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NOMENCLATURE

A ideality factor, without unit, 1.92
B ideality factor, without unit, 1.92

RESIDENTIAL USE

ABSTRACT

A simplified topology using power electronics and fuzzy logic control
techniques for developing a photovoltaic generation system, at a low cost,
to be used in residential systems, connected to the local distribution grid is
herein proposed. A technique for determining maximum power points on
photovoltaic panels, in order to transfer the powerful generated to the load,
is studied, so to impart a minimum energy loss in the whole system. In the
fuzzy logic controller development the relevant functions to the input and
output photovoltaic system variables and the rules to be used in this
controller is established and obtained from other photovoltaic systems,
adapted to the system. Simulation results are obtained always focusing
maximum power search by a fuzzy logic controller, through intelligent
changes into control variables that will carry the work cycle of increasing
converter and the inverter bridge. It is shown that while exists solar
radiation variation and low voltage available on photovoltaic module, the
increasing converter will supply necessary voltage to the inverter bridge
operation.

Keywords: energy generation, fuzzy logic, photovoltaic system,
photovoltaic system simulation.

INTRODUCTION

The electric power assumed a fundamental
importance in the current world; the human survival

Eco band of energy for the Silicon, 1.11eV would be very difficult without it. However, the
| current in the photovoltaic cell output, A growth of the world population associated to the
e current generated in the junction by the effect of drastic decrease of the natural energy resources is

the light, A
l, saturation current, A

committing the conversion and the generation of
energy. So for their benefits continue taking

lo, saturation current and the reference temperature advantage by the world population, it is necessary to

(Tr = 19.9693x10°°K), A

learn how to use it in the right measure.

Iscr short circuit current of the cell to 28 "C and to Daily, in countless residences, there are wastes

100 mW/cm?, 3.10 A

that happen and that indeed could be avoided,

K temperature coefficient for current of short according to publications of ANEEL (2005).

circuit (Iscr), 0.0017 A/°C

However, those wastes are accumulated for the

Rs electric resistance of the photovoltaic cell, Q register of the concessionary company of electric
T  temperature of the photovoltaic unit measured, power and made money monthly.

K This work proposes an alternative for the use of
T. temperature of the photovoltaic unit measured, a generation system of photovoltaic energy to be used
°C in residences, connected to the electric distribution
T, reference temperature, 301.18 K grid of the Concessionary Companies of Electric
V  available voltage in the photovoltaic cell output, power. This alternative has already been used in
\ several countries. The topology proposes in that the

Greek symbols

Js - solar radiation incident, mwW/cm?

local storage can be or not to be used in agreement
with the user's need, this way does not need to assist
the whole demand of the consumer, because the
system would just complement the energy supplied
by the distribution grid. Considering although the use
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of the energy generated by the photovoltaic system,
discounting the total losses in situations where there
is excess of energy in relation to the consumption,
this can be stored or then injected in the electric
system of the dealership. In cases that the spare
energy of the system is injected in the grid of urban
distribution is generated a credit of energy
automatically to the system’s owner. In another way
it can be stored for night use.

The energy generated by the photovoltaic
systems is in general more faced than the
conventional energy supplied by the electric
company, as study accomplished by Reis (2002). In
spite of the production processes of photovoltaic
plates, they are receiving countless improvements;
according to Wenham and Green (1996) the
reduction in the final cost of the photovoltaic
modules is still very expensive. The medium cost of
the energy generated by a photovoltaic system rotates
is around U$ 0.25 / kWh (Reis, 2002), depending on
the techniques joined to the system, this cost can be
more expensive. However the fall projections in the
prices of the photovoltaic panels show that these
systems can become a quite attractive investment in a
short time. On the other hand, auxiliary generation
systems with primary sources of energy made it
available with no cost, they possess an investment
return in a very attractive time, considering the
current costs of the electric power.

Proposed System

The present luminous energy in the solar rays is
captured through a group of solar panels that take
advantage of the photovoltaic effect of the
semiconductors to convert the luminous energy to
electric power, according to GTES (1999). The
photovoltaic panels existent commercially allow
several types of arrangements to be made according
to the need and the wanted application. The topology
of the photovoltaic generation system, object of study
of this article, is showed on the Fig. 1.

L ""‘"“m| L R )
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Figure 1. Topology of the residential photovoltaic
generation system.

The photovoltaic modules are used in the
healthy project of the type policrystalline, with the
characteristics presented on the Tab. 1.
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Table 1. Characteristics of the photovoltaic modules
of the project, obtained from technical informatives
for E = 1,000 W/m?.

Characteristics Value Data for array
used
Nominal power 50 W, 4 x50 W,
Nominal current 29A 58 A
Short-circuit 3.1A 6.2 A
current
Nominal voltage 17.2V 344V
Open circuit 21.6 V 432V
voltage
Cells numbers 36 -
Dimensions 1,042 x 462 x | 1,042 x 1848
39 mm X 39 mm
Weight 9.2 kg 36.8 kg

The system uses a group of four photovoltaic
panels of 50 Waitt of pick (W,) associated in series of
two to two and connected to the two groups series, in
parallel in such a way to obtain the nominal output
voltage of 34.4 V, this value is designated by Vent on
the topology viewed on the Fig. 1. Those technical
data for nominal condition are equal to a solar
radiation of 1,000 W/m?, established value as pattern
for the manufacturers.

The joining of the photovoltaic modules with
the electric grid, in alternating current voltage (Vac),
will be through a totally controlled monophase
converter bridge. Pelly (1971) proposes that the
monophase bridge rectifier with four thyristors can
still operate as an inverter, transferring the power
beside direct current voltage (Vpc) to the side of
alternating current voltage (Vac). The medium
voltage on the DC side of the bridge can be obtained

by Eq. (1).

22

Vico) = T.Zzo.cos o (1)

This inverter type possesses an important
characteristic for the choice of this topology, in other
words, the system operation that always needs that
voltage on the AC side exists, so the power flow
occurs. This characteristic will be used as a natural
protection for the generation system, because in the
lack of energy in the AC grid, it can be inhibited by
the thyristors that impedes the voltage of feeding
back as soon as the distribution grid could cause
irreparable damages to the circuits of the system.

Controlled converters possess a strip of typical
operation for the thyristor shot angle (o) between
120° and 150°. Equation (1) shows that the strip of
the necessary voltage on the DC side, for the inverter
to operate is between -99 V and -171 V. In this case,
considering the nominal voltage of the photovoltaic
modules as 34.4 V and the variation in the luminous
radiation, it affects the value of the generated voltage;
it should settle a converter elevating type between the
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photovoltaic panel and the converter bridge, as it is
viewed on Fig. 1. Through the work cycle of the
elevating converter (8) the voltage will be controlled
by the input of the bridge.

The variations in the output voltage of a
photovoltaic group in function of the variation of the
solar radiation intensity (E) during the day are
showed on the curves of the Fig. 2(A), supplied by
ASE (Germany, 2000). It is still due to the
accounting in the project that the influence of the
temperature may affect the generated voltage,
reducing its value as the photovoltaic modules
temperature increases. This situation is showed on the
graph of the Fig. 2(B), denominated by the influence
of the temperature. It suits to notice the displacement
of the voltage point in open circuit (Voc) when the
temperature increases on the modules.
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Figure 2. Behaviour of the voltage and current in a
100mm x 100mm cell used in photovoltaic modules:
(A) with the variation of the solar radiation; (B) with

the variation of the temperature.
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It still can increase a bank of batteries to the
proposed system to be connected to the output of the
photovoltaic group in such a way that when the
energy generated by the panel is not injected in the
electric system, the spare energy will carry the bank
of batteries. The energy of the bank can be used
during the night when the panel is not generating.

The model of the photovoltaic group used
The model of the photovoltaic system used in
this work was developed by Bose, Szczesny, and

Steigerwald (1984) and modified by Reis (2002),
such as Eq. (2).

=1 1, {e[A;T(V—RsM)} _1} 2

Where:
3 |9Ego( 1 1
=1, [l} ] 3)
Tf
A
le :[ISCR +KK(TC_28) ﬁ 4)
With:

$:8.62x10'5[9\%< ] reason between the constant of
Boltzmann and the load of the electron.

Using simulation programmes, simulated results
for the group of the photovoltaic modules used may
be obtained. On Figure 3 there are the characteristic
curves of voltage against current and current against

Figure 3. Result of simulations using the model of the
panel: graph of current against voltage and current
against power.

The graph, on the Fig. 3, shows that the power
decreases with the increase of the panel temperature,
an other important aspect to be observed refers to the
data presented on Tab. 1 for condition of maximum
solar radiation: pick power (W), short circuit current
(Isc), open circuit voltage (Voc), nominal voltage
(Vn) and nominal current (ly), then they are fully
confirmed by the simulations.
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FUZZY CONTROLLER USED

In the fuzzy controller modelling is necessary to
determine points of maximum power of the
photovoltaic panel, considering the variation of the
solar radiation (E), and also the effects of the
temperature (T), previously discussed. The rising for
obtaining those points can be obtained from technical
informatives, supplied by the manufacturers of
photovoltaic modules, as it is established in Reis
(2002). In this case the sought points will be obtained
starting from the developed model, as Fig. 4 shows.

voltage v

n 1 1 1 1 1
[ 1 2 3 4 5 6 7

B CurentA

Figure 4. Determination of the maximum power
points for photovoltaic system operation.

Figure 4 shows on its graph the typical curves of
output current in function of the output voltage
(1S=f(VS)) considering three situations for solar
radiation. The traced curves are the respective curves
for constant power of the panel. Name them curves if
they intercept in the point of maximum power, that is
the ideal operation point for photovoltaic panel; in
this point, the maximum transfer of power from the
photovoltaic panel to the load happens.

They can also obtain points of maxim power
through the plan of the photovoltaic panel power
curves, using the developed model too, as it can be
observed on the power graph against the current on
Fig. 4(A). Each one of the power curves is associated
to the respective solar radiation. The point of curves
maximum power corresponds to the product of the
voltage for the current on the point that the curves of
the Fig. 4(B) are intercepted. For all the three
situations the points are obtained from where the
respective potencies are in their maximum, these
points are on the straight line of maximum power
drawn on the graph and they can be represented
through the line matrices defined by Egs. (5) and (6):
of maximum power (Pn.x) and solar radiation (E).
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Poox =[199.9 158 95.6|W ©)

E=[100 80 50|

W
= ©)

c

For the reduction correction of maximum power
point, due to the temperature effect, it is also used a
first order polynomial in the normalized form (pu).
Therefore the points that define the sought straight
line are suitable in the temperature (T) and in the
correction factor of the maximum power (fcpmax)
matrices represented by Egs. (7) and (8).

T=[25 50 75 C @
foom =1 0.883 0.766) (8)

The sought polynomials are defined by using
the certain matrices (Egs. (5) to (8)). They are written
in the blocks diagram viewed on Fig. 5, which shows
the logic and the control dynamics to be used. The
variables of the controller's input are the solar
radiation and the temperature, the output variable is
the work cycle (8) of the elevating converter.
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Figure 5. Blocks diagram of the photovoltaic system
dynamics.

MODELLING OF FUZZY CONTROLLER FOR
THE PHOTOVOLTAIC PANEL

Since it is defined that the maximum power of
the photovoltaic system is a function of solar
radiation and temperature, the follower circuit of
maximum power will always determine the ideal
operation point for this system. The mathematical
manipulation of error obtained for the comparison
among maximum power of the photovoltaic system,
and the power transferred to the load and the
respective derived will define the ideal operation
point through the fuzzy logic.

Using a particular language for fuzzy systems, it
settles down the fuzzy group for each input and
output variables. Seven fuzzy groups were chosen for
input and output variables and were labelled
accordingly suitable to proceed. Follow:

- NA (negative high);

- NM (negative medium);

- NB (negative low);

- ZZ (zero and zero);
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- PB (positive low);

- PM (positive medium);

- PA (positive high).

The graphic representation of the suitable
pertinence functions on Fig. 6 refers to the power
error (epot) and is derived from the power error
(depot). The duty cycle (8) was also fuzzyfied and its
pertinence functions are also on the illustration.
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Figure 6. Representation of the input and output
variables for fuzzy pertinence functions.

After pertinence functions definition the next
step is to determine the fuzzy system rules, the
knowledge base or the system intelligence deposit.

The rules map or matrix proposed by MacVicar-
Whelam (1976) should be filled out during the
system identification, as suitable on Tab. 2, always
aided by a specialist, in other words, a human
operator to control the system. The rules used in this
work are proposed by Hillowala and Sharaf (1992).
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Table 2. Fuzzy rules map.
Error derived depot

NA INM|NB |ZZ |PB |PM|PA

NA INA [NA |NA |[NA |NM|NB | ZZ
1 2 3 |4 |5 6 |7
NM|INA [NA |[NM [NM|NB |ZZ |PB
8 9 10 |11 [12 |13 |14
NB INA [NM |NB [NB |ZZ |PB |PM
15 |16 |17 |18 |19 |20 |21
ZZ INM|NM |NB |ZZ |PB |PM |PM
22 |23 |24 |25 |26 |27 |28
PB INM|NB |ZZ |PB |PB |PM |PA
29 |30 |31 |32 |33 |34 |35
PM|INB [ZZ |PB |PM |PM |PA |PA
36 |37 [38 |39 |40 [41 |42

PA |zz |PB |PM |PA |PA |PA |PA
43 |44 |45 |46 |47 |48 |49

|Error epot

The operations among the proposed controller's
fuzzy groups can be exemplified using the rule 16
suitable in the Tab. 2.

Rule 16: If epot is NB and depot is NM, the
controller's output will be NM. This procedure will
be repeated for the controller's forty nine rules.

SIMULATIONS RESULTS

Simulation results made for any situation of
solar radiation variation were obtained on Fig. 7.
Initially it was considered a low value of solar
radiation (E =300 W/m?) and through three steps it
reaches the theoretical maximum radiation of
1,000W/m?; the system stays operating in this landing
for some minutes. After that the luminous radiation is
reduced slowly, simulating the evening. Potencies
values were obtained according to each solar
radiation value, the voltage in the thyristor bridge
input and the voltage in the photovoltaic modules
output.
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o
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Figure 7. Simulation results for the photovoltaic
module.
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On the graph of the Fig. 7(A) for the solar
radiation of 30 mW/cm? (corresponding to 300
W/m?) the voltage of approximately 100 V is showed
in the elevating converter output, what makes the
panel to inject a power of 53.9 W in the system,
under a duty cycle (8) of 0.690 and joining shot angle
of inverter bridge (o) of — 120.29°. These are the
expected values from the system proposed. For
nominal radiation of 80mW/cm? (E = 800 W/m?) the
voltage value is 170 V in the converter output, that
makes a 158 W power to be injected in the system,
with duty cycle of 0.794 and shot angle with 149.69°.
The maximum condition is 200 W and solar radiation
of 100mW/cm?, exceptionally about a special point,
because in practice and in the coordinates of Sao
Paulo State, radiation is around 80 mw/cm?.

CONCLUSIONS

Considering the used photovoltaic panel (200
W5), operating about 5 hours a day under solar
radiation of 800 mW/cm? will generate a medium
energy of 30 kWh/month. Comparing the energy
generated with the monthly consumption of a middle
class residence that consumes around 250 kWh per
month; the result is an economy from 12% a month.
The economy of energy can be more significant if the
power of the photovoltaic system is increased, the
cost of the energy generated by the photovoltaic
panels is US$ 0.28/kWh against US$ 0.23/kWh
(according to Bandeirante Energia site) practiced by
the companies of energy (considering the incident
taxes).

The simulation results prove that the system is
viable technically, considering although systems that
use thrystors converter bridges as a technology
thoroughly dominated.

Now the fuzzy logic is substituting the systems
of conventional control in an extremely effective
way, because they can be implemented in dedicated
cards. They also present the advantage of being
immune to the temperature variations and they do not
need constant adjustments.
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