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Abstract. This study introduces an advanced photo-
voltaic (PV) emulator designed to precisely mimic the
electrical characteristics of PV panels under dynamic
environmental and load conditions. This study pro-
poses a photovoltaic emulator that combines an Adap-
tive Neuro-Fuzzy Inference System (ANFIS)-based PV
model with several control strategies, including PI,
Fuzzy Logic Control (FLC), and Model-Free Con-
trol (MFC), in a unified evaluation framework. The
proposed PV emulator integrates three key elements:
a high-accuracy ANFIS model that robustly captures
the nonlinear current-voltage (I-V) and power-voltage
(P-V) characteristics of PV panel, serving as a dy-
namic reference; a DC-DC' buck converter as the power
stage; and a control framework that comparatively eval-
uates proportional-integral (PI), Fuzzy Logic Control
(FLC), and the proposed MFC method. Among the
controllers, the Model-Free Control (MFC) approach
1s particularly effective owing to its adaptability and
robustness, operating without reliance on a precise sys-
tem model while effectively managing uncertainties and
non-linearities. Simulation results across diverse irra-
diance, temperature, and load scenarios confirm that
the MFC-based emulator, combined with the ANFIS
reference, achieves superior tracking accuracy, faster
dynamic response, and improved stability, outperform-
ing the PI and FLC controllers in terms of lower
steady-state error, reduced overshoot, and shorter set-
tling times. This emulator provides a reliable, cost-
effective, and safe platform for testing MPPT algo-
rithms, power converters, and grid-connected renew-

able energy systems, thereby supporting the rapid ad-
vancement and deployment of solar energy technology.
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1. Introduction

The global transition to sustainable energy, propelled
by the imperatives of climate change mitigation and en-
ergy security, has established renewable sources as cen-
tral to future infrastructure [1,|2]. Among these, solar
photovoltaic (PV) energy is a pivotal technology that
harnesses the most abundant and widely distributed
energy resource on Earth—sunlight. Solar PV offers a
clean, silent, and scalable solution, with installations
ranging from residential rooftops to utility-scale solar
farms, and has experienced exponential growth driven
by dramatic cost reductions and sustained-policy sup-
port. Its modular nature and ability to generate elec-
tricity directly from light make it uniquely suited for
diverse applications, from grid support to powering re-
mote communities [3]. However, the inherent charac-
teristics of solar energy and its dependence on inter-
mittent meteorological conditions pose significant chal-
lenges for technology development. The electrical out-
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put of a PV module is a complex nonlinear function
of solar irradiance, cell temperature, and load condi-
tions. This variability makes the controlled laboratory
testing of solar-dependent hardware, such as inverters,
charge controllers, and energy management systems,
difficult and unreliable when actual solar panels are
used [4]. This critical gap in the research and develop-
ment workflow underscores the necessity of the photo-
voltaic emulator (PVE). A PVE is a sophisticated pro-
grammable power supply that accurately mimics the
current-voltage (I-V) and power-voltage (P-V) charac-
teristics of real PV arrays under any simulated envi-
ronmental or electrical scenario. By providing a stable,
repeatable, and weather-independent "virtual sun," it
enables rigorous, year-round testing and optimization
of solar power electronics [5].

The PV emulator thus serves as an indispensable
bridge between solar energy’s real-world potential and
the reliable engineering required to harness it. It de-
couples innovation from environmental constraints, ac-
celerating the development cycle, reducing costs, and
ensuring the robustness of solar energy systems before
field deployment [6}7]. The current status of PVE re-
search is hindered by two primary issues: the difficulty
in solving the nonlinear static and dynamic equations
of PV cells/modules and the challenge of efficient PVE
control [§].

Research on photovoltaic emulators often focuses on
three fundamental parts: photovoltaic models [9],con-
trol strategies |10], and power converters [11]. The fol-
lowing sections provide a brief overview of contempo-
rary advancements in each element.

e Photovoltaic Models: The literature outlines
two main considerations regarding the photo-
voltaic model used for the photovoltaic emula-
tor. The first pertains to the types of photovoltaic
models, which can be classified into two categories:
the electrical circuit model, [12,[13] and the in-
terpolation model, as shown in Figure [1] [9].The
second aspect concerns the implementation meth-
ods for the PV model in the emulator’s controller.
Standard methods include the look-up table ap-
proach |14], piecewise linear method [15], neural
network method [16/17], and photovoltaic voltage
elimination method [18], as shown in Figure

e Control Strategy: The control strategy of PV
emulators, including traditional and advanced
control methods, has emerged as an essential sub-
ject in photovoltaics within the PVE domain.
The control strategy for the PVE system aims
to achieve the operational point defined by the
photovoltaic model (current/voltage) by minimiz-
ing the error between the measured value and
the reference value defined by the PV model.

I Model Type l
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Model Model

Diode Parameter Simplified Environmental
Characteristic Extraction Model Factor

Fig. 1: PV Model Type
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Fig. 2: Implementation Method of PV models

This method accurately reproduces the output
impedance of a photovoltaic panel. Several ap-
proaches have been proposed in the literature to
improve the efficiency, reliability, and robustness
of PVE systems under diverse operating condi-
tions, considering environmental fluctuations and
working conditions, [19]. Here are a few strate-
gies that utilize known controllers, including frac-
tional PID (Proportional-Integral-Derivative) [20],
PI (Proportional-Integral) Controller [21], LQR
(Linear Quadratic Regulator) [17]|, Fuzzy Logic
[22,/23], Fuzzy PID Controller [24], SMC (Sliding
Mode Control) [8,25], and MFC (Model-Free Con-
trol) [26], MPC (Model Predictive Control) |27].

e Power Converter: Different types of power con-
verters are used in PV emulators to supply power
to loads. These converters can be classified into
three main categories: linear regulators, switched-
mode power supplies (SMPS), and programmable
power supplies (PPS). Switched-mode power sup-
plies (SMPS) are the most commonly used type of
converter, and they stand out from other types be-
cause of several advantages. These include higher
efficiency, compact size, lighter weight, wide in-
put voltage range, reduced heat generation, excel-
lent voltage regulation, scalability, higher power
density, and greater ease in controlling the output
voltage and current [11].

This classification includes non-isolated convert-
ers, such as boost, buck, Cuk, zeta, and SEPIC
converters [28], as well as isolated converters, in-
cluding flyback, forward,bridge, multiport, and
push-pull converters [29].
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This study presents the design and validation of
an advanced, high-fidelity photovoltaic (PV) emulator.
The proposed system integrates three core components:
1) an Adaptive Neuro-Fuzzy Inference System (AN-
FIS) for real-time PV model computation, 2) a DC-DC
buck converter as the power stage, and 3) an advanced
control layer implemented and compared across three
distinct strategies: Proportional-Integral (PI) control,
Fuzzy Logic Control (FLC), and Model-Free Control
(MFC).

The main contribution of this work is not limited to
the use of ANFIS within a photovoltaic emulator, but
rather lies in a set of technical enhancements that ad-
dress specific limitations observed in existing ANFIS-
based PVE implementations. In particular, the pro-
posed approach introduces the following key novelties
and distinguishing aspects:

e ANFIS-based approaches have been investigated
in the literature for modeling nonlinear PV char-
acteristics. In this work, ANFIS is employed as
the reference model within a PV emulator frame-
work, which enables accurate reproduction of the
I-V characteristics under varying environmental
conditions.

e The proposed approach introduces a model-free
control (MFC) strategy for PV emulation. Un-
like conventional PI and fuzzy logic controllers,
the MFC does not rely on an explicit model of
the buck converter. It is based on an ultra-local
model updated online from input—output measure-
ments, allowing improved robustness to nonlinear-
ities, parameter uncertainties, and load variations.

e A unified evaluation framework is adopted in
which PI, fuzzy logic, and model-free controllers
are tested using the same PV-ANFIS model and
the same buck converter. This configuration en-
ables a fair comparison of tracking performance,
robustness to load disturbances, and implementa-
tion complexity under identical operating condi-
tions.

In summary, the proposed emulator is validated
through simulations under varying irradiance, temper-
ature, and load conditions. The results demonstrate
that integrating the dynamic PV-ANFIS model with
the advanced MFC strategy achieves high tracking ac-
curacy and robustness. Collectively, these contribu-
tions establish a flexible, high-fidelity PV emulation
framework, providing a critical tool for the design, test-
ing, and validation of advanced solar energy systems.

2. Proposed PV Emulator

Figure [ illustrates the structure of the proposed emu-
lator, which consists of three main parts:

1 DC source Switching block Filter Load 1
i o > ’
: L L :
ie + 1
b Voees AD @== Cv Ve \§ R
! SW B 1
: l /o\ 1
i \ hd :

Model Free
Control (MFC)

Lres

Control strategy

Fig. 3: Block diagram of the proposed PV emulator

e Power Converter: The power converter em-
ployed in this paper is a DC-DC buck converter.
It is controlled using a current-mode strategy to
track the reference point generated by the PV-
ANFIS model.

e Control Strategy: This ensures that the output
current of the buck converter follows its reference
exactly as determined by the PV-ANFIS model.

e PV-ANFIS Model: The PV-ANFIS model gen-
erates the reference current based on the measured
voltage of the buck converter, irradiance, and tem-
perature. After being trained using the generated
dataset from PV electrical model.

2.1. DC-DC Buck Converter:

Description and Modelling

Figure [dl (a) depicts the electrical circuit of the buck
converter supplied by a DC source. It consists of two
switches, an inductor, and a capacitor, and supplies a
resistive load.

The switching function of the system, denoted as w,

defines two operating modes [30]:

e Mode 1 (Charging Mode): When v = 1,
switch S is activated while D is off, Figurdd](b)

e Mode 2 (Discharging Mode): When u = 0,
switch S is deactivated while D is on, Figurdd] (c)
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Fig. 4: Circuit diagram of a buck converter

The capacitor voltage (V.) and inductor current (i)
serve as state variables. Two active control modes are
defined by wu, and the buck converter model is deter-

mined by and .

dig,

L— =Vi,u—-1V, 1
dt inl ‘/c ( )
v, .V

C dt =1c — R (2)

This model can be rewritten in the following state-
space representation by and , [31].

& = Az + Bu (3)

y=Cx+ Du (4)

where:

-|

Based on the state-space representation for Mode 1
(Switch ON) and Mode 2 (Switch OFF), the transfer
function is derived using equation and

_%] B{%] c=[1 0

" RC

Qo

G(s)=C(sI - A)~'B (5)

After determining the switching frequency (fs), the
maximum allowable current ripple for the inductor
Airmax should be established as follows: The minimum
value of the inductor Ly,;, can then be calculated using
the equation provided in Eq.@.

Vi
4XfSXA’iL

max

Lmin - (6)

where Air . denotes the current ripple. The role

of the capacitor is to reduce the voltage ripples, which
is determined by Eq..

Air,..
¢= 8 X fs x AV,

Omax

(7)

where AV,

Omax

is the output voltage ripple [6,31].

2.2. Control Strategy: Analysis and

Design

In this work, three controllers were studied, PI, FLC
and MFC, for controlling PVE, with the objective of
selecting the most suitable one based on dynamic per-
formance criteria: response time and steady-state er-
ror.

1) Proportional-Integral controller (PI)

The standard proportional-integral (PI) controller is
widely used owing to its simplicity and ease of practi-
cal implementation [32]. However, its main limitation
is the tuning of the its gains, as the robustness may
degrade under rapid variations in irradiance, tempera-
ture, or load. For the DC-DC buck converter that con-
troller generating the required duty cycle D as PWM
signal [21,/33].

Furthermore, the designs of both the PI controller
and buck converter adhered to the principles estab-
lished in [34].

The transfer function of the buck converter, eq.,
and the PI controller , eq.(9), are given by [30,31}/34].

_I(s)  Via(RCs+1)
Gs() =05 " RCLs? 1 Ls+ )
Guls) = 3 = 22 ©)

The closed-loop transfer function is obtained from the
following expression [35].
Gs.G,

His) = 1+ Gs.G

(10)

Vin(RCs + 1)(K,s + K;)

H =
() = RCTsZ+ Ls + B) + V(RCs + )(Kps + K;)

(11)
The values of the proportional gain Kp and integral
gain K14 are determined using the well-known Ziegler-
Nichols tuning method, as summarized in Table[1} |36]

Tab. 1: PI controller parameters.

Parameter Value
K, 9.98 x 10°
K; 1.50 x 109
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2)  Fuzzy Logic Controller

The fuzzy logic controller is one of the most effec-
tive and robust control techniques, requiring no sys-
tem modelling. It offers robust control without relying
on traditional design methods, such as root locus, fre-
quency response, or pole placement techniques. The
fuzzy logic controller functions through three key pro-
cesses: fuzzification, fuzzy inference, and defuzzifica-
tion. [37./38]. However, its performance strongly de-
pends on the choice of membership functions and rule
base, making the tuning time-consuming and highly
designer-dependent. Moreover, it offers limited for-
mal guarantees of stability /robustness and may re-
quire higher computational effort than a PI controller,
particularly under rapid changes in irradiance, tem-
perature, or load. The FLC controller was designed
with two inputs: the error e(t) and and its derivative
(change of error) Ae(t). These inputs are defined as:

e(t) = Let(t) — I(t), (12)
Ae(ty = 20 L A= ZD) gy

where I.¢(t) is the reference current generated by PV-
ANFIS model and I(t) is the measured current. The
fuzzy inference process maps these inputs to a single
control action, defined as the pulse-width modulation
(PWM) duty cycle D € [0, 1].

e For the first input there are seven membership
functions: Negative Big (NB), Negative Medium
(NM), Negative Small (NS), Zero (ZE), Positive
Small (PS), Positive Medium (PM), and Positive
Big (PB).

e The second input, characterized by seven mem-
bership functions: Negative Big (NB), Negative
Medium (NM), Negative Small (NS), zero (ZE),
Positive Small (PS), Positive Medium (PM), and
Positive Big (PB).

e The output of the FLC controller, also charac-
terized by seven membership functions: Nega-
tive Big (NB), Negative Medium (NM), Negative
Small (NS), Zero (ZE), Positive Small (PS), Posi-
tive Medium (PM), and Positive Big (PB).

Tab. 2: Fuzzy rule base.

AE E NB | NM | NS | ZE | PS | PM | PB
NB NB NB NB | NB | NM NS ZE
NM NB NB NB | NM | NS 7ZE PS
NS NB NB NM | NS 7E PS PM
ZE NB NM NS ZE PS PM PB

PS NM NS 7E PS PM PB PB
PM NS 7ZE PS PM | PB PB PB
PB ZE PS PM | PB PB PB PB

The fuzzy inference process combines the member-
ship functions with control rules to generate a fuzzy
output. This process involves logical operations and
transforms inputs to outputs using "If-Then" rules,
known as fuzzy rules, which are detailed in Table
The defuzzification stage, which is performed using the
centroid method, provides a precise output value for
the fuzzy logic control system [38].

3) Model-Free Control (MFC)

Compared with the PI and Fuzzy Logic controllers
described previously, the Model-Free Control (MFC)
strategy is presented in a detailed manner as it con-
stitutes the main control approach investigated in this
study. The PI and FLC controllers are well-established
techniques and are primarily included as benchmark
methods to enable a fair performance comparison with
the proposed MFC-based PV emulator.

Model-Free Control (MFC) is a modern and effec-
tive control technique that eliminates the need for pre-
cise mathematical modeling of complex systems or sys-
tems with uncertainty. Unlike traditional model-based
methods, which depend on comprehensive and accurate
descriptions of system dynamics, the MFC directly es-
timates system behavior using real-time input-output
data. This approach is particularly effective for dealing
with nonlinearities and disturbances [39]. The funda-
mental principle of the MFC approach is to replace the
unknown system dynamics with an ultra-local model,
which is typically expressed as:

y ™ = F + Bu (14)

Where 5 € R is a non-physical, chosen such that F
and fu are of the same magnitude. The numerical
value of F', which encapsulates the system’s structural
information, is determined based on the knowledge of
u, B3, and the estimated derivative y(), as described
in [40].

Selection of Parameter 3: The parameter 5 plays
a crucial role in the MFC structure, scaling the con-
trol input to match the order of magnitude of the sys-
tem dynamics. In this study, f was empirically tuned
through a systematic procedure to ensure optimal per-
formance:

1. Initial Estimation: A standard test was con-
ducted by introducing step changes in irradiance
(from 400 to 1000 W/m?) and temperature (from
25°C to 55°C) while observing the output current
and voltage of the PV emulator.

2. Performance Metrics: The system’s response
was evaluated using key performance indices:

e Overshoot (%)
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e Settling time (s)
e Root Mean Square Error (RMSE)
e Integral of Absolute Error (TAE)

3. Iterative Tuning: The value of 8 was varied over
a range (e.g., 103 to 10°), and the above metrics
were recorded for each .

The chosen value = 10,000 minimizes the RMSE
and IAE while maintaining an acceptable over-

shoot and settling time, as validated in Scenario 2
( Table[6).

4. Validation Under Dynamic Conditions: The
selected B was further validated under varying
loads and environmental conditions (Scenarios 3
and 4), confirming its robustness across different
operating points.

MFC Implementation: The MFC controller was
implemented in a progressive and structured manner.

1. Ultra-Local Model Construction: The first-
order ultra-local model (n = 1) was used:

y=F+ Bu (15)

2. Real-Time Estimation of F: At each sam-
pling instant k, Fj_; is estimated from past input—
output data using:

Frp1 = 9p—1 — Bug—1 (16)

where 9,1 is obtained via the noise-robust nu-
merical differentiation method given in Eq. .

3. Control Law Computation: The control input
uy is computed as:

1 - % *
up = —— (Fe—1 —97) + Clyg — k) (17)

B

where:

e y* is the reference current generated by the
ANFIS model,

e (' is a PI corrector with K, = 1.6, K; = 0
(proportional only in this implementation),

e 3 =10,000.

4. Noise-Robust Differentiation: To compute y
from noisy measurements, the following finite-time
integration formula was applied over a sliding win-
dow [0, T):

3!

. T
j = _ﬁ/o (T — 20)y(t) dt (18)

with T"= 0.001 s in this study.

5. Discretization and Real-Time Execution:
The control algorithm was implemented in MAT-
LAB/Simulink with a fixed-step solver (odel Eu-
ler) and a sampling time of 1 x 107° s to match
the switching frequency of 20 kHz.

6. MFC Parameter Summary :

e 8 =10,000

o T (differentiation window) = 0.001 s
¢ K,=16,K;=0

Sampling time T, =1 x 107° s

e Buck converter parameters: as per Table

These implementation details, along with the pro-
vided parameter values and tuning methodology, en-
sure that the MFC-based PV emulator can be accu-
rately reconstructed and validated in similar experi-
mental and simulation environments.

2.3. PV-ANFIS Model

1) Electrical Model of PV Panel

The PV panel model is a crucial component of photo-
voltaic energy systems. Therefore, the emulated panel
model must be precise before the PVE can be evaluated
in the model. Numerous solar panel models have been
proposed in the literature [6,[11].In this study, we em-
ployed a widely used one-diode model to represent the
PV panels, as shown in Figure |5, This model provides
an excellent balance between simplicity and accuracy,
making it a popular choice among power electronic de-
signers for simulating PV systems [6},41]. Specifically,
a PV panel block was used with SOLARWORLD SW
85 poly R5A/D.

R, 7

AN

Vi

Fig. 5: PV module equivalent single-diode (1D2R) circuit .

Voo + RsIpy Viw + Rsly
Ipv = ph,*Io |:6Xp (W) — 1:| __pv T “*7py

with:

e I,;: Photoelectric current (A)
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e ], : Diode saturation current (A)

e V, : Junction thermal voltage (V)

Vpv © Terminal voltage (V)

R, :Cell series resistance (£2)

e R, : Cell shunt resistance (2)

A : Diode ideality factor

The PV panel characteristics of the proposed model
are presented in Table [3]

Tab. 3: PV panel characteristics.

Rated max. power Pmax 85 W
Open-circuit voltage V¢ 22V
Rated voltage Vinpp 179V
Short-circuit current Igc 5.20 A
Rated current Impp 4.77 A
Temp. coeff. of Vo —0.37 % /K
Temp. coeff. of Isc 0.081 % /K

2) ANFIS Architecture

Developed in the 1990s as part of the Soft Comput-
ing paradigm, it combines the human-like ability to
reason and learn under uncertain and imprecise condi-
tions. It operates as an adaptive network that is struc-
turally equivalent to a fuzzy inference system, allow-
ing for the direct implementation of the Sugeno model.
The Adaptive Neuro-Fuzzy Inference System (ANFIS)
has gained considerable attention owing to its hybrid
intelligence and versatile modelling capabilities. By in-
tegrating neural networks with the learning and mod-
elling strengths of fuzzy inference systems (FIS), AN-
FIS creates an adaptive inference system, .

Recently, hybridisation trends have combined data-
driven intelligence (ANFIS) with robust or predictive
control to enhance transient performance and robust-
ness. Predictive current control implemented with AN-
FIS on a dSPACE platform has been demonstrated
for power electronic converters, highlighting the fea-
sibility of integrating ANFIS with predictive control
frameworks (MPC-type) in real-time . Moreover,
sliding-mode control remains a common robust option
in PV power conversion under fast environmental vari-
ations, motivating hybrid ANFIS-SMC structures to
mitigate uncertainties while preserving a strong dy-
namic response [45].

As show the figure [6] a dataset was generated from
a photovoltaic panel ( Figure[5)) and subsequently used
to train an Adaptive Neuro-Fuzzy Inference System
(ANFIS) with three inputs: irradiance, temperature,
and mesured voltage. The current refernce served as
the output for the ANFIS model in this study. This

Generation of Dataset

f\m

ANFIS Training

I—lecmal PVModel

asured Damet

Fig. 6: Training process of the PV-ANFIS

method effectively captures the nonlinear relationships
between environmental parameters and photovoltaic
panel performance, facilitating enhanced optimization.

3) Training of ANFIS

For the training step of ANFIS, the Sugeno method
was used, which includes three inputs: irradiance, tem-
perature, and voltage. The output of this model was
the current reference. Current-voltage (I-V) data were
used for both the training and testing of the model.
The ANFIS constructs a fuzzy inference system (FIS)
in which the parameters of the membership functions
are optimized using a hybrid training approach. This
method combines least-squares estimation techniques
with the backpropagation algorithm.

4 Neuro-Fuzzy Designer: Untitled - 0 X
File Edit View
q Training Data (000) EEy =
#ofinput: 3
# of outputs: 1
4 # of input mfs:
3 149 149 149
2
0 Structure
0 1500 2000 2500  3000|  CiearPlot
&h set index
Load data Generate FIS Train FIS [ TestFIS =
Type: From Optim. Method:
@ (O Load from file hybrid v || Pot against:
O Testing Ofie O Load from worksp. Error Tolerance: (® Training data
Grid parition 0.00001 Testing data
(OChecking (@) worksp. O Epochs: Ofesting
Ob (® Sub. clustering 100 (O Checking data
Load Data Clear Data Train Now | Test Now |
anew fis generated “ Help Close

Fig. 7: PV dataset based PV electrical model

Figure [7] illustrates the load of the PV dataset gen-
erated from the electrical model in Simulink Matlab
in the ANFIS environment. The training process used
the parameters outlined in Table [ to ensure that the
model accurately represented the nonlinear relation-
ship between the current and voltage under varying
load conditions and environmental changes, as shown
in Figure After training, the resulting ANFIS PV
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model was evaluated using the loaded dataset to assess
its effectiveness and reliability,as shown in Figure [9]
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Fig. 8: ANFIS training data
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Fig. 9: Tested data

The Adaptive Neuro-Fuzzy Inference System (AN-
FIS) constructs a fuzzy inference system (FIS) in which
the parameters of the membership functions are opti-
mized using a hybrid training approach. This method
combines least-squares estimation techniques with the
backpropagation algorithm to ensure that the model
accurately represents the nonlinear relationship be-
tween the current and voltage under varying load con-
ditions and environmental changes. After training, the
resulting ANFIS PV model was evaluated using the
loaded dataset to assess its effectiveness and reliabil-
ity [43].

Figure [I0]shows the rule structure of the PV-ANFIS
model, demonstrating the relationships between the in-
puts, membership functions, rules, and outputs. The
input membership functions (MFs) are shown in figure
for the voltage input variable, and Figure[12]displays
the MFs for the output variable ( reference current).

Tab. 4: ANFIS training parameters.

Parameter Definition / Values
Membership functions | 149
Optimisation method Hybrid
Error tolerance 0.0012509
Epochs 100
4 Anfis Model Structure - u} X
input

Logical Operations
and
@® o

not

Click on each node to see detailed information | ’ Update Help Close

Fig. 10: ANFIS model structure

; ; ot it 181
FIS Variables Membershlp function E|UI> .
|
'
G Iref
T A
DX \ Y
)N
v N XXIONKINNA
5 10 15 20
input variable "V"
Current Variable Current Membership Function (click on MF to select)
Name \ Name in3clusterl
Type input Type gaussmf -
Params [0.8105 20.54]
Range [0.04314 22.96]
Display Range [0.04314 22.96] Help Close ‘
Ready ‘

Fig. 11: Membership functions of voltage

4) Validation of the ANFIS PV Model

To demonstrate the performance of the ANFIS PV
model, a test was conducted comparing it with the PV

panel model (SW85) under standard test conditions
(STC).

Figures [13] and [14] present the I-V and P-V charac-
teristics of the SW85 photovoltaic panel under different
environmental conditions .This further demonstrates
the strong agreement between the electrical model
(SW85) and the ANFIS-based PV model. Specifically,
Figure confirms this consistency across irradiance
levels ranging from 200 W/m?2 to 1000 W/m? at a fixed
temperature of 25 C°, whereas Figure illustrates
the comparison over temperatures varying from 5 C°
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Fig. 12: Membership functions of reference Current
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Fig. 13: PV panel vs PV-ANFIS model: validation of I-V and

P-V curves at varying irradiance levels (T = 25°C)
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Fig. 14: PV panel vs PV-ANFIS model: validation of I-V and
P-V curves at varying temperature values (Irr=1000
W/m?)

to 55 C° under a constant irradiance of 1000 W/m?.
These results validate the ability of the ANFIS model
to accurately emulate the nonlinear behavior of the PV
panel under both irradiance and temperature varia-
tions, thereby confirming its robustness and reliability
for dynamic PV emulation.

Remark: Despite the relatively large number of
membership functions (149), the ANFIS model demon-
strates strong generalization capability. This is ensured
by the hybrid training approach, which optimizes both
premise and consequent parameters, and by validating
the model on a separate dataset not used during train-

ing. As shown in Figures [9] and the model
accurately reproduces the I-V and P—V characteristics
of the PV panel across a wide range of irradiance and
temperature conditions, confirming that it reliably pre-
dicts PV behavior under varying operating scenarios
without overfitting.

3. Results and discussion

To evaluate the proposed PV emulator (Figure |3,
which integrates the PV-ANFIS model with a buck
converter, PI controller, FLC controller, and MFC
Controller, we conducted a comparative analysis. This
analysis involved simulating and testing the MFC,
FLC, and conventional PI controllers under varying
load, irradiance, and temperature conditions.

The buck converter parameters used in these calcu-
lations are listed in Table [l

Tab. 5: Component values of the buck converter.

Parameter Value
Input voltage, Vin 40V
Switching frequency, f 20 kHz
Output resistance, R, 10200
Output voltage ripple factor, ryo 2%
Current ripple factor (CRF) 14.3%
Inductor, L 0.724 mH
Capacitor, C 23.6 uF

To achieve this, four scenarios were selected. The
main objective of these scenarios was to evaluate
and compare the performance of three candidate
controllers—Proportional-Integral (PI), Fuzzy Logic
Control (FLC), and Model-Free Control (MFC)—in
governing a photovoltaic (PV) emulator, each scenario
designed to rigorously assess the adaptability, robust-
ness, and accuracy of the emulator under controlled
conditions mimicking real-world PV operation.

The comparative analysis across these scenarios
serves as the basis for selecting the most effective con-
trol strategy.

3.1. Scenario 1

In scenario 1, the load resistance was initially set to
3.75 Q, at which the panel operated at its maximum
power point (MPP). It was then reduced to 2 Q, in-
creased to 5.5 ), and finally returned to 3.75 2, all
under conditions of 1000 W/m? and 25 °C, as shown
in Figure

From Figure [I6] it can be observed that the MFC
achieved a lower error and reduced ripple compared
with the PI and FLC, demonstrating superior preci-
sion and robustness in PV emulation. Figures[17] and

(©2026 ADVANCES IN ELECTRICAL AND ELECTRONIC ENGINEERING 9
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Fig. 15: Scenario 1: load variation at STC

[I§ provide further comparisons of voltage and power,
where the MFC controller outperforms the others in
terms of better tracking and stability.

To quantitatively confirm this superiority, four per-
formance indices were evaluated: Root Mean Square
Error (RMSE), integral square error (IAE), settling
time, and overshoot which are reported in Table
[6] to better illustrate the performance enhancement of
the proposed controller.

8- :
sl A—
s L/’ ||
gallll: | —
Parl —_—
32 = pv-sw85
o2 I-MEC [
—I-PI
0 —I-FLC
0.002 0.004 0.006 0.008 0.01
Time ()

Fig. 16: PV emulator current response under varying load re-

sistances
2010
S T I
o 1517
o)
<10 L ]
=) [/ pV-SW85|
> V-MFC
5 —V-PI
—V-FLC
0
0 0.002 0.004 0.006 0.008 0.01
Time(s)

Fig. 17: PV emulator voltage response under varying Load re-
sistances

Tab. 6: Comparison of SW85 panel with MFC, FLC, and PI
currents based PVE at a load resistance (3.75 ).

Control Overshoot IAE Settling RMSE
strategy (%) time (s)

MFC 6.7460 5.528le—4 | 2.9732e—4 0.2637
FLC 47.0142 7.2746e—4 | 3.2465e—4 0.3156
PI 14.3577 6.8962e—4 | 5.0490e—4 0.2739

120 |
=
- 801 e | fa
% : P 85|
= PpV-Swi
& 40 PEJMFC i
—P-PI
0 —P-FLC
0 0.002 0.004 0.006 0.008 0.01
Time(s)

Fig. 18: PV emulator power response under varying load resis-
tances

3.2. Scenario 2

In Scenario 2, to illustrate the efficacy of our PVE un-
der irradiance change, as shown in Figure [I9] the PV
electrical model SW85 served as a reference for the pro-
posed PVE regulated by the MFC, FLC, and PI while
maintaining a constant load and temperature. In this
scenario, the load was established at 3.75  and the
temperature was fixed at 25 C°. The irradiance varied
from 400 W/m? to 600 W/m? between 0 and 0.002 s,
thereafter increasing from 580 W/m? to 1000 W/m?
between 0.004 and 0.006 s,and finally decreasing from

1000 W/m? to 800 W/m? over 582 the time frame from
0.008 to 0.01 s.

1200
1000
800
600
400
200
0

Irradiance (W/m?2)

‘—Scenario-G

0.008 0.01

0 0.002 0.004 0.006

Time ()
Fig. 19: Scenario 2: Solar irradiance variation

Based on the analysis presented in Figure it can
be concluded that the behavior of the ANFIS-based PV
emulator closely aligned with that of the reference elec-
trical PV model SW85 when subjected to sudden vari-
ations in irradiance. This comparison confirmed the
effectiveness of the proposed PV-ANFIS model. Fur-
thermore, the current regulation is illustrated, and the
results summarized in Table [7] highlight the superior
performance of the MFC compared to the PI and FL.C
controllers. Figures[2Iand 22]validate the PVE perfor-
mance. These figures illustrate how the output voltage
and power adjust in response to variations in irradi-
ance, showcasing the system’s capability to maintain
stable voltage and power despite changing environmen-
tal conditions.

Together, these highlight the robustness of the PVE
and underscore the effectiveness of the MFC controller
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in delivering reliable performance under dynamic vari-
ations in irradiance.

6/ - ,
A I S
g j ——
; 2 v ! m=]pv-sw85
I-MFC
° iy —1PI
0 ; : | _‘I'ITLC‘
0 0.002 0.004 0.006 0.008 0.01
Time (s)

Fig. 20: PV emulator current response under irradiance varia-

tions
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Fig. 21: PV emulator voltage response under irradiance varia-

tions
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. /
& 40 [==Ppv-sw85
P-MFC
20 —pP-Pl ]
0 —P-FLC
0 0.002 0.004. 0.006 0.008 0.01
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Fig. 22: PV emulator power response under irradiance varia-
tions

Tab. 7: Comparison of SW85 current with MFC, FLC and PI
currents at 400 W/m? irradiance.

Control

Overshoot IAE Settling RMSE
strategy (%) time (s)
MFC 1.4869 1.9670e—4 | 3.6990e—5 0.0728
FLC 37.6795 1.8095e—4 | 2.4053e—4 0.0948
PI 28.1078 8.8653e—5 | 2.1821e—4 0.0812
3.3.  Scenario 3

In Scenario 3, as shown in Figure 23] the temperature
changes from 25 C° to 55 C° between 0 and 0.0025 s,
remains constant at 55 C° from 0.0025 s to 0.0075 s,
and then decreases from 55 C° to 35 C° between 0.0075
and 0.01.
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Fig. 23: Scenario 3: Temperature variation

Figures 24] 25 and [20]illustrate the evolution of the
current, voltage, and power respectively of the PV em-
ulator under temperature variations, controlled by the
three strategies (MFC, PI, and FLC) and compared
with the reference SW85 PV module.The behavior of
the emulator closely matched the predictions made by
the electrical model when subjected to temperature
changes. This supports the effectiveness of the pro-
posed ANFIS-based PVE design, which employs the
MFC Controller, compared with the conventional PI
and fuzzy logic FLC controllers. The results indicate
that the MFC controller outperforms the other con-
trollers in terms of the overall performance.

8 T
oo 7
+~= M e -
s 4|l =
= I v
= <% WIS == pV-sw85
G2 e MFC |
—|-PI
—I-FLC
0 0.002 0.004 0.006 0.008 0.01
Time(s)

Fig. 24: PV emulator current response under temperature vari-

ation.
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2
S
910
S [/ py-sw85)
> 5 Vv-angs)
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0 —V-FLC
0 0.002 0.004 0.006 0.008 0.01
Time(s)

Fig. 25: PV emulator voltage response under temperature vari-

ation.
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Fig. 26: PV emulator power response under temperature vari-
ation.

3.4. Scenario 4

In this scenario, the proposed PV emulator was tested
against the electrical PV panel model during load vari-
ations (ramp), covering all load points from short-
circuit (I, 0) to open-circuit (0, V,.) conditions.

6
<4 \
‘5 \
8 2

|-V -sw85
0 - I—V—M FCEM ULATOR
0 5 10 15 20 25
Voltage (V)

Fig. 27: Comparison of I-V characteristics between the real PV
panel and the I-V emulator at STC

100

% /\\
2 6 )
® / \
& // \

20 (m=P-V/-sw85 ‘

0 - P-V-MFC EMULATOR \
0 5 10 15 20 25
Time ()

Fig. 28: Comparison of P-V characteristics between the real PV
panel and the P-V emulator at STC

Figures[27)and 2§ illustrates that the performance re-
sults effectively reflect the characteristics of the emula-
tor. The I-V and P-V curves were closely aligned with
those of the actual electrical model of the PV panel
under Standard Test Conditions (STC). This confirms
the effectiveness of the proposed emulator. As in the
previous scenarios, presents the results, which highlight
the reliability of the proposed emulator that integrates
the MFC with the ANFIS.

This combination demonstrated its ability to achieve
precise tracking and stable performance under various
loading conditions. This reliability is essential for val-
idating its applicability in real-world scenarios.

Additionally, Table offers a comparative perfor-
mance analysis of several photovoltaic emulators, en-
abling an objective evaluation of the proposed system.

Tab. 8: Comparison of the performance of different photo-
voltaic emulators.

Authors (Ref) Converter | Control Settling IAE
type complexity | time (ms)

Razman Ayop, |7] Buck High com- | 2.2 NR
plexity

Ayop, Razman and | Buck High  com- | 21.25 NR

Tan, Chee Wei, |37 plexity

Esfandiari et al, |9/ | Buck High com- | 1.5 0.0113
plexity

Proposed PVE Buck High com- | 0.14 2.6056e—04
plexity

Note: NR = Not Rated.

4. Conclusion:

This study presented the design and evaluation of a
photovoltaic (PV) emulator that integrates an ANFIS-
based PV model with a DC-DC buck converter and
three control strategies: PI, Fuzzy Logic Control
(FLC), and Model-Free Control (MFC). The ANFIS
model successfully reproduced the nonlinear I-V and
P—V characteristics of PV modules under varying en-
vironmental conditions, which enables accurate emula-
tion of PV behavior.

Comparative analysis showed that the MFC strat-
egy provides superior tracking accuracy, faster dynamic
response, and improved robustness compared with PI
and FLC controllers. These results demonstrate that
the proposed ANFIS-MFC framework offers an effec-
tive approach for high-fidelity PV emulation.

From a practical perspective, the proposed emula-
tor provides a flexible and cost-effective platform for
laboratory testing of photovoltaic energy systems. It
can be used to validate Maximum Power Point Track-
ing (MPPT) algorithms, evaluate DC-DC converter
control strategies, and test grid-connected PV systems
under controlled and repeatable operating conditions
without relying on physical PV panels.

Future work will focus on the hardware implementa-
tion of the proposed emulator to enable real-time ex-
perimental validation. In addition, more complex envi-
ronmental conditions, such as partial shading, will be
investigated, and the emulator will be further extended
to support bifacial PV panels.

(©2026 ADVANCES IN ELECTRICAL AND ELECTRONIC ENGINEERING 12
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