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ABSTRACT The photovoltaic generation system (PGS) is considm a potential renewable energy harvest-
ing system. However, the low conversion efficiency of PGS and maximum power point tracking (MPPT)
technique are the main challenges that must be solved. In addition, the switching frequency of the converters
employed also affect@fhe MPPT system performance. A high gain voltage DC-DC converter is proposed to
replace conventional power converter and fuzzy logic controller (FLC) is applied in the MPPT for optimizing
solar energy harvesting system. Nevertheless, evaluation of suitable fuzzy membership function is needed for
optimal MPPT technique of photovoltaic system. In this paper, FLC of MPPT for photovoltaic : “ation
system was built using various membership functions in MATLAB/Simulink environment. The switching

frequency of the high gain voltage DC-DC converter is varied to test the mless of the performance

of each FLC membership function. The results showed that the FLC-based

t ique for high gain

voltage DC-DC converter with GBell membership function type has the capability 10 Track the maximum
power point (MPP) accurately and to achieve optimum power conversion. Furthermore, GBell membership
showed having stable and consistent performance at various switching frequencies.

INDEX TERMS Maximum power point tracking, fuzzy logic controller, membership fun(:lion,Egh gain

voltage DC-DC converter.

I. INTRODUCTION
The demand for photovoltaic generation systems (PGSs)
shows a graph of significant improvement. The need to meet
global issues to reduce the harmful effects of conventional
power plants has led to an increase in the demand for PGSs.
As it is well known, traditional power plants, which usually
use coal as fuel, have negative effects such as the greenhouse
effect, pollution, and solid and liquid waste. The development
of necessary material processing technology for making pho-
tovoltaic (PV) itself has made it increasingly produced and
easily available.

However, PGSs that work by harvesting solar energy have
a low power conversion. This is because the performance of
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PV %ﬁnds on ambient weather conditions such as irradi-
ation and changing temperature [1]-[3]. Under these vary-
ing weather conditions, the maximum power point (MPP)
received by PV also varies. This is what causes the low
PV power conversion efficiency. The maximum power of
PV must be exlracle ensure high power conversion effi-
ciency [4]-[6]. The way to increase the power conversion
efficiency of PV is by considering the best converter topology
possible. Another way is by optimizing the tmliques that
have been developed by many researchers to track MPP
which is commonly known as maximum power point tracking
(MPPT) [7]-[45]. Apart from increasing the power conver-
sion efficiency, the MPPT technique can also increase the
lifetime of the PV module [8].

There are various MPPT methods. Conventional methods
are unstable due to dynamic response and steady-state, thus
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causing oscillations around the MPP. Another method that
is often used because of its reliability is the fuzzy logic
controller (FLC) [22]-[27]. The FLC method is suitable to be
applied to PV MPPT because it can handle non-linear systems
produced by the PV itself due to changing weather cg-
tions [28]. In addition, FLC is also popular because it does
not require knowledge of the PV system model [29]-[31].

However, FLC has some disadvantages. One of the short-
comings of FLC is the problem of efficiency which depends
on the performance of the system design [16], [41]-[43].
The inherent weakness of FLC is more towards the design
of the algorithm development itself, i.e. subset, membership
function, and rules. Therefore, the development of the FLC
algorithm needs to be optimized from the basics in order
to provide optimal results. This basic optimization is con-
ducted by choosing the form of membership function that
best ‘gs needs. In this research, FLC was employed to
assist the high-gain voltage DC-DC converter topology. The
test is conducted by varying the irradiation and switching
frequency of the converter. Furthermore, various member-
ship functions are discussed and evaluated to find the most
suitable type. The final result of this study aims to improve
the MPPT technique using FLC with basic optimization by
adjusting the membership function according to the topology
and switching frequency of the converter used. Designing
a membership function is important in an FLC-based con-
trol system. Each type of membership function will produce
different performance results. Therefore, choosing the most
suitable membership function for the system being built is an
important thing to consider.

IL. ﬁl‘l GAIN DC-DC CONVERTER
The converter use? this study was previously initiated by
Dahono [46]. It is Based on a modified DC-DC buck-boost
converter modifications made to produce a converter that has
a high gain voltage. Figure 1 shows the high gain voltage
DC-DC converter. The resulting voltage ratio is
Vy 1
Ei 1-«a
where o is a transistor @ duty factor.
This converter switching device can be operated to reduce
the ripple mlenl of the switching device in a two-phase
e RMS value of voltage ripple and the output
voltage ripple for the duty cycle of more than half of this
converter are shown in (2) and (3), respectively.

(1

converter.

~ Iy a(l —2a
V, = L¥ (2)
Cfs 2V3(1 — )
- i, Qa—1)
b= (3)
Cf, a@
where f; is minimum switching of the converter.

Ill. MAXIMUM POWER POINT TRACKING
There are numerous methods used in the MPPT which
have their advantages and disadvantages. However, a

109158

Load

D;
L ’
——d

FIGURE 1. High gain voltage DC-DC converter.

capable method of optimally tracking MPP is preferred
because it ensures maximum power extraction, reliabi and
efficiency [20], [21]. Conventional methods such as Perturb
and Observe (P&Q), Incremental Conductance (IncCond),
and Hill Climbing (HC) are widely used even to commer-
cial products because of their simplicity. Nevertheless, these
methods are unstable due to dynamic response and steady-
state, thus causing oscillations around the MPP.

Various studies on MPPT based on the FLC method have
been carried out and compared with other algorithms, as well
as tested ugh varying the irradiation. These algorithms
are built to regulate the duty cycle of thd¥PC-DC con-
verter. Using a boost converter, FLC has Detter tracking
speed and drift avoidance than the P&O, IncCond, and HC
methods on dynamic response and steady state (no oscilla-
tions) [32]-[34]. Other study conducted by Bendiber al. [31]
that implemented FLC with a buck converter yielded a similar
result. Khateb er al. [35] used a SEPIC type converter which
was tested with simulation and experimental works. The
result obtained is that FLC produces better tracking speed
than P&O in both tests. Even the combination of converters,
such as buck-boost [36] and boost-SEPIC [37], [38] shows
that FLC performance is also superior. Other researches were
conducted to find the most reliable but easy to develop
FLC performance based on algorithmic design. Hajighor-
bani et al. [39] evaluated a subset of FLC applied to PV MPPT
shown that FLC with many subsets produces better efficiency.
However, the more subsets that are used, the more the com-
putational burden will be due to the increasing number of
rule-bases. Ali et al. [40] compared the effect of the FLC
membership function but this study was not determined for
the PV MPPT purpose.

V. ml’f LOGIC CONTROLLER

FLC is based on a statement in the form of a set that is differ-
entiated from other sets based on the degree of membership.
In set theory, objects are members, which are denoted by
17, and not members, “07, of a set with crisp membership
limits. In the fuzzy set theory, the member of the degree of an
object in the setis possible to express the gradual transition of
membership in the interval between 0" and **17. The fuzzy
set, F, in X is expressed as an ordered pair of the element x.
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FIGURE 3. Trapezoidal membership function.

The fuzzy set has the membership degrees as

F={x, prx))|xr €X} ()
where pr (x) is the degree of membership x (between (0 and
1).

In the MP hnique, FLC is used to find MPP with input

in the form of error (E) and change of error (AE), while the
output is in the form of PWM feed to control the converter
duty cycle. The twginputs are obtained as
AP P(ky—Pk—1)
Ermor,E(k) = —= —————— (5)
AV Vi) -V -1
Change Error, AE (k) = E (k) —E(k—1) (6)

where (k) is the sample time, P (k) is the power, V' (k) is the
PV voltage. P(k — 1) and V(k — 1) are the gious PV power
and voltage, respectively. E (k) indicates the operating load
point that is located to the left or right, while AE (k) in the
direction of motion of the point.

In the FLC system design, there are three main com-
ponents, namely fuzzification, inference, and defuzzifica-
tion. In this work, the fuzzy Mamdani (min-max) model is
employed.

A. FUZZIFICATION AND MEMBERSHIP FUNCTION

Fuzzification input in the form of crisp is then converted
into fuzzy numbers into linguistic values. The inputs are then
grouped into a membership function. Types of membership
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FIGURE 4. Gaussian membership function.
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FIGURE 5. GBell membership function.
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FIGURE 6. Block diagram of the system.

High gain voltage dc-
a4 converier

functions to be observed in this work are Triangular, Trape-
zoidal, Gaussian, and Generalized Bell (GBell). In this paper,
the membership function is built with a symmetrical focused
with 50% overlaps. Figure 2 to Figure 5 show the forms of the
Triangular, Trapezoidal, Gaussian, and GBell membership
function used, respectively. The mathematical equations for
them are displayed sequentially in (7), (9), (11), and (12),
respectively.

A Triangular curve as shown in Figure 21s a cminalion
of two linear lines, and it is determined by three parameters
(a,b, ¢). The x coordinates of the three angles of the Tri-
angular membership function are determined by parameters
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FIGURE 7. The developed system.
(a, b, ¢c) witha = b < c. The Triangular curve is based on (7). TABLE 1. Fuzzy rule base.
forx <a
x—a E
b fora<x<=b
h oF = —a
triangle (x;a,b,c) = { 228 (7 NB NS z PS PB
forb=x <c¢
c=b NB NB NB z PB PB
0 forx =c¢ NS NS NS Z Ps PS
AE Z z Z Z Z Z
where the parameters a, b, and c give the location of fuzzy Ps PS Ps z NS NS
PB PB PB Z NB NB

membership function.
Using the min-max, (7) can be reformulated as (8).

. L fx—a ¢c—x
triangle (xaga, b, ¢) = max (mm ( N 0)) (8)

b—a c—h

Trapezoidal curve as shown in Figure 3 has a shape resem-
bling a Triangular curve, but there is a membership value
of 1 at several points. The difference from Triangular is that
the Trapezoidal membership function has a flat top so it
is not fuzzy. Trapezoidal membership function is built with
four parameters (a, b, ¢, d). Then the Trapezoidal member-
ship function is (9).

forx =a
___ fora<=x<b
b—a
trap(x;a,b,c,d) = § 1 forb<=x=<c¢ (9)
d—
X forc=x=d
d—c
0 forx =d

where the parameters a, b, ¢ and d give the location of fuzzy
membership function.
Similar to Triangular, Trapezoidal membership function
n (9Em be reformulated with the min-max as (10).
trap (Xe @y bycyd) in (=2 1225 o)) (o0
ap (x; a, b, ¢, d) = max { min { >—, 1—,
Unlike Triangular membership function which has sharp
peak, Gaussian as shown in Figure 4 has soft peak. Then the
Gaussian membership function is (11).

—(x—e?®
gauss (x;0,¢c) =e 27 (11)

where x is the crisp variable.
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GBell membership function as shown in Figure 5 is gene-
ralized Cauchy distribution used in probability theory. Then
the GBell membership function is (12).

1

(x;a,b,c) =—0
1 5™

(12)
where m defines the width of the flat top of the bell function.

B. INFERENCE

In this process, the grouped fuzzy input is calculated into the
rule-base %et&rmine the output. This rule-base serves to
define the desired relationship rules between input and output
variables. The number of rules depends on the number of
input membership functions used. In this study, each input has
five membership functions, 25 rules are obtained accordingly
as shown in Table 1.

C. DEFUZZIFICATION

In the defuzzification process, fuzzy numbers are converted
into crisp as the final output of the FLC. The defuzzification
process is based on th nter of gravity obtained by (13). The
FLC output obtained 15 Used to control the duty cycle (D) of
the high gain voltage DC-DC converter.

Yoxi X i
Eﬂi

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

D= (13)

V. EXPERIMENTAL SETUP
In this work, the FLC algorithm is utilized on the MPPT
technique for PV systems feed to a high gain voltage
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TABLE 2. Parameters of the Trina Solar TS M-250PA05.08.

PV Parameters Value
Module data
Maximum Power (W) 249 .86
Cells per module (N ) 60
Open circuit voltage V. (V) 37.6
Short-circuit current 1. (A) 8.55
Voltage at maximum power point Vi, (V) 31
Current at maximum power point I, (A) 8.06
Temperature coeflicient of V. (%/°C) -0.35
Temperature coefficient of 1. (%o/°C) 0.06
Muodule parameters
Light-generated current IL (A) 8.5795
Diode saturation current 11 (A) 2.0381e-10
Diode ideality factor 0.99766
Shunt resistance Ry, (£2) 301.8149
Series resistance R, () 0,247
o Porwer Swilching Frequency: 5 kHz
Tragazoidal, GBal

= Fal) T i ]I 400 Wim?
120 I.'I I"

wm |l ¥ P Y

f .
40 [ - - N\
] 1000 Wim® B00 Wim® '\‘:_
o
'] 1 2 k] 4 L] [}

FIGURE 8. P, with a switching frequency of 5 kHz.

g—DC converter. The block diagram of the system is shown
in Figure 6. Figure 7 shows a system consisting of a PV
module, high gain voltage DC-DC converter with an MPPT
controller connected to a load that has been created using
MATLAB/Simulink. The PV model used is Trina Solar
TSM-250PA05.08 with the specifications shown in Table 2.

V1. RESULTS AND DISCUSSION

In this work, the FLC algorithm has been successfully built
on the MPPT technique for PV systems feed to a high gain
voltage DC-DC converter. The resulting slope of each sys-
tem created is then observed, and several vital parameters
are recorded. The parameters measured are Vou, low. Pout
oscillation and tracking speed.

The testing is done by comparing the performance of mem-
bership functions incmlg Triangular, Trapezoidal, Gauss-
ian, and GBell. The SWitching frequency of the converter
is varied for each nbership function. The switching fre-
quencies used are . 10 kHz, and 20 kHz. Furthermore,
the irradiation variable is also variedfpfeach switching fre-
quency. The irradiation variations are 1000 mez. 800 mez.
600 W/m2, and 400 W/mZ.

Tables 3 to 7 are the values for Pour. Vout. Tow. an oscillation
and a tracking speed of the test results obtained, respectively.
In Tables 3, 4, 5 and 6, the color-blocked values show the
difference in values between Trapezoidal and GBell. The
color green represents a better value than blue.

VOLUME 9, 2021
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FIGURE 10. .I'omah a switching frequency of 5 kHz.
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FIGURE 11. Pgyg a switching frequency of 10 kHz.
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FIGURE 12. V., a switching frequency of 10 kHz.

Figures 8 to 10 show the Py Vou . and 8], slope of the
four membership functions that were tested With a switching
frequency of 5 kHz, respectively. It appears that Trapezoidal,
Gaussian, and GBell produce a larger output than the Triangu-
lar. Furthermore, the tracking speed of the three membership
functions is faster in reaching MPP. This is shown in Table 7
where Trapezoidal, Gaussian, and GBell have the same track-
ing speed. However, shown in Table 6, Gaussian has more
significant oscillations than the other three memberships.
In this test, the Trapezoidal and GBell produce similar output,
oscillations, and tracking speeds.
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TABLE 3. Py, at the switching frequency and irradiance are varied.

Switching Frequency

5kHz 10 kHz 20 kHz
Irradiance
1000 800 600 400 1000 800 600 400 1000 800 600 400
Membership
Function Watt (W)
Triangular 122.52 76.55 44.25 19.02 130,500 8B.010 46,43 22.74 155.30 115.80 60.86 25.44
Trapezoidal 162.75 104.52 58.98 26.27 221.60 145.20 82.05 36.62 54.90
Gaussian 162.75 104,52 58,98 26,27 17170 135.10 82.05 36.41 219.30 129.30 68,80 33.57
GBell 16275 10452 5898 2627 22160 8220  §2.05 3662 | 22080 172.90 10620 INSINGN
TABLE 4. Vg at the switching frequency and irradiance are varied.
Switching Frequency
5kHz 10 kHz 20 kHz
Irradiance
1000 800 600 400 1000 800 600 400 1000 B00 600 400
Membership
Function Volt (V)
Triangular 138.55 110.85 84.15 56.50 144,50 118.70 86.19 60.32 157.20 136.10 98.68 63.80
Trapezoidal 161.55 129.33 97.16 64.83 188.30 152.40 114.60 76.55 93.12
Gaussian 161.55 129.33 97.16 64.83 187.90 147.00 114.60 76.32 187.30 143.90 104.90 73.28
GBell 161.55 129.33 97.16 64.83 188.30 152.40 114.60 76.55 19180 166.30 130.40
TABLE 5. I,,, atthe switching frequency and irradiance are varied.
Switching Frequency
5kHz 10 kHz 20 kHz
Irradiance
1000 800 600 400 1000 800 600 400 1004 800 G0 400
Membership -
Function Ampere (I
Triangular 0.8843 0.6906 05258  0.3532 09030 07417 05387 03770 09853 0.8506 06108  0.3987
Trapezoidal 1.0086 08082  0.6070  0.4052 L1770 09527  0.7161 0.4784 1.1980 0.5820
Gaussian 1.0086 08082 0.6070 04052 117500 09189  0.7161 0.4770 117100 0.8991 0.6557  0.4580
GRBell 1.0086  0.8082  0.6070  0.4052 11770 09527  0.7161 0.4784 11980 1.0400  0.8149
TABLE 6. Oscillation at the switching frequency and irradiance are varied.
Switching Frequency
5kHz 10 kHz 20 kHz
Irradiance
1000 800 600 400 1000 800 600 400 1000 800 600 400
Membership
Function Volt (V)
Triangular 1.816 1.550 0.384 0.321 7.279 3.815 0.258 0.164 12.680 1.036 0.657 0.314
Trapezoidal 0.184 0.171 0.169 0.166 0.016 0,013
Gaussian 13.820 12.460 0.169 0.166 12.500 8.952 0.116 0.113 11.990 8.348 0.291 0.089
GBell 0.184 0.171 0.169 0.166 0.049 0.046 0.016 0.013 0392 0.231 0.188 0.077
TABLE 7. Tracking speed at the switching frequency and irradiance are varied.
Switching Frequency
5kHz 10 kHz 20 kHz
Irradiance
1000 800 600 400 1000 800 600 400 1000 BO0 600 400
Membership . X
Function Second (5)
Triangular 0.40 0.40 0.27 0.22 0.40 0.39 0.28 0.25 0.40 0.25 0.18 0.15
Trapezoidal 0.35 0.35 0.27 0.22 0.35 0.35 0.28 0.25 0.27 0.25 0.18 0.15
Gaussian 0.35 0.35 0.27 0.22 0.35 0.35 0.28 0.25 0.27 0.25 0.18 0.15
GBell 0.35 0.35 0.27 0.22 0.35 0.35 0.28 0.25 0.27 0.25 0.18 0.15
109162 VOLUME &, 2021
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TABLE 8. Comparison between trapezoidal and GBell at switching frequency 20 kHz.

Switching Frequency 20 kHz

Poue Ve ot Oscillation
1000 800 600 1000 800 1000 800 600 1000 800 600
Membership ; : r
Funetion Watt (W) Volt (V) Ampere (1) WVolt (V)
Trapezoidal — 229.50 166.00 105.70 191.60 163.00 130.10 1.1980 1.0190  0.8130 0.653 0.392 0.378
GBell 229.80 172.90 106.20 191.80 166.30 130.40 1.1980 1.0400  0.8149 0.392 0.231 0.188
iy Curment Switching Frequency” 5 kHz . Cusrant Switching Frequ
' “ avan 00 Wi 400 Win
£00 Wi 400 Wi 12 P —
ba R — - T;‘sz!l GEal | /-\[_“*\/_"“‘f‘“"\.ﬂ;. .
f e as .I - -
e [ Trimngulsr — _ \! [ Triangula Gaussian [
'I' y -‘.\__ ag || -
04 }.‘ Mo :-"-., 0 J o
02 J ACKHH W : 00 Wi - I\'_'_ 0z | T o0 Wi 800 Wi
0 g |
'] a z 3 4 E (1) Q 2 3 4 (1)
FIGURE 13. I, With a switching frequency of 10 kHz FIGURE 16. lomahaswikhing frequency of 20 kHz.

Switching Fraquancy: 20 kHz
i

0 BO0 Wim? 400 Wim?
150
00 |
E J T \
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a n 2 3 4 Bl ish
FIGURE 14. Pg,¢ With a switching frequency of 20 kHz.
Wi Voltage Swilching Frequancy: 20 kHz
o B ) ot 600 Wi 400 Wit
- +
e || JNF = \f’_"“\\ﬂt ol
|/ Triangular Gaussign ——
o | (f = “
i T
a0 FI
i “ R -
0 I A000 Wim* SO0 WIim®
a J
5 (s

a 2 3 L]
FIGURE 15. tham a switching frequency of 20 kHz.

Trapezoidal ffihd GBell performance is slightly differ-
ent in tests with a switching frequency of 10 kHz.
q:res 11 to 13 show the slope Py, Vou, and Iy, for testing
with a switching frequency of 10 kHz, respectively. It is
shown from the result obtained in Table 6, the Trapezoidal
experiences periodic oscillations of 1.625% at 1000 W/m?>
irradiation at a steady-state condition. However, the output
value, oscillation, and tracking speed are still superior to
Gaussian anfriangular.

In the tcst!t.h a switching frequency of 20 kHz, the perfor-
mance of Trapezoidal and GBell are decreased. The oscilla-
tions of these two membership levels increase overall, at high
and low irradiation. At low irradiation levels, V. hence Pgy,.
are generated with a lower GBell than Trapezoidal. However,
the resulting oscillations are still within an acceptable range.

VOLUME 8, 2021

The Vou and Py produced by GBell are higher than Trape-
zoidal. The output of Pyy, Voy. and Iy, with a switching
frequency of 20 kHz are shown in Figures 14 to 16.

Based on the tests carried out by varying the irradiation and
switching frequency, it is seen that GBell outperforms other
fuzzy membership function types in terms of converter output
optimization, oscillation, and tracking speed.

A head-to-head comparison of performance between
Trapezoidal and GBell is shown in Table 8. The vari-
ables compared are Py, Vour. Iaw. and oscillation at
20kHz switching frequency and irradiation variation between
1000 W/m? to 600W/m2. Based on the result, GBell outper-
forms the Trapezoidal in terms of performance.

The shape of the fuzzy membership function has an impact
on the optimization results. However, the best shape of fuzzy
membership function in one case may not necessarily show
similar performance in other cases. Previous research eva-
luated fuzzy MF to control induction motor drive by Zhao
and Bose [47]. The evaluation results show that Triangular
provides superior performance than other membership func-
tion forms (Trapezoidal, Gaussian, Bell-shaped, Sigmoid,
and Polynomial) in terms of reducing overshoot, undershoot,
speed in response, recovery, and steady-state accuracy. The
evaluation also shows that the Trapezoidal performance is
close to the Triangular. The contrast result is shown in this
study, where fuzzy membership function is evaluated for
MPP tracking using a high gain voltage DC-DC converter.
The GBell shape provides the most superior performance
among other membership functions. Trapezoidal arrives as
the second alternative.

Vil. CONCLUSION

This paper discussed the different membership function
effects, namely Triangular, Trapezoidal, Gaussian, and
GBell which utilized to construct fuzzy logic con-
troller (FLC) Tor maximum power point fBcking (MPPT)
of solar photovoltaic (PV). The proposed high gain voltage
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DC-DC converter is employed to the building system. Seve-
ral parameters were observed by changing the switching
frequency and irradiation variables. The results obtained
indicate that the application of GBell and Trapezoidal out-
perform Triangular and Gaussian membership functions.
Furthermore, these two membership function types (i.e
GBell and Trapezoidal) have comparable results during ope-
ration at 5 kHz or 10 kHz switching frequencies. In addition,
GBell shows superior performance over Trapezoidal when
the switching frequency is increased to 20 kHz.
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