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Type-2 fuzzy logic controller-based maximum power point tracking for photovoltaic system

Introduction. Photovoltaic (PV) systems play a crucial role in converting solar energy into electricity, but their efficiency is highly
influenced by environmental factors such as irradiance and temperature. To optimize power output, Maximum Power Point Tracking
(MPPT) techniques are used. This paper introduces a novel approach utilizing a Type-2 Fuzzy Logic Controller (T2FLC) for MPPT in
PV systems. The novelty of the proposed work lies in the development of a T2FLC that offers enhanced adaptability by managing a
higher degree of uncertainty, we introduce an original method that calculates the error between the output voltage and a dynamically
derived reference voltage, which is obtained using a mathematical equation. This reference voltage adjusts in real-time based on
changes in environmental conditions, allowing for more precise and stable MPPT performance. The purpose of this paper is to design
and validate the effectiveness of a T2FLC-based MPPT technique for PV systems. This approach seeks to enhance power extraction
efficiency in response to dynamic environmental factors such as changing irradiance and temperature. The methods used in this study
involve the implementation of T2FLC to adjust the duty cycle of a DC-DC converter for continuous and precise MPPT. The system was
simulated under various environmental conditions, comparing the performance of T2FLC against TIFLC. The results show that the
T2FLC MPPT system significantly outperforms traditional methods in terms of tracking speed, stability, and power efficiency. T2FLC
demonstrated faster convergence to the MPP, reduced oscillations, and higher accuracy in rapidly changing environmental conditions.
The findings of this study confirm the practical value of T2FLC logic in improving the efficiency and stability of PV systems, making it a
promising solution for enhancing renewable energy technologies. References 33, tables 4, figures 10.
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Bcemyn. @omoenexmpuuni (PV) cucmemu 6idicpaioms @upiwianbHy poib y NepemeopeHHi COHAYHOI eHepeii 8 eneKmpuxy, aie ixus
epheKmusHICIb CUTLHO 3ANIENCUMb IO (HaKmMopié HABKOIUUHLO20 CePed0ULYa, MAKUX SIK 0C8IMAeHICIby ma memnepamypa. /s onmumizayii
BUXIOHOI NOMYIHCHOCII BUKOPUCIIOBYIOMb MEMOOU 8i0CmedCcents MouKu Makcumanvhoi nomyxcnocmi (MPPT). 'V yiti cmammi nagedero
HO8UL NiOXi0 3 BUKOPUCMAHHAM KOHmpoaepa Hedimkoi noeiku muny 2 (T2FLC) ona MPPT y PV cucmemax. Hoeusna 3anponoHoeanoi
pobomu nonseac 'y pospobyi T2FLC, saxuii 3abe3neuye NOKpaweHy aOAnMUGHICMb 30 PAXYHOK YNPAGTIHHA SUWUM  CHIYREHeM
HeGU3HAUEHOCI; MU NPEOCMABNIAEMO OPUSTHATLHULL MEMOO, AKULL 0OYUCTIOE NOMUTKY MIXHC 8UXIOHOIO HANPY2010 MA OUHAMIYHO OMPUMAHOIO
ONOPHOIO HANPY2010, KA BUXOOUNTb 30 OONOMO20I0 MAMEMAMUYHO20 pigHANNA. L[ onopna nanpyaa pecynocmucs 6 pesicumi peanbHo2o 4acy
HA OCHOBI 3MiH YMOB OOBKILIA, Wo 003601A€ 3abe3neyumu Oinbw mouny ma cmabinery pooomy MPPT. Memoto cmammi € po3pobka ma
nepegipka egexmusnocmi memody MPPT na ocnosi T2FLC ons PV cucmem. Lleti nioxio cnpsmosanuti na nioguueHHs egexmueHocmi
OMPUMAHHA eHepeli Y 6I0N06idb Ha OUHAMIUHI (AKMOPU HABKOTUWHBLORO CePedosUIya, MAaKi AK 3MIHA OCGIMAEHOCMI ma memMnepamypu.
Memoou, wo UKOPUCIOBYIOMbCA Y YboMy 00CTIONCeHHI, exmoyaioms peanizayito T2FLC ona pezymiosanns pobouoeo yuxiy DC-DC-
nepemeopiogaya ons 6esnepepsrozo ma mounoco MPPT. Cucmema 6yna 3mo0envo8ana y pizHux yMo8ax HAGKOIUUHBO20 cepeiosuuyd,
nopisniorouu npooykmusnicme T2FLC ma TIFLC. Pe3ynsmamu noxasyioms, wo cucmema MPPT T2FLC 3uauno nepeseputye mpaouyitini
Memoou 3 noenady wieuoKocmi giocmedicenns, cmabitenocmi ma enepeoeghexmugnocmi. T2FLC npodemoncmpysana 6iniu wiUOKy
30incHicmb 00 MPP, 3nudiceni konusanms ma Oibul 6UCOKY MOYHICb Y WEUOKO MIHIUBUX YMOSax O0sKiuisl. Pesynemamu yvoco
docnioxcents niomeepodxcyroms npaxmuuHy yinnicms nocixu T2FLC ona niosuwenns eghexkmusnocmi ma cmabinonocmi PV cucmem, wo
pobums i nepchekmugHUM pitueHHAM O NOKPaweH sl MeXHOI02il 8I0H06I068aH0i enepeii. bidm. 33, Tabn. 4, puc. 10.

Kniouogi cnoea: xontpoJiep HewiTkoi Jjoriku, DC-DC niasuiyBaabHuii nepeTBopoBayY, BiACTe:KeHHSI TOYKH MAaKCHMAaJbHOI
NOTY:KHOCTI, poTOCTEeKTPHYHA cHCTeMA.

Introduction. Photovoltaic (PV) systems have decision-making processes, FLC can provide a more robust

garnered considerable interest as a viable and renewable
energy source. The efficiency of these systems largely
depends on the ability to maximize the extraction of
electrical power from solar panels, a process known as
Maximum Power Point Tracking (MPPT). The PV
module output power is highly sensitive to environmental
conditions changes, making the MPPT a critical
component in PV systems [1-4].

Traditional MPPT methods, including Incremental
Conductance (IC), Perturb and Observe (P&O) [3, 5, 6]
have been extensively utilized due to their
straightforwardness and effortless integration. However,
these methods often exhibit limitations in dynamic
environments [7]. For instance, the P&O method may
exhibit oscillations around the Maximum Power Point
(MPP) under stable conditions and fail to track the MPP
accurately during rapidly changing conditions. The IC
method, while more accurate, can be computationally
intensive and slow in response [8—10].

Advanced MPPT techniques have been developed to
address these challenges [11, 12], among which are Fuzzy
Logic Controllers (FLCs) [13], which have shown promise.
Based on fuzzy logic theory, FLC can handle the nonlinear
and uncertain nature of PV systems more effectively than
traditional methods. By mimicking human reasoning and

and adaptive approach to MPPT [14].

Type-1 FLCs (T1FLCs) have been successfully applied
to MPPT [15], demonstrating improved performance over
conventional methods [16]. However, TIFLCs have
limitations in dealing with uncertainties and imprecise
information, which are inherent in PV systems. This has led
to the development of Type-2 FLCs (T2FLCs), which offer
an enhanced capability to manage uncertainties by
introducing a higher degree of fuzziness.

The implementation of T2FLCs in MPPT for PV
systems has emerged as a promising approach to enhance
the efficiency and reliability of solar energy systems [17].
The inherent nonlinear characteristics of PV systems,
influenced by environmental factors such as temperature
and irradiance, necessitate advanced control strategies
that can adapt to these variations. Type-2 fuzzy logic, an
extension of traditional fuzzy logic, provides a robust
framework for handling uncertainty and imprecision in
the control process, making it particularly suitable for
MPPT applications. T2FLCs are designed to manage the
complexities associated with the nonlinear output of PV
systems. As highlighted by the application of Type-2
fuzzy logic in MPPT allows for improved performance in
environments with high uncertainty, such as varying
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weather conditions [18, 19]. This is crucial since the
output power of PV systems is not only dependent on
solar irradiance but also on temperature fluctuations,
which can affect the efficiency of energy conversion. The
ability of Type-2 fuzzy logic to incorporate degrees of
uncertainty in its decision-making process enables it to
adapt more effectively to these dynamic changes
compared to traditional TIFLCs [18].

The performance of T2FLCs in MPPT has been
demonstrated through various studies. For instance, a novel
algorithm utilizing a T2FLC in conjunction with a push-
pull  converter  developed, showing significant
improvements in tracking efficiency and total harmonic
distortion reduction [20]. This aligns with findings from
who proposed an asymmetrical fuzzy logic control-based
MPPT algorithm that simplified calculations while
enhancing both dynamic and steady-state performance
[21]. The results indicate that Type-2 fuzzy logic not only
improves the tracking speed but also stabilizes the output
power under fluctuating conditions, which is essential for
maximizing energy yield from PV systems.

Moreover, the integration of T2FLCs with dual-axis
solar tracking systems further enhances the effectiveness
of MPPT strategies. It is demonstrated that combining
Type-2 fuzzy logic with a photo-resistive tracking method
significantly improved the power output of solar trackers,
showcasing the synergy between advanced control
strategies and tracking technologies [18]. This
combination allows for continuous adjustment of the PV
panels’ orientation, ensuring optimal exposure to sunlight
throughout the day, thereby maximizing energy capture.

Furthermore, the integration of Type-2 fuzzy logic
with other control strategies, such as ANFIS, has shown
promising results in enhancing MPPT performance.
compared fuzzy logic and ANFIS-based MPPT controllers,
revealing that the hybrid approach could leverage the
strengths of both methodologies to improve tracking
accuracy and efficiency [19]. This suggests that the future
of MPPT in PV systems may lie in the combination of
multiple intelligent control strategies to address the
challenges posed by environmental variability.

The ongoing research into T2FLCs for MPPT
continues to yield innovative solutions that enhance the
efficiency and reliability of PV [20]. As the demand for
renewable energy sources grows, the development of
advanced control strategies that can adapt to changing
conditions will be crucial in maximizing the potential of
solar energy. The findings from various studies underscore
the importance of Type-2 fuzzy logic in achieving optimal
performance in MPPT applications, paving the way for
more efficient and sustainable energy systems.

The aim of the paper is to develop and demonstrate
the effectiveness of a T2FLC-based MPPT technique for
PV systems. The goal is to improve power extraction
efficiency under varying environmental conditions, such
as fluctuating irradiance and temperature, by addressing
the limitations of in TIFLCs. The paper seeks to highlight
how the adaptive capabilities of the T2FLC can enhance
tracking speed, reduce oscillations, and improve overall
accuracy, ultimately contributing to the optimization of
PV system performance and efficiency.

The primary distinction between our work and
previous studies lies in the method used to implement the
fuzzy logic control for MPPT in PV systems. In our
approach, we introduce an original method that calculates

the error between the output voltage and a reference voltage.
Which is calculated by mathematic equation, this equation
provides a precise value that dynamically adjusts according
to variations in irradiance and temperature. By employing
this mathematical model, the system is capable of
calculating an accurate reference voltage, ensuring more
precise and stable MPPT performance even under
fluctuating environmental conditions. In contrast, many
previous studies employ a more conventional approach to
fuzzy logic control, often modifying the P&O algorithm by
replacing its decision-making process with fuzzy logic [17,
21-24]. These approaches, which are commonly applied in
both Type-1 and Type-2 fuzzy logic control, focus primarily
on improving the efficiency of P&O by mitigating
oscillations and improving response times [25-27].
However, these methods are limited by their reliance on
fixed reference points or simplified control rules, which can
reduce their effectiveness in highly dynamic environments.
Our method’s ability to generate a real-time, dynamically
adjusted reference voltage offers a significant improvement
in tracking accuracy and system stability.

PV system modelling. PV cell, also known as a
solar cell, is the basic unit in a PV that converts sunlight
directly into electrical energy through the PV effect.
When sunlight (photons) hits the PV cell, it can excite
electrons in the semiconductor material, creating free
electrons (negative charge) and holes (positive charge).

The electric field at the P-N junction separates these
charges, causing them to move in opposite directions and
generate an electric current when connected to a load [5].
The single-diode model of a PV cell is expressed as:

1 0 _ V+1IR S ( 1)
MRS )V, 4 nv,

where / is the output current; /,, is the photocurrent; /; is
the reverse saturation current; V' is the terminal voltage; R
is the series resistance; Ry, is the shunt resistance; 7 is the
ideality factor; V, is the thermal voltage.

Figure 1 illustrates the performance of a PV BP SX 60
system under varying temperature and irradiance
conditions, with fuzzy logic Type-2 employed for MPPT,
it demonstrates the influence of irradiation on the cell at a
constant temperature (a) and the impact of temperature on
the cell with a set level of irradiation (b).
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Fig. 1. The characteristics of P(V) (a) and (V) (b) fluctuate
with variations in environmental factors such as irradiation G
and temperature T’
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Temperature impact.

e [-V curve: The I[-V relationship at different
temperatures: 25 °C, 50 °C, 75 °C demonstrates that as the
temperature increases , the voltage decreases significantly
which is typical behavior for PV cells. The current
slightly increases with higher temperatures, but the
overall power decreases due to the reduction in voltage.

e P-V curve: The P-V relationship shows that with
increasing temperature (moving from black to red), the
MPP shifts to a lower voltage and reduces in magnitude.
The PV system loses efficiency as temperature increases,
which is evident in the shift and reduction of the power
output at 75 °C compared to 25 °C.

Irradiance impact.

e [-V curve: the I-V curve illustrates the effect of
irradiance levels (500 W/m2, 800 W/m?, 1000 W/m?). As
irradiance increases, both the current and voltage
increase, improving the power output. The I-V curve
shows that at higher irradiance (black line), the current
significantly increases, which leads to a larger area under
the curve, indicating more power generation.

e P-V curve: The P-V curve demonstrates the
relationship between power and voltage under different
irradiance conditions. As irradiance increases, the power
output increases significantly, and the MPP shifts upwards.
The PV system performs better at higher irradiance levels,
with the MPP for 1000 W/m? being much higher than that
for 500 W/m?.

Type-2 fuzzy logic control. Fuzzy logic Type-2 and
Type-1 display notable resemblances. However, there are
two basic differences between them, specifically, the
forms of the function membership and the output of the
processor. The interval of Type-2 fuzzy logic control
comprises multiple components, including a fuzzifier, an
inference engine, type reduction, rule bases and a
defuzzifier. This section offers a concise summary of the
main characteristics of T2FLC and introduces important
ideas associated with them [28].

Functions membership. T2FLC is distinguished by
the configuration of their function membership. Figure 2
shows two distinct functions of membership: a — standard
T1FLC membership function; b — fuzzy Type-1 functions
membership that depicts a blurred representation Type-2
functions membership refers to a specific type of
mathematical function used in fuzzy logic systems [29].

u u
I 1
0.8 a 0.8 b
0.4 0.4
2 4 6 2 4 6
Fig. 2. Type-1 functions membership (a) and uncertainty
footprint (b)

Definition 1. T2FLC system, represented as 4, is
defined by a functions membership Type-2 u; = (x, u),
with xe Xand ueJ, c [0, 1]:

A= {((x,u),,uAj(x,u))) |[Vxe X,Vueld, c [0, 1]. 2

Type-2 function membership is a bivariate function
that is contingent upon two variables, x and u. It is

important to mention that x; = (x, &) is a value that falls
within the range of 0 to 1 [30]:

A= J- I,uAj(x,u)/(x,u)ng [0, 1], 3)
xeXuel,

where the symbol [f represents the union of all x and u.

Definition 2. 4 is an interval T2FLC system where
the function membership w4(x, &) is equal to 1 for all
values of x and u [31].

Definition 3. The primary function membership of x
refers to the scope of a secondary function membership.
Thus, J, represents the main membership of x. By
employing this notation, the equation (3) can be restated as:

A= {((x,u),,uz(x,u))) |[Vxe X . 4)

Footprint of Uncertainty is the crucial parameter in
T2FLC and is commonly employed in this paper. This
term represents the ambiguity inside the system,
providing a practical way to describe the complete range
of the secondary function membership.

Definition 4. The uncertainty in the primary
memberships of T2FLC is represented by a confined
region referred to as the Fuzzy Output Universe (FOU).
This region is the primary union of all function
memberships [31], i.e.:

Fou(d)=u,cy 17, . 5)
Definition 5. When the FOU of a T2FLC is

constrained by two Type-1 functions membership, the upper
function membership corresponds to the upper bound,

denoted by ; 7(x),Vxe X, and the lower function

membership corresponds to the lower bound, noted by
M (x), Vx € X . This relationship can be expressed as [32]:

Z;:FOUW ,VxeX ©
iy :FOU!ZD  VxeX.

Definition 6. An embedded Type-2 set Ze is provided
for a continuous universe of discourse X and U [31]:

A= [lr0r0)x....0e,cl0.1].
xeX
The set Ze is a subset of set A4, and there exist an

unlimited number of Type-2 sets.

T2FLC structure. Figure 3 illustrates the structure
general of a T2FLC. This structure resembles that of a
T1FLC, with the primary difference being the output
processor. The output processor comprises two processes:
type-reduction and defuzzification. The following

sections will explain each component of Fig. 3 in detail.
Output
processing

Rules

|Outputs
i
F § .

|

i Defuzzifier

|

I Type-1|
|

|

Inputs
-

Fuzzifier

. L E

Inference

Fuzzy inputs

Fig. 3. Structure of T2FLC [31]

Fuzzy outputs
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Fuzzifier. The initial block in Fig. 3 is the Fuzzifier,
which converts the precise inputs into fuzzy values. The
fuzzifier transforms the precisg input vector x = (x1, xz,...,x,,)T
into a Type-2 fuzzy system A4,, using a similar process as in
a Type-1 fuzzy logic system.

Rules. The i-th rule in a Type-2 fuzzy logic system
can be represented in the following generic form:

If x; is I;li and x; is ];2’ and ... x, is ﬁn’
Than:
y' =G, (®)

where i =1,..., M, 1?]’ represents the T2FLC for the input

state j of the i-th rule, x|, x, ..., x, are the inputs, G' is
the output of Type-2 fuzzy system for rule i, and M is the
total number of rules. As can be seen, the rule structure of
a T2FLC is almost identical to that of a Type-1, with the
only difference being the replacement of Type-1 functions
membership with their Type-2 equivalents.

Inference engine. In fuzzy system interval Type-2
using the minimum or product -norm operations, the i-th
activated rule is processed F e (x1,...,x,) gives us the
interval that is determined by two extreme:

f =(x{,...,x,) and 71 =(x1sox,) [330;
Fi=(x1,...,xn)= o)
{f:(xl,...,xn)j’:(xl,..., )}z[f'f}

where f " and 7 are:
i_
S =t ) ) (10)
f = M (x1)>< X Ui (xn )
Type reducer. T2FLC is calculated after the rules

are triggered and inference is performed, resulting in a
Type-1 fuzzy system. This section explores the techniques
for calculating the centroid of a T2FLC using the
extension concept [31]. The centroid of a Type-1 fuzzy
system A can be mathematically represented as:

n n
CA = ZZIWI/ZWI s
=1 i=1

where 7 is the number of discretized domains of A4, z;eR
and W;e[0, 1].

If each z; and w; are replaced with a Type-1 fuzzy
systems, Z; and W, having associated functions
membership of z(z;) and wy(W;) respectively, then by
applying the extension principle, the generalized centroid

for the Type-2 fuzzy A is given by:
Ticitz(z) T, 1,UW(Z )] ,(12)

e Jof [ ] e

z1€Zy z,€Z,Wm W, w,eW,

(11

Ziwi
i=1 i=1
where T is the t-norm; note that GCZ is TIFLC. For

interval of T2FLC:

[l |-

z1€Zy z,€Z,w W

Wi

n
ZiWi
Il/ll

w, €W, Zwl

=y ]-(13)

i=1
Karnik—Mendel algorithms. The well-known
Karnik—Mendel techniques are used to determine the

centroid of interval T2FLC, the most widely used Type-2
system. Initially, the expression (13) is written as:

M . .
DI

[ vE—.
e | Zf

Iterative techniques are prov1ded by the algorithms of
Karnik—Mendel to calculate y,, y, in (14) as follows.

To calculate y,:

1. For the sake of simplicity, let’s assume that the
values of y,; are sorted in ascending order; i.e.

1 2 M
Ve SYp S Sy

2. Compute y, as y, = Y f,y, / D f} by initially
i=

(14

i=1

i

setting fr’ == fori=1,..Mandlet y,. =y,.

3. LocateR(l<R<M 1r) such that yX <y’ < p&+

4. Compute y, = Zfr’ Vr fo with f = f'
i=1 i=1
forI<Rand f/ :71 fori>Rand let y;. = y,.
5.If y;. # y, then go to step 6. If y. = y,., then stop
and set y, # y,.
6. Return to step 3 after setting equal to y;..

The process of calculating y; is hlghly analogous to

that of computing y,. Simply substitute y,’ with y; in step 3,

find (1 < L < M-1) such that In step 2, calculate y; as
Moo M ! +7i

= 'y ! by initially setting f; ==

yi=2. 11y / DS by y g /i 5

i=1 i=1

fori=

M M
1,..,M and in step 4, calculate y; = z‘f,’yf/z_f/

i=1 i=1
with f{ = 7' fori<Land f{ = fi fori>L.

Deffuzzifier. In order to achieve a clear and precise
output from a TIFLC, it is necessary to defuzzify the type-
reduced set. A widely used approach is to determine the
centroid of the set after reducing its type. The centroid of the
discretized set Y, consisting of m points, is determined as
follows:

m . . m .
youtpm(X)=Zy’ﬂ(y’)/2ﬂ(y’). (15)
i=1 i=1
The output is calculated using the algorithms of
iterative Karnik—Mendel, which leads to the defuzzified

output of an interval T2FLC:

M_ (16)

Simulation studies. The fundamental structure of
the system depicted in Fig. 4 is outlined as follows. To
optimize the power output, a mathematical model is
employed to calculate the reference voltage V., which is
dynamically adjusted based on environmental factors such
as irradiance G and temperature 7T:

Youtput (x)=
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n-k- Loy =1, +1
Vref _ Ng }’;k Tlog[ ph Iref Oj’ (17)
0

where Ny is the number of cells in series; # is the diode’s
ideality factor; k£ is the Boltzmann constant; g is the
charge of the electron; 7 is the absolute temperature of the
p-n junction; /.., is the reference current.

MPPT is implemented using a T2FLC, which
determines the optimal operating point of the PV system.
The boost converter then adjusts the output voltage to
match the calculated V., ensuring that the system
operates at maximum efficiency.

Simulation results are conducted utilizing the BP SX 60
PV module, which is widely recognized for its reliability in
solar energy applications. Figure 4 illustrates the overall PV
system architecture employing the T2FLC for MPPT,
showcasing the integration of the PV module, the FLC and
the DC-DC boost converter.

InNE
L1
VD

Yo G S\ e o RH

FLC
MPPT

:;l o n o
Vpr -
I—-—“mr
de

Fig. 4. PV system with FLC MPPT

The detailed parameters of the DC-DC boost converter
are provided in Table 1. The simulation results were
conducted using the BP SX 60 module and a boost
converter.

Table 1
DC-DC boost parameters
Parameters Values
Cye, mF 2-107
C,,, mF 310
L H 2-107

Tables 2, 3 show the T2FLC membership function of
output.

Table 2
T2FLC parameters
Controller Parameters Values
kl 3
T2FLC ky 4
k3 5
Table 3
T2FLC outputs membership function
ZE S M B
0 0.3 0.7 1

Table 4 presents the T2FLC fuzzy rules, while Figure 5
illustrates the Type-2 fuzzy membership functions for the
inputs. Figure 6 depicts the surface of the Type-2 fuzzy logic
interval.

Table 4
T2FLC fuzzy rules

de/e NB NM NS ZE PS PM PB
NB B M S ZE S M B
NM B M M S M M B
NS B B M M M B B
ZE B B B B B B B
PS B B M M M B B
PM B M M S M M B
PB B M S ZE S M B
ML L NM \ ’ NS 7 7E N Ps - PM \ /"E_‘
08 \ \ I“/
os\ i
MY You (Y]
"NAX XNV N NVAX XS
KNS XAX NN X
1 08 06 04 0.2 0 0.2 04 06 08 1
a
N5 ‘/ il I P " s l " 2
N \\ \ . >\ \ / \\\ \\y/ \ X / “\\ \
LA N NS N N NN NS N
b

Fig. 5. Type-2 fuzzy function membership of inputs:
a—error e; b — error variation de

08

Fig. 6. Surface of the Type-2 fuzzy logic interval

Simulation results are conducted to analyze the
effects of different levels of solar irradiation and normal
conditions. Figure 7 shows the power and voltage outputs
of the PV module under two different steps of irradiation
G =800 W/m” and G = 1000 W/m’. The results depicted
in Fig. 7 demonstrate that both fuzzy logic approaches
(fuzzy Type-2 and fuzzy Type-1) successfully achieve
MPP under varying irradiation levels. Specifically, at an
irradiation level of 1000 W/m?, both methods attain an
MPP of 60 W, while at 800 W/m>, they achieve an MPP
of 48 W. These findings indicate the effectiveness of both
fuzzy logic approaches in tracking MPP across different
irradiation conditions, ensuring optimal power output.

Figure 8 shows the performance comparison
between T2FLC and T1FLC-based MPPT methods, along
with the reference voltage V... The reference voltage was
precisely calculated using a mathematical equation, which
dynamically adjusts to these conditions.
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Fig. 7. P-V curves with TIFLC and T2FLC MPPT
under two irradiation changes and fixed temperature 7'= 25 °C
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Fig. 8. Output voltage and the voltage reference with TIFLC an
T2FLC MPPT under irradiation G = 1000 W/m® and =25 °C
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Figure 9 shows a comparative analysis of TIFLC and
T2FLC MPPT in the fixed step of irradiation G = 1000 W/m®
and temperature 7= 25 °C.
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Fig. 9. Output power with TIFLC and T2FLC MPPT
under irradiation G = 1000 W/m? and 7= 25 °C

Figure 10 shows a comparative analysis of TIFLC and
T2FLC MPPT in two variations of the steps of irradiation
G =800 W/m’ and G = 1000 W/m® and T = 25 °C. Each

change in irradiation level lasted for 0.01 s.
70~

T i
P,W G=1000 W/m? G=1000 W/m?>
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L

0.015  0.02  0.025 02 0205 021 0215 022 0225
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Fig. 10. Output power with TIFLC and T2FLC MPPT under
two irradiation changes and fixed temperature 7= 25 °C

In Fig. 9, 10 both controllers show an initial surge in
power before stabilizing around 60 W. The surge happens
quickly, within the first 0.01 s, as both controllers attempt
to track the MPP. However, the T2FLC shows a smoother
and quicker approach to the MPP compared to the TIFLC.
It stabilizes almost 0.01 s before the T1FLC, indicating a
faster dynamic response. This is crucial in PV systems, as
faster MPPT leads to improved energy efficiency under
rapidly changing environmental conditions.

Which is remains steady without any oscillations or
error, highlighting the effectiveness of the mathematical
equation in providing a highly accurate and stable target
voltage. This accuracy is crucial for optimal MPPT

performance, as it allows the system to converge to the
correct operating point.

T2FLC quickly converges to the reference voltage with
minimal oscillations, showcasing its superior performance in
tracking the MPP with high precision and stability.

In contrast, the TIFLC exhibits more oscillations
around the MPP and a slower convergence to the
reference voltage, indicating less precision and stability in
comparison to the T2FLC.

The inset zooms in on the initial response period,
clearly showing the smooth tracking behavior of the T2FLC
and the effectiveness of the reference voltage calculation.
The mathematical equation provides a reference voltage that
is precise, free from oscillations, and highly reliable,
ensuring optimal MPPT performance with no error.

T1FLC exhibits more oscillations during the transient
period compared to the T2FLC. These oscillations indicate
that the T1FLC is slightly less stable than the T2FLC during
the initial phase, which suggests improved stability and
reduced power losses due to fluctuations. This could be
attributed to the higher flexibility and adaptability of Type-2
fuzzy logic systems, which account for uncertainties better
than Type-1 systems.

T2FLC outperforms T1FLC in terms of:

o faster settling time (0.01 s vs. 0.02 s);
o smoother power curve with fewer oscillations.

While both controllers eventually reach a similar
steady-state power, the T2FLC demonstrates superior
performance, especially in the transient period, which is
critical for real-time PV applications where irradiance and
temperature can change rapidly.

In summary, T2FLC provides better MPPT
performance by reaching the MPP faster and with more
stability than T1FLC. This makes it a preferable choice
for optimizing PV system efficiency.

Conclusions. The proposed T2FLC-based MPPT
system demonstrates significant improvements in the
performance of PV systems under dynamic environmental
conditions. The enhanced adaptability of the T2FLC, with its
ability to manage higher levels of uncertainty through
flexible membership functions, allows it to outperform
traditional MPPT techniques such as P&O, IC and T1FLCs.

Simulation results validate the achievement of the
paper’s purpose by showing that the T2FLC-based MPPT
system achieves faster response times, reduces power losses
caused by oscillations around the MPP, and maintains high
accuracy even under rapidly changing irradiance and
temperature scenarios. These results confirm the system’s
ability to optimize energy extraction and improve the overall
efficiency and reliability of PV systems.

This research successfully demonstrates the validity
of the T2FLC as a robust and efficient control technique
for renewable energy applications. By ensuring stable
operation and optimizing power output, the T2FLC-based
MPPT system offers a promising solution for advancing
PV system performance in real-world conditions, thereby
fulfilling the objective of enhancing power extraction
efficiency under varying environmental conditions.
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