49 2.54 2.32 33.15 31.30
59 13.00 13.46 2.50 2.27 32.50 30.60
60 12.94 13.39 2.42 2.22 31.13 29.72
62 12.86 13.23 2.37 2.19 30.45 29.06
64 12.72 13.20 2.31 2.13 29.35 28.11
65 12.65 13.16 2.24 2.05 28.30 26.90
67 12.50 13.14 2.12 1.92 26.50 25.20

6 Discussion of Results

From waveforms shown in Fig. 12 to around the max-
imum power and control signal, one can see if they
are similar to theoretical waveforms, see Fig. 6, and
therefore the electronic circuits of the electronic sys-
tem to detect the PV maximum power are properly
working. Where the power waveform shows the electric
sweeping of the voltage current curve of the PV module
is made by the capacitor charge/discharge process. On
the basis of the energy transference circuit waveforms,
from Fig. 11, they are equal to a proposed theoretical
waveform, which are shown in Fig. 7, where one can see
that the electronic system output voltage is higher than
the PV module voltage and then this indicates that the
PV module’s current is flowing to the battery although
the solar radiation level on the PV module is low.
From the current curves versus PV module tempera-
ture and the current from the electronic system output,
which are reported in Fig. 13, it can be seen that the
current of the PV module’s maximum power (curve
a) is greater than the output current (curve b) of the
developed electronic system for the same temperature,
this situation is due to the efficiency of the electronic
system. The current curve a from Fig. 14, which was
obtained with the PV module was directly connected

@ Springer

to the battery, here one can see when the PV module
temperature increase more than 35°C the PV module’s
current decreases faster to zero when the temperature
is greater than 49°C; however, when the developed
maximum power track is used and it is connected be-
tween battery and PV module, then the PV module
current (curve b) is approximately the same value for
the same temperature 49°C. This situation indicates
that the developed electronic system works very well.
The experiment results in Table 1 have shown that the
efficiency of this electronic system is 95%.

7 Conclusions

The experimental results show that the detection and
transference of the module maximum power by the pro-
posal method of electrical sweeping was right. So, the
electronic system continuously detects the maximum
power point and also it works with different radiance
level from 100 to 1,000 W m~2 and the temperature of
the PV module from 0 to 72°C.

The presented method does not generate oscilla-
tions. It does not need to determine the derivative of
the power and it does not require to measure of the
slop sign of the power voltage curve. The experimental
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results presented in this paper have proven that the
designed method and implemented electronic circuit
can be used to resolve the problem of the PV mod-
ule’s power loss due to the temperature change and
low irradiance level, and optimize the PV module’s
energy. The PV module’s output current can still flow
to the battery even though the PV module’s output
voltage is lower than the battery’s voltage due to the
PV module’s temperature increment above 49°C. The
experimental results show that the electronic system
proposed has 95% efficiency. The proposed method
was implemented with simple electronic devices, it is
very stable, reliable, secure, and more economical than
other known methods. In future investigations, it will be
possible to improve the electronic circuit performance
and to increase its output power.
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