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High Efficiency Photovoltaic System
with Fuzzy Logic Controller

Branko Blanusa, Zeljko Ivanovi¢ and Branko Doki¢

Abstract — In this paper is presented high efficiency photovol-
taic system (PV) with fuzzy logic controller. This system consists
of PV panel, boost DC/DC converter and 24V DC load. Control
module is realized with fuzzy controller. This controller has dou-
ble function and it gives references for duty factor and switching
frequency of the converter control signal. In this way the PV sys-
tem works with applied maximum power point tracking (MPPT)
method and switching frequency is changed on the way so the
converter works with maximum efficiency in continuous current
mode. Functionality of proposed model is tested through computer
simulations in Matlab and on laboratory prototype.
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I. INTRODUCTION

ELECTRICAL energy production from renewable energy
sources, increasingly grows and significant, one can say the
leading, place have PV panels. This method of power generation
from PV systems is one of the cleanest and safest, and there is
no acoustic pollution that is characteristic for wind plants.

Although new materials and production techniques of
photovoltaic cells were developed, silicon is still in over of 80%
the produced photovoltaic cells. The reason is wide accessibility
of silicon and the fact that it is not toxic. Monocrystalline
and polycrystalline PV cells are two basic types of silicon
photovoltaic cells. There is a third type, amorphous silicon, but
the efficiency of these cells is lower than in the previous two
types and is less used.

One of the basic requirement that is set in front of PV
systems is their efficiency. Therefore, there is an intensive
research that is carried out into several directions:

* Development of materials for PV panels with a better

ratio efficiency/price,

* Optimization of solar system topology from the standpoint

of electrical energy production and consumption,

Manuscript received: May 18th, 2017
Received in revised form: February 2nd, 2018

Branko Blanusa is with the Faculty of Electrical engineering, University
of Banja Luka, phone: +387 51 221 824; email: branko.blanusa@etf.unibl.org

Zeljko Ivanovi¢ is with the Faculty of Electrical Engineering, University
of Banja Luka, phone: +387 51 221 846; email: zeljko.ivanovic@ etf.unibl.org

Branko Doki¢ is with the Faculty of Electrical engineering, University of
Banja Luka, phone: +387 51 221 820; email: branko.dokic@etf.unibl.org

* Maximum utilization of available power of solar panels,

*  Maximum efficiency of power converters used in solar

systems.

There are significant researches and many methods which
are used for a better utilization of available power from PV pa-
nels. They are well known as MPPT technique like gradient me-
thods[ 1], perturbation and observation (P&O) [2], the incremental
conductance (IncCond) [3], ripple correlation [4], short circuit
current (SCC) and open circuit voltage (OCV) technique [5] etc.
Also, there are many techniques based on fuzzy logic [6-7] and
the use of artificial intelligence [8-9]. In some papers, a com-
parison between different MPPT techniques were performed [10-
11]. Generally, these techniques vary in complexity, cost, speed of
convergence, hardware implementation, and effectiveness.

Application of DC/DC converters in PV systems are wide
and significant. These converters are used to connect PV panel to
DC consumers. Also, converters can be used as battery chargers,
or interfaces between solar panels and DC/AC converters,
or electrical grid. One of the significant characteristics of the
converters used in solar systems is their efficiency.

Central place in this paper has control module based on
fuzzy logic controller. Efficiency optimization algorithm for
DC/DC converter and MPPT algorithm are implemented in
this module. So, two functions are realized with the one fuzzy
controller. Fuzzy based MPPT controller is fast and the output
voltage of the PV panel adjusts to meteorological changes, so
the maximum power at the panel output is obtained. Also, using
the same controller, an adaptive search algorithm for efficiency
improvement of the DC/DC converter is implemented. This
algorithm is applicable regardless of converter topology.

Simple PV system is discussed in this paper. It consists from
PV panel, boost DC/DC converter and 24V DC load. (Fig. 1.).
Similar controller with some modifications can be used in more
complex PV systems.
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Fig. 1. Block diagram of the PV system.
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Organization of paper is as follows:

Loss model of boost DC/DC converter is presented in
second section. The realization of control module with the fuzzy
controller is given in the third section Proposed controller is
tested through computer simulation and laboratory tests. This is
presented in the fifth section. Obtained results are summarized
in conclusions.

II. BoostT CONVERTER LOSSES

In this PV system boost DC/DC converter is realized in
standard topology of this converter [12 ] (Fig. 2.).

Energy losses in elements of the boost DC/DC converter
can be divided into: conduction, dynamic and fixed losses [13].
Total energy loss P, is expressed as [14]:

loss

Bass = Pcond + Pﬁxed + WTOT : f:vw (1)
b
where: P, — conduction losses, P, , — fixed losses,
con Sfixed

W, —total energy of dynamic loss during one switching period.

Product P =W, - /. isaverage value of dynamic power loss,

which is directly proportional to switching frequency f; .
Equivalent scheme of boost converter is presented in Fig. 2.

In this case MOSFET is used as basic switch component [15,16]
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Fig. 2. Equivalent scheme of boost converter with parasitic elements [14].

Conduction losses are directly dependant on loads, and
very little dependant on switching frequency. Fixed losses
are dependent on neither switching frequency nor load. Semi-
conductor elements are major source of dynamic losses in the
converter. Dynamic losses are very little dependent on power
load, but directly depend on switching frequency.

So, It is possible to reduce switching losses by adjusting
switching frequency to working conditions. From that reason,
the focus in the analysis of power losses is on the dynamic
losses.

A Dynamic losses

Dynamic losses in the converter consist of losses in inductor
core, transistor and diode. Dynamic MOSFET losses are losses
in gate, output capacitance and losses which occur during switch
mode change [17,18]. Detailed analysis of dynamic losses in
boost DC/DC converter is given in [14].

Total switching losses are equal to the sum of individual
switching losses of converter elements and they can be expressed
as follows:

Rlin :B

ss Tsw oss

+P,, +F+ PTdiode + B'ure . (2)

where P, is power loss inthe MOSFET gate, P, are dynamic
losses occur in transition process of switches, P, is power loss
during the process of discharging the output capacitance C
of MOSFET, when MOSFET is turning on, P, is transistor
dynamic losses, coming from diode recovery time and P, _are
inductor core losses due to hysteresis and eddy currents

Relations (2) shows thatthe switching losses in semiconductor
elements are function of switching frequency.

Depending on the duty factor, load and switching frequency,
the converter can operate in continuous current mode (CCM) or
discontinuous current mode (DCM). In this application it works
in CCM. This mode enables independent control of duty factor
(D) and frequency (f, ) of converter control signals.

III. CONTROL MODULE WITH FUZZY CONTROLLER

The control module regulates operation of boost DC/DC
converters. It is based on fuzzy controller. This controller
controls duty factor and frequency of the converter control
signal. In this way two important functions are realized. One
is control of PV output voltage, so the MPPT algorithm is
realized. Output voltage of the PV panel is changed in the
dependency of the temperature and solar radiation intensity,
so the maximum output power is achieved This is realized by
the duty factor control. The second function of controller is
efficiency improvement of the converter, what is achieved by
control of switching frequency (Eq.(1) and (2)).

A. Implementation of MPPT algorithm

PV panel is current source, whose output current and volta-
ge, and on that way the power depend from many factors,
among which the most important are temperature and intensity
of solar radiation.

The dependence of the PV panel output power from its
voltage is nonlinear (Fig. 3).
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Fig. 3. Output power of PV panel in a funcion of panel voltage for different
values of solar radiation
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For the realization of MPPT algorithm simple fuzzy
controller is used (Fig. 5.). Input in the fuzzy controller is
difference of two successive samples of PV panel output power:

APy (n) = Ppyn) = Py(n— 1) ?3)

where P, (n) is PV panel output power in moment nT,
and 7, is time interval between two successive samples of the
panel output power. In this application 7,=0.1s. Output from
the fuzzy controller is duty factor (AD). By changing of duty
factor, output voltage of PV panel is changed, so it works with
maximum output power.

Sign of AD is determined based on panel output power. If
AP increases, sign of AD is retained. Otherwise, the sign is
opposite.

sgn (E{D(n] }) =
sgn (806 = 1)) 47 2,0) 2 £, 61— D

—sgn (8(D0r — 1)) ¥ Bu ) < B (1 = 1) .

where AD(n) is change of duty factor in the moment n7',.
B. Efficiency optimization of boost converter

Algorithm for efficiency optimization of boost DC/DC
converter is realized as search algorithm with fuzzy controller
(Fig. 4). Boost converter efficiency for given operating
conditions (input power and output voltage) can be optimized
by adjusting switching frequency what is discussed in Section
2. Changing the switching frequency must not disturbed defined
operating conditions of the converter, relating to maximum
change of inductor current, maximum ripple of the output
voltage and maximum induction in the inductor core.
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Fig. 4. Search algorithm for efficiency optimization of boost DC/DC converter

This algorithm works as follows. Power loss is calculated as
difference between the input and output power of the converter

P:'n.ss{n:l = Py (n) _Pnur{n] ®))

where P, _(n) is converter power loss and P, (n) and P (n)
converter input and output power respectively in the moment
nT,. In this aplication 7,=10ms. The difference of two power
loss successive samples is:

-":"P:'nss{n:l = Ems{n] _P:'nss{n -1 (6)

. If .AP[m(n) is.nega.tive, switghing freguency /., keeps its
direction. Otherwise, sign of Af, is opposite

sgn (8(f () =
sgn (ﬂ{fm{n - 13}) if P () = P oln — 1)

—sgn (8(f 01 = ) o 00 > P =D

Based on 18P0z (n) |, value of M faw (W] is determined in
the fuzzy controller so the new value of switching frequency in
the moment 7, is equal to

JFS'I-'L' '::"1:] = .f.'.!h' ':?‘1 - ]':] + sgn{‘i‘f?h' ':?‘1:] }l"':l'.f.?h ':?‘l:] | (8)

C. Implementation of fuzzy controller

Fuzzy controller has two inputs and two outputs. One
input is output power of PV panels (P, ) and second are power
losses of DC/DC converter (P, -P ) (Fig. 5). Outputs are duty

factor (D) and switching frequency (f; ). Block diagram of the
realized control module is shown in Fig. 5.
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Fig. 5. Block diagram of the realized control module

Fuzzy system has total 12 rules. Set of fuzzy rules is given
in Table I.



ELECTRONICS, VOL. 21, NO. 2, DECEMBER 2017 63

Table I.
Set of Fuzzy Rules implemented in Application

Number of

fuzzy rule Fuzzy rule

s If AP, (n) is big and sgn(AP, (n)) is positive then AD(n) is
positive big

2. If AP, (n) is medim and sgn(AP, (n)) is positive then AD(n) is
positive medium

3. If AP, (n) is small and sgn(AP, (n)) is postitive then AD(n) is
positive small

4. If AP, (n) is big and sgn(AP, (n)) is negative then AD(n) is
negative big

5. If AP, (n) is medium and sgn(AP, (n)) is negative then AD(n) is
negative medium

6. If AP, (n) is small and sgn(AP, (n)) is negative then AD(n) is
negative small

7 If AP, (n)is big and sgn(AP, _(n)) is positive then Af  (n) is
negative big

8. If AP, _(n)is medium and sgn(AP, _(n)) is positive then Af,
(n) is negative medium

9. If AP (n) is small and sgn(AP,__(n)) is positive then Af  (n) is

negative small

10. If AP, _(n)is big and sgn(AP, _(n)) is negative then Af_ (n) is
positive big
11. If AP, _(n)is medium and sgn(AP, (n)) is negative then Afy

(n) is positive medium

12. If AP, _(n)is small and sgn(AP, _(n)) is negative then Af, (n)

loss

is positive small

Fuzzy type is mamdani. Centroid method of defuzzification
is used.

IV. SIMULATION RESULTS

Simulations of discussed PV system are implemented in
MATLAB-Simulink. Experimental verification of the proposed
algorithm is tested on the laboratory setup.

There is a linear and step change of the parameters that
have the most important impact to the characteristics of the PV
panels, temperature (T) and solar radiation intensity (1) (Fig. 6).
Total duration of simulations is 10s. Simulation results which
show the performance of the described MPPT algorithm are
shown in the figure 7. and 8. Output voltage, output current and
the output power of PV panel for the excitation from Fig. 6. are
shown in Fig. 7.
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Fig. 6. Graphic of outside temperature and solar radiation intensity used in

simulation.
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Fig. 7. Graphics of panel output voltage, output current and output power for

applied MPPT algorithm based on fuzzy logic and the working conditions
shown in Fig. 6.

Graphics of PV panel output power when MPPT algorithm
is applied and for constant output voltage V=07V (¥ isopen
circuit voltage for the used PV panel) and specified working
conditions (Fig. 6.) are shown in Fig. 8.
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Fig. 8. Graphics of panel output power for constant voltage VPO:0.7V0 . and
applied MPPT algorithm and the working conditions shown in Fig. 6.

Based on Figs. 7 and 8 It can be concluded that the proposed
MPPT algorithm is fast and comparable with the fastest MPPT
algorithms. Also, for a given working conditions this algorithm
obtains maximum o power at the output of PV panel.

Operation of the efficiency controller in the applied boost
DC/DC converter in the PV system has been tested through
simulations. Obtained results are presented in Figs. 9 and 10.
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Fig. 9. Power losses for constant switching frequency and with applied
efficiency optimization algorithm.
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Fig. 10. Boost converter efficiency in observed PV system for constant
switching frequency and with applied efficiency optimization algorithm.

Based on the results (Figs. 9 and 10), it can be concluded
that the algorithm adjusts the switching frequency to the load. In
this way switching losses are reduced and efficiency increased.

V. EXPERIMENTAL TESTS

Laboratory setup for experimental tests is shown in Fig. 11.

It consists of:

— Autotransformer,

— Rectifier,

— Boost converter,

— MF624 acquisition card, connectors and interface

board,

— Electronic load.

This laboratory setup is used to test algorithm for
efficiency optimization the efficiency of the DC/DC converter.
Autotransformer regulates amplitude of ac voltage on the
rectifier input. This voltage is rectified and led to the input of
DC/DC converter. Value of this voltage can be changed. Output
of DC/DC converter has constant voltage and variable load so
the output power is changeable. For input power from 10W to
80W losses and efficiency of the converter are measured when
the switching frequency is constant and equal 100kHz. For the
same input voltage and output power, losses and efficiency are
measured when efficiency optimization algorithm with fuzzy
controller is applied. Lower limit of the switching frequency
is 20kHz. It is defined by the system constraints related to the
maximum current ripple in the inductance and the maximum
ripple of the output voltage. Also, the frequency for which
the converter has the minimal losses and for given working
conditions is measured. For higher input power this frequency
is on the lower limit. Only, for less input power frequencies,
which gives the minimum switching loss, increase above the
lower limit. Results are presented in the Table II and in the
Fig. 12. Applied algorithm for efficiency optimization gives a
significant efficiency improvement of the converter.

Autotransformer Electronic load

MF624
connectors

Voltage dividers
A

= -

Interface

board
Boost converter

Fig. 11. Laboratory setup for experimental test.

The efficiency of the DC/DC converter in this application is
somewhat lower than expected. The reason is that an available
converter was used for the experimental test. This converter is
not specially designed for this application.

Table II.
Power Losses and Efficiency for Constant Switching Frequency and for
applied Algorithm for Efficiency Optimization

P 80 70 60 50 40 30 20 10
P . [W] 11.6 |10.1 |8.6 7.15 |5.85 |4.55 325 |2.05
const. f
N (%) 873 |87.4 |87.5 |[87.5 |87.2 |86.75 |86 83.1
const. fsw
P, . [W] 7.3 6.25 |525 |433 |[3.52 |2.72 1.95 |1.27
var. f
N (%) 91.6 |[91.8 |91.9 |92 91.9 |91.6 91 88.7
var. f
Optimal 20 20 20 20 20 20 20.5 |27
f [kHz]
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Fig. 12. Converter efficiency for constant switching frequency f=100kHz and
for applied efficiency optimization algorithm.
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VI. CONCLUSIONS

In this paper is presented a system with PV panel, DC/DC
boost converter and a variable load.

The control system is realized with fuzzy controller
which controls duty factor and a switching frequency of the
converter control signal so the MPPT algorithm and efficiency
optimization of boost converter are obtained. In this way two
significant functions are realized with one fuzzy controller. In
both cases, adaptive search techniques have been applied which
provide fast convergence to the voltage which gives maximum
output power from the panel and the switching frequency for
which the power losses in the converter are the lowest. Applied
techniques are robust and independent of the parameter changes
in the PV panel model, or converter loss model. Results are
confirmed through simulations and experimental tests:

1. Maximum utilization of available power from the PV
panels. (Fig. 7 and 8)

2. Operation of the DC / DC converter with a switching
frequency which provides maximum efficiency for a given
working condition. (Figs 9, 10,12 and Table II).

Similar control concept based on fuzzy controller can be
used for more complex PV systems.
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