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Abstract

To reduce the effects of global warming, there is an increasing need for
renewable energy sources. Several studies have been carried out on photo-
voltaic (PV) systems to maximize their potential as an alternative electricity
generator. However, various power converters for high voltage ratio appli-
cations have multiple drawbacks. This research was carried out to develop
a power converter topology connected between the PV and the load for the
need. In this research, the high step-up DC-DC converter for high-voltage
gain conversion ratio and high efficiency is proposed. Furthermore, the fuzzy
logic-based Maximum Power Point Tracking (MPPT) technique connected
to the power converter was used to maximize the power converted from PV
in changing atmospheric conditions. The MPPT control with fuzzy logic
controller (FLC) was analysed and compared with the perturb and observe
(P&O) algorithm. The results showed that the FLC algorithm could control
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the high step-up (HSU) DC-DC converter with an output voltage of 29%
higher than the P&O algorithm.

Keywords: Fuzzy logic, maximum power point tracking, DC-DC converter,
photovoltaic, power converter, perturb and observe algorithm, renewable
energy.

1 Introduction

Photovoltaic (PV) system is one of the fastest-growing technologies in line
with the severe energy crisis and environmental issues such as pollution and
the effects of global warming. Meanwhile, the energy conversion efficiency
generated from PV is relatively small [1-5]. Therefore, a lot of research has
been carried out to develop PV systems regarding basic materials that form
PV and the power converter side. This research was carried out to maximize
the energy conversion results of a PV system and was divided into two main
topics [6]. The first topic was related to new, high-efficiency, and low-cost
PV cells and modules. In contrast, the second topic was related to the power
converter topology and control strategy used.

Various topologies have been developed from the power converter point
of view to maximize the energy conversion results obtained from PV.In
general, conventional DC-DC converters were used for low-power appli-
cations [7]. Meanwhile, for applications requiring high voltage ratios, the
development of a power converter topology has also received special atten-
tion [8-10]. Theoretically, a significant voltage gain in the DC-DC converter
is achievable by providing a high duty ratio. Meanwhile, the increase in volt-
age generated by a high duty ratio is limited due to its electronic components,
such as the effect of switches, diodes, equivalent series resistance (ESR)
of inductors and capacitors. Therefore, many researchers have developed
converters with high step performance, low cost, and high efficiency in power
applications requiring high voltage ratios and various topologies.

Furthermore, Afzal et al. [11] and Ebrahimi et al. [12] developed a boost
converter with a coupled inductor for high step-up applications due to the
simplicity of the structure. However, this topology results in low efficiency
at low power levels due to the leakage in coupled inductors, leading to
increased conduction loss in semiconductors and copper losses in inductors.
This problem is usually resolved with resistor-capacitor-snubber diodes, but it
causes additional power loss [13]. The current-fed converter topology uses a
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transformer based on switched capacitors suitable for low power application
systems. This converter produces zero magnetic DC offset and a low input
ripple due to its current-fed structure [14]. Also, Sha et al. [15] optimized the
current-fed dual active bridge DC-DC converter.

Meanwhile, this converter’s problem is poor voltage regulation on the
output side, high voltage, and current surges through semiconductor devices
caused by the charging and discharging of switched capacitors [16]. The
cascaded converter also produces high voltage ratios but working unstably is
its major drawback. Li et al. [17] also proposed a stable converter withan
approach based on describing its function methods but, its efficiency is low
because it requires two processes. Quadratic Boost Converter (QBC)
topology connects two converters in series using one switch. Without opti-
mization, the efficiency of QBC is lower than conventional boost converters.
Furthermore, Wang et al. [18] proposed a different mode of operation, which
yielded an efficiency of 90%.

Meanwhile, Lee [19] used a QBC with the coupled inductor. The passive
voltage clamp connected to the power switch makes recycled energy stored
in the leakage inductor of the coupled inductor; therefore, the power switch
spike was reduced. Also, the resulting voltage ratio was the same as the one
in the cascaded converter. The output voltage with high ratio and efficiency
produced by the high step-up (HSU) converter was proposed by Dahono [20]
and has been used for maximum power point tracking (MPPT) technique for
PV systems, but still employed a conventional controller.

To produce high ratio output voltages, DC-DC converter topologies for
PV systems should have high-voltage gain and deliver increased efficiency.
In this research, the high step-up DC-DC converter for high-voltage gain
conversion ratio and high efficiency is proposed. Modeling and simulation
of MPPT technique using the high-voltage gain DC-DC converter based
on a simple fuzzy logic controller (FLC) are presented in this paper. The
FLC-based converter is compared with the perturb and observe (P&O) algo-
rithm. Section 2 discusses the modeling and characteristic of PV modules
using MATLAB/Simulink and describes the basic MPPT. Meanwhile, Sec-
tion 3 describes a modeling of the HSU converter used and the MPPT tech-
nique based on FLC. Furthermore, the results and discussion are presented in
Section 4, followed by conclusions in Section 5.
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2 Materials and Methods
2.1 Modeling PV Module

Since the discovery of PV silicone crystalline designed for outdoor use in
1950 by Bell Labs [21], till now, there are two PV cell models still in use
single-diode [22-24] and double diode [25, 26]. The single-diode model,
shown in Figure 1, is superior and widely used due to its accuracy and
complexity [27]. The output current of a single-diode model of the PV cell is
expressed as

Q(VM + IMRSM - VocM_)_
NskTA

Inm = Nplpppg — Nplg,, €xp 1- (1

where the module is represented in M, Vw, Im and Ry are the voltage,
current, and series resistance module, N, and Ns is the number of cells
connected parallel and in series, lpnw and Isw are photocurrent and saturation
current of the module, Vocm is the open-circuit voltage module, q is the
electron charge (1.6 10-°C), k is Boltzmann constant (1.38 10-2J/K)T
is the cell working temperature. At the same time, A is the diode constant
ideality of cells depending on PV technology. With Equation (1), the v |
characteristics of the PV module can be formed and developed to obtain the
electrical character of the PV module shown in Figure 2.

The photocurrent module depends on solar irradiation, and it is also
influenced by temperature, as shown in the equation.

Iphl\/l = [IscM + K; (T - Tr)]A (2)

where I is the short-circuit current of the cell at the temperature of 25-C
at 1 kw/m?, K; is the temperature coefficiency of short-circuit cell current,

Practical PV device

Figure 1 Single-diode model PV cell equivalent circuit.
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T, is the cell reference temperature, meanwhile, A is the solar irradiance level
in kW/m?2.

The saturation current of the module varies with the cell temperature
given by

n
#
3 1 1

T T
m=lsm T, exp qEe™ T 3)

where | reverse saturation current at the reference temperature and solar
radiation is the band-gap energy of the semiconductor used in the cell.
The reverse saturation module at the reference temperature is planned as,

IscM
lesm = h aVv. i (4)
ocM —
€XP  NGkAT 1

where Voom the open-circuit voltage at the reference temperature.

2.2 Maximum Power Point Tracking

To use energy optimally, PV is installed in an environment where the sun’s
rays are not obstructed. Meanwhile, irradiation and temperature due to the
atmosphere affect the efficiency of the power output [28]. Therefore, many
researchers have developed the MPPT technique to obtain the maximum
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Figure 3 Curve of the V — P characteristics of the PV module connected to a 12 V load.

energy conversion efficiency to solve the efficiency problem in PV systems.
MPPT is a method for tracing the Maximum Power Point (MPP), using the
parameters such as voltage, current, and/or power as input. At the same time,
the output from MPPT is a PWM signal or a change in a duty cycle that
controls the power converter used.

MPPT is a technique used to trace the MPP of PV by moving its operating
module point to its MPP. The v #and vV P eurves of the PV module show
that the maximum power is only available under one specific functional
condition called MPP. Also, its location varies with changes in irradiation
and operating temperature. A simple example can be seen in the ¥ P curve
shown in Figure 3, produced from a PV module with a maximum voltage of
18.6 V (measured at a cell temperature of 25-C, connected to a DC load of
12 V). The output voltage of the PV module varies with the cell temperature.

The operating point of the PV module is not at its peak when it is directly
connected to the load. For example, in Figure 3, the PV output power is 75 W,
so the power generated is less than the maximum power available in the PV
module. The electrical operation point can be moved to the high-power point
by varying the impedance in the PV module. Furthermore, to change the
impedance of the PV circuit to the load circuit, a DC-DC converter is used by
changing its duty ratio [29].

The algorithm used to discover MPP is the hill-climbing method, hamely
Perturb and Observe (P&O). The conventional algorithm is easy to build
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algorithms because it does not require PV characteristics or solar inten-
sity and cell temperature measurements. Meanwhile, the P&O algorithm is
more straightforward and flexible, making it useful for commercial applica-
tions [30]. Furthermore, P&O works by perturbing the PV operating point to
increase or decrease the control parameters in a small step size and measure
the output power of the PV array before and after perturbation. If the power
increases, the algorithm will perturb the system in the same direction. Also, it
will perturb the system in the opposite direction if the power decreases [31].
P&O techniques use reference voltage and reference current perturbation or
direct duty ratio perturbation which are widely used today.

Meanwhile, the P&O algorithm fluctuates in the MPP estimate around
the actual reference MPP voltage depending on the perturbation size [32].
The resulting fluctuation becomes high if the step size used is significant.
Also, if the step size is too small, the tracking speed to reach MPP will take a
long time.

Furthermore, power oscillations also occur in both stable and unstable
atmospheric conditions [33]. Due to the potential and advantages of Artificial
Intelligent (Al), various Al-based algorithms are widely used in the MPPT
technique. Furthermore, FLC, an intelligent control algorithm, is widely used
in recent years because of its good performance and structural sim- plicity
[6, 34]. The results reported by these researchers show that the FLC
algorithm used for duty cycle control in the MPPT technique performs better
than conventional techniques.

2.3 High Step-up DC-DC Converter

The system developed in this research is a stand-alone PV system, as shown
in the general block diagram in Figure 4. The system consists of a PV
generator, HSU DC-DC converter with MPPT based on fuzzy logic to adjust
the converter’s duty ratio and resistive loads.

The converter used in this research was DC-DC buck-boost converter,
producing a high voltage gain. This converter modification combines a
derived boost and buck DC-DC converter, Dahono [20]. The conventional
DC-DC boosts converter is shown in Figure 5(a).

The voltage gain of the conventional DC-DC boost converter is

i 5)

Ed 1—-«a
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Figure5 DC-DC converter (a) boost, (b) boost derived converter, and (c) buck-boost derived
converter.

where a is the duty factor of the transistor Q. While the output voltage is
given by
1 _ Ri+R I (6)

o

v =E
o dl—a (1—0[)2

Furthermore, the conventional DC-DC boost converter is differentiated
with a parallel-connected input and a series-connected output, as shown
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in Figure 5(b). This connection increases the load ratio of the converter.
Therefore, the voltage gain is given by

EQ _ 1+« (7)
Ed 1—-a
while the output voltage at steady-state condition is
N=E1+oz_2RL+R| (8)

o

o dl—a (1—0[)2

Furthermore, the buck-boost converter is differentiated by the same
method. This converter is shown in Figure 5(c), and it also produces the same
voltage ratio (5). However, it has discontinuous input currents with
significant ripple content, which reduced PV module performance or load.
The total ripple input and output can be reduced by controlling two converters as
two-phase converters.

The HSU converter was produced by combining a diversified boost and
buck-boost converter. The converter made is shown in Figure 6, with the
resulting voltage ratio equal to the one given by (10). In addition, the switch
in this converter is used to reduce the ripple content of the switching device
in a two-phase converter, as shown in Figures 5(b) and 5(c).

The RMS value of the output voltage ripple of this converter is

V~ I, ol — 2«
° Cfs2 3(1-a)
Meanwhile, the output voltage ripple for duty cycles more than half is

~ jo 2(1 _1
v, o el (10)

Cfs 2 3

©)
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3 Fuzzy Logic Control for MPPT

The control method using the FLC algorithm has been developed for many
applications. FLC implementation is rapidly increasing because ofits
simplicity and does not require mathematical modeling data [34-36].
Furthermore, FLC shows good performance in overcoming non-linear sys-
tems [29, 33, 37, 38].

The FLC algorithm design has three main stages: fuzzification, rule
evaluation, and defuzzification, as shown in Figure 7. At the fuzzification
stage, there is a membership function that acts as FLC inputs. The number of
input membership functions affects the accuracy of the FLC algorithm. Also,
in rule evaluation, FLC linguistic rules are used to provide control measures
that link logical functions between input and output membership functions.
Furthermore, rule evaluation generates fuzzy membership function output for
each action of the input membership function. The last stage is defuzzification
which predicts the value of MF output obtained as the output of the whole
system.

Solar PV has non-linear properties; therefore, the FL implemented in the
MPPT technique overcomes this problem. In a solar PV system, the FL input
is as Error (E) and Change in Error (AE), with the output as a PWM feed,
which controls the converter duty cycle. The error signal is obtained from the
change in the PV output power divided by the change in output voltage. The
two inputs are defined as

Error, E(k) = AP _ P(k) —P(k = 1) (11)

AV V(k)—=V(k — 1)
Error Change, AE(k) = E(k)—E(k — 1) (12)

where k is the sample time, P(k) is power, V(k) the PV voltage, P(k — 1)
and V(k — 1) is the previous PV power and voltage, respectively. E(k) shows

Rule .
Crisp

Cl'i.\p Table
Input ’_> Output

E ><><><>< Duty Cycle
L, 1 DR

Inference
Defuzzification

Figure 7 The basic structure of the FLC.
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that the operating load-point is located on the left or right, while AE(k) the
direction of motion of the point.

The FLC evaluates the output power of the PV and determines the change
in power relative to voltage (AP/AV). If the value is greater than zero, the
controller changes the PWM cycle to increase the voltage until it reaches the
maximum power (AP/AV = 0). Conversely, if the value is less than zero,
the controller changes the PWM cycle to reduce the voltage until it reaches
the MPP.

3.1 Fuzzification

As shown in Figure 8, fuzzification is the initial process with input as
crisp numbers. Furthermore, there are two input membership functions in
estimating E and AE in the proposed FLC algorithm. Each input and output
have five triangular subsets, namely NB (negative big), NS (negative small), Z
(zero), PS (positive small), and PB (positive big). Also, both input and output
use a symmetrical membership function.

This stage discovers out the value as a fuzzy number based on the mem-
bership function. In the input triangle function, the equation for discovering
the fuzzy number for the left triangle (umsn) Which is tangent to the right
triangle (ume) is given by

_C1=X
Hmf1 _C1 — by (13)
- X=2 14
Umf2 b, — a, ( )

where a is the left end of each triangle, b is the vertex of the triangle, c is the
right end of the triangle, and x is the input value.
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Figure 9 Rule surface of FLC.

3.2 Rule Evaluation (FIS and Rule Base)

Since each input has five membership functions, there are 25 rules for fuzzy
control. The fuzzy numbers are therefore compared in the FIS, based on the
created rule base. The rule base is a knowledge base that defines the desired
relationship rules between input and output variables. The knowledge base is
shown in Table 1. In contrast, the results of the rule base are illustrated with
a surface in Figure 9.

This test uses Fuzzy Mamdani, which is based on the Min-Max function.
In the first stage, when comparing fuzzy numbers, the value taken is Min-
imum. In the second stage, the linguistic variable will be handled with the
Maximum fuzzy number if there are the same linguistic variables.

3.3 Defuzzification

In the third stage, fuzzy numbers are converted into crisp numbers as the
output of the FLC. This process is based onthe center of gravity. The FLC
output is used to control the converter duty cycle. The equation in the
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Figure 10 FLC algorithm with input and output in simulation.

defuzzification process is given by
>
D= S XH (15)
>
Hi

where D is the duty cycle, and x is the output triangle value.

Error and error changes as FLC inputs are obtained from the PV output as
voltage (V) and current (lp,). Figure 10 shows an FLC with V,, and I..
Inputs are connected to the PWM generator at its output.

4 Results and Discussion

The MATLAB/Simulink PV module model is used to test the MPPT on two
converter topologies and two different algorithms. The converter models used
are conventional and HSU DC-DC converters. The P&O and FLC algorithms
are used in each converter model to control the duty ratio cycle. Furthermore,
each converter is connected between the PV module and a resistive load. The
first test was carried out by varying the PWM generator frequency, namely 5,
10, 20, and 40 kHz, and it was also carried out to discover the suitable PWM
value for the HSU DC-DC converter used.

Figure 11(a) compares the PV generator output voltage simulation results
on each converter with the P&O and FLV algorithms at various PWM
generator values. It also shows that the oscillations in the HSU converter with
P&O have large fluctuations at the PWM generator 5, 10, and 20 kHz.
Meanwhile, the fluctuations in other conditions are more minor. Conversely,
the output voltage ratio of the HSU-P&O converter has a higher value than
the conventional P&O and FLC converters, as well as the HSU-FLC on the
PWM generator of 5, 10, and 20 kHz.
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Figure 11 Comparison of voltage and oscillations (a) for each converter model with P&O
and FLC, (b) details on HSU-P&O and HSU-FLC.

At the 40 kHz PWM generator, the oscillation of conventional and HSU
converters with P&O and FLC algorithms has the smallest values. Therefore,
the fluctuation of the HSU-P&O converter decreased, but the resulting voltage
ratio is not greater than that of the HSU-FLC converter. Furthermore, the
detailed data of the HSU converter’s output voltage and oscillation values
with the P&O and FLC algorithms are shown in Figure 11(b). The HSU DC-
DC converter with the P&O algorithm has a voltage drop on a large PWM
generator, but its oscillation decreases. Meanwhile, the HSU DC-DC
converter with the FLC algorithm increases the voltage on a large PWM
generator, and its fluctuation also decreases.

A further test was carried out to vary the irradiation parameters and tem-
perature, which represent atmospheric changes. The irradiation parameters
were run at 700, 800, to 1000 W/m? at 25 - C. Figure 12 shows the voltage,
current, and output power results when testing with varied irradiation and
temperature parameters.

As seen in Figure 12, the HSU-FLC output voltage at 700 to about
800 W/m? irradiation has a lower ratio than HSU-P&O. Meanwhile, the
oscillation at HSU-P&O is more prominent in this condition. At 1000 W/m?
irradiation conditions, the HSU-FLC ratio was higher than HSU-P&O. Mean-
while, the HSU-P&O oscillation decreases in this condition. In addition,
HSU-FLC produced lower oscillations than HSU-P&O under all conditions.
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5 Conclusions

In this research, the high step-up DC-DC converter for high-voltage gain
conversion ratio and high efficiency was proposed. A simple fuzzy logic
controller (FLC)-based MPP tracking (MPPT) technique using the DC-DC
converter was employed to maximize the power converted from solar pho-
tovoltaic. The FLC performance was compared with Perturb and Observe
(P&O) algorithm with a similar converter under varying irradiation condi-
tions. Furthermore, the FLC was built as a duty cycle control for the DC-DC
converter to track the maximum power available in the PV module. The first
test was carried out to obtain a suitable PWM frequency. The results showed
that the PWM generator with a frequency input of 40 kHz and the FLC
algorithm for the control of the DC-DC converter produces a higher output
ratio with lower oscillations than the P&O on the output voltage side. The
next test was carried out by changing the irradiation value to determine the
performance of the FLC and P&O techniques with the atmospheric changes.
The test results of the two methods showed that they have advantages and dis-
advantages. The P&O algorithm produced a higher voltage ratio than FLC at
low irradiation but large oscillations under the same conditions. Meanwhile,
the FLC algorithm produced high voltage ratios at maximum irradiation. The
resulting oscillations in the FLC algorithm were lower compared to the P&O
under all conditions. This shows that the performance of the FLC algorithm
applied to the DC-DC converter is better than that of P&O. Therefore, the
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efficiency of power transferred from PV can be maximum. Because power
operation can always be controlled at a point close to MPP.
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