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Abstract - This paper discusses the design and assembly of PV emulators to employ in power converter testing on solar power
plant systems. The design process starts with simulating the features of a Photovoltaic (PV) module based on the factors it has.
The buck converter serves as a virtual PV module. These models are then simulated, tested, and built hardware for Photovoltaic
Emulators (PVE). A cheap Arduino Uno microcontroller processes the activities of a PVE. The suggested PVE includes a
Graphical User Interface (GUI) based on Matlab. The Proportional, Integral, Differential (PI1D) controller controls the current
and output voltage of the buck converter to acquire the precision of the current and voltage settings of the converter buck, which
is a function of the solar module's irradiation and temperature. The proposed PVE uses Solkar 36-Watt PV modules as a model.

The experiment results show that the suggested PVE can be used as a PV module simulator in power converter testing at solar

power plants and as a substitute for the real PV module.
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1. Introduction

The high growth of solar panel energy is due to the
benefits that solar panels have, such as lower operating costs,
no moving parts, and an abundant amount of raw materials [1].
On the other hand, in real-time experiments, there are some
drawbacks such as high initial costs, requiring a large area to
install solar panels in series and parallel, time-consuming to
connect solar panels [2], dependence on weather conditions
and repeated testing to determine the MPPT algorithm [3].

Therefore, a laboratory testing tool that replicates the
characteristics of solar panels without the limitations of
environmental dependence is necessary. This requirement is
addressed by implementing the PVE [4]. A significant
distinction between PVE and actual PV modules is that PV
modules directly convert solar irradiance into electricity,
heavily relying on environmental factors, while PVEs
artificially replicate these characteristics in controlled lab
environments without dependence on external conditions. PV
emulator technology has evolved significantly, ranging from
basic emulators using simple DC-DC converters to advanced
microcontroller-based systems. PVEs produce voltage-current
(1-V) characteristics identical to real PV modules, unaffected
by varying weather conditions, making them crucial tools in
solar energy research.

OOE

Recent studies highlight the importance of precise control
mechanisms such as fuzzy logic controllers and neural
network algorithms to emulate PV characteristics accurately.
Previous researchers have developed several studies regarding
PVE technology. These include the development of a solar
altitude emulator CO3208-1B board [5], an emulator based on
a Switch Mode Power Supply (SMPS) [6], and
implementations utilizing low-cost microcontrollers [7].

Other notable contributions involve the Typhoon
Hardware-In-The-Loop (HIL) 402 emulator [8, 9], the
modular E4360 Keysight [10], and various DC-DC converter
topologies such as the buck converter [11], the two-switch
non-inverting buck-boost DC/DC converter combined with a
diode string [12], and a GaN-Based synchronous buck
Converter [13].

Additionally, several studies have focused on PV cell
modelling approaches, including the use of PV cell equivalent
circuit models [14], partial shading investigations [15], and
single diode models [16]. Advanced control and emulation
methods have also been explored, such as Artificial Neural
Networks combined with nonlinear backstepping controllers
[17], adaptive time-stepping-based real-time EMT emulation
[18], fuzzy state-feedback control [19], the resolution of
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mathematical models for PV modules [20], and buck
converters integrated with GUI [21].

Additionally, recent developments have emphasized the
role of PID controllers as a reliable and cost-effective solution
for regulating output in photovoltaic emulation. For instance,
[22] demonstrated the integration of adaptive Maximum
Power Point Tracking (MPPT) controllers with PID structures
to improve emulator performance [23, 24]. Furthermore, [25]
conducted a comparative analysis of MPPT algorithms,
underlining the critical role of PID tuning for emulator
stability.

This paper presents a prototype photovoltaic emulator,
highlighting advancements in solar panel emulation for more
efficient and regulated testing. The novelty of this research lies
in integrating a low-cost Arduino-based controller with a
MATLAB GUI, accurately emulating PV characteristics.
Beginning with rigorous simulations of PV module features
influenced by temperature and irradiance, this study
significantly improves existing designs by clearly defining
operational conditions and conducting extensive comparative
analyses with real PV modules. A buck converter controlled
by a PID controller acts as a virtual PV panel, producing
output currents and voltages closely resembling real solar cell
behavior across varying load conditions, all monitored
through a user-friendly MATLAB interface.

2. Photovoltaic Modelling

APV module is a PV generating system's essential power
conversion unit. The performance of the PV module is
influenced by the sun irradiance and the temperature of the
solar cells. Due to the nonlinear nature of PV modules, it is
essential to create a model for their design and simulation to
implement MPPT for photovoltaic energy conversion systems
[26]. There are a number of options to represent the properties
of PV cells. The methodologies include linearization,
numerical methods, analytical approaches, artificial
intelligence methods, and their Thevenin counterparts [27-
31]. A single diode equivalent circuit model can be
implemented as a PV cells model (see Figure 1); the solar cell
equivalent circuit has photovoltaic current, diode, series
resistance (R) and parallel resistance (Rgy,).

When sunlight strikes a solar cell directly, the current
emitted by sunlight is called photovoltaic current or
photocurrent. (Ipv). These currents change linearly with
radiation intensity and are influenced by temperature. The
series resistance (Rs) and parallel resistance (Rg,) of the
circuit represents the resistance in series and parallel modes of
the cell. In general, the Rsn rating is higher than the R rating.
Equation (1) explains the principle of the solar cell equivalent
circuit. The value of the solar cell current (1,,,) is the result of
subtracting the current Iph, the diode current (Ip) and shunt
current (I.,), Which can be described as follows [32-35]:
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Fig. 1 Equivalent circuit
Ipv = Iph — Ip — Lgp (1)
It also can be written as:
_ a(Vpy+IpyRs)
Ly = NyLyy, — Nyl (exp% -1)-
(VPV;IPVrS) (2)
sh
Where:
I, = photovoltaic saturation current
q = electron=16x10%°C
Vo = voltage
T. = cell temperature
Ry = series resistance
Rgy = shunt resistance
n = ideal factor
k = Boltzmann’s constant = 1.38 x 1023 J/K
Ny = number of series solar cells
N, = number of parallel solar cells

In the Equations (1) and (2), there are five unstated
parameters. The five parameters include photovoltaic
current (I,,), solar cell saturation current (Iy), parallel
resistance (I.¢,), series resistance (1), and diode ideal factor
(n). Here are the equations for determining the current (Iph)
and current (1) for modeling solar cells:

Photovoltaic current

B
Iph = [Isc + Ki(Tc - Tref)] B_ (3)
ref
e Photovoltaic saturation current
Lo [ o [ (2 4
s — Irs Tref exp nk \Trep Tc ( )
e Dark saturation current
I = Isc—ref/[exp(quc—ref/NSknTref) - 1] (5)
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The 37Wp PV Panel (Solkar-36) is employed and
modelled without considering the partial shading effect of the
PV panel. The photovoltaic emulator circuit comprises a DC
source and a DC-DC buck converter. The size of the capacitor
and inductor for filter design in buck converter can be
determined with Equations (8) to (11).

The critical value of inductance to operate the converter
in continuous conduction mode is given by:

— VinD(l—D)
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The size of capacitance depends on peak-to-peak ripple
voltage and is given by:

_ VinD(1-D)
AV == (10)
_ VinD(1-D)
¢= 8LAV f2 11

3. Design and Implementation

The PVE was designed to accurately simulate a Solkar
36-Watt PV module under strictly defined conditions,
specifically irradiance levels of 500, 700, and 1000 W/m?2 and
temperatures ranging from 30°C to 50°C in increments of
10°C. A buck converter, functioning as a virtual PV panel, was
precisely controlled using a low-cost Arduino Uno
microcontroller integrated with a PID controller. The
simulated PV characteristics were translated into a tangible
hardware setup, including necessary control circuits and
interfaces, as depicted in Figure 2.

In Figure 2, the microcontroller utilizes embedded
mathematical equations and PID algorithms. By entering
specific irradiance, temperature, and real-time feedback from
the buck converter’s output current and voltage, a reference
current is computed. The PID controller adjusts the output
current from the buck converter to align it precisely with the
reference, ensuring realistic behavior akin to an actual PV
module. The PWM signals generated by the Arduino facilitate
precise control of the buck converter switches, dynamically

matching PV characteristics as load conditions change. Clear
testing conditions were established to thoroughly evaluate the
emulator's accuracy against an actual PV module. The PVE
underwent rigorous experiments comparing its outputs under
various defined irradiance and temperature scenarios with
those from a real Solkar PV module. The tests systematically
varied the parameters and included comparative analysis at
incremental temperature and irradiance levels. Monitoring
was performed in real-time using a MATLAB Graphical User
Interface (GUI) along with an LCD display that continuously
provided current and voltage readings.

Figure 3 presents the detailed block diagram of the
emulator's configuration, clearly outlining each component
and their interactions. Figure 4 shows the detailed flowchart
used during the software development phase, ensuring logical
coherence and alignment of the system operations with
established simulation and testing parameters.

# Matlab GUI 2018a

AC Source 220 V

Step Down
AC Source 220V

Voltage Sensor

Gate Drive

('\n{n:j;ur

Buck Converter

Fig. 2 The PVE system configuration
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Fig. 3 The block diagram of the emulator's configuration
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Fig. 4 Flowchart of the PVE

4. Results and Discussion
4.1. Simulating Results

To thoroughly evaluate the performance and accuracy of
the proposed PVE, a structured set of testing parameters was
established, simulating realistic operating conditions of
photovoltaic systems. The primary variables tested included
irradiance levels, cell temperature, and load resistance.
Irradiance was varied across three levels—500 W/mz?, 700
W/mz2, and 1000 W/m?2 representing low, moderate, and
standard solar radiation intensities, respectively. These levels
allowed for assessment under both overcast and clear-sky
conditions in accordance with industry standards. Likewise,
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the temperature was adjusted in increments of 10°C, ranging
from 30°C to 50°C, to replicate the typical operational thermal
conditions of solar modules in real-world scenarios. Load
resistance was also varied extensively, from 1 Q to 320 Q, to
examine the PVE’s behavior under different electrical
demands and capture the resulting I-V and P-V characteristics
across a wide operational range.

In addition to these variations, testing under Standard Test
Conditions (STC)-which include an irradiance of 1000 W/m?
and a cell temperature of 25°C-was conducted to benchmark
the emulator’s performance against the actual Solkar 36-Watt
PV module specifications. All experiments were performed in
a controlled laboratory environment using programmable
power supplies and heating elements to simulate the desired
irradiance and temperature values. This ensured consistent
and repeatable test results without external environmental
interference. Real-time monitoring and data acquisition was
facilitated through a MATLAB-based GUI, providing both
graphical and numerical voltage, current, and power outputs.

The system also included an LCD display for on-device
monitoring and allowed data export for further analysis. This
rigorous testing methodology ensured a comprehensive
validation of the PVE’s capability to replicate real PV module
behavior accurately under dynamic operating conditions. The
PV module employed to reference is shown in Table 1.

Table 1. Parameter of Solkar 36 Watt module at STC

No Parameter Rate

1 Maximum Power (Pm) 37.08 W
2 Voltage at Maximum Power (V) 16.56 V
3 Current at Maximum Power (1) 225A
4 Open Circuit Voltage (Vo) 21.24V
5 Short Circuit Current (lsc) 255 A
6 Number of Series Cells (Ns) 36

7 Series Resistance (Rs) 0.1

8 Parallel Resistance (Rsn) 10620
9 Ideal Factor (n) 1.6

After the system is designed, it is then modeled into
mathematical form. The block diagram of the integrated
system with the modified PV model attached is displayed in
Figure 5. The PVE design includes several components: an
Arduino Uno microcontroller, gate drive circuit, buck
converter circuit, voltage sensor, current sensor, and load.
Each component has its own role and is interconnected with
other components.

Specifying the PID constants is an important step because
it affects the performance of a system. This method identifies
the plant model from the input-output test data. PID controller
modeling is done with the PID controller block in Simulink
(Figure 6). Furthermore, the P, I, and D values are obtained
and can be adjusted to achieve a more favorable one.
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Fig. 5 Photovoltaic emulator modeling
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Fig. 6 PID controller in Simulink Matlab

The simulation illustrated in Figure 7 shows that the
electrical current generated by a solar panel varies with
voltage across different irradiance levels (1000 W/mz, 700
W/mz, and 500 W/m?). At higher irradiance levels, the current
produced is greater, indicating that the solar panel can
generate more current under stronger lighting conditions.
Figure 8 shows the I-V curve simulation of a solar panel at
different temperatures: 30°C, 40°C, and 50°C. The curves
indicate that higher temperatures lead to decreased solar panel
performance, with lower current generated at higher
temperatures, reducing the panel's efficiency in producing
electricity.
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The simulation results in Figure 9 shows that the higher
the irradiance value, the greater the maximum power
generated, with the voltage at the Maximum Power Point
also tending to be higher.

This indicates solar panels will produce more power and
operate more efficiently under stronger lighting conditions.
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Fig. 10 P-V curves of varying temperatures
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The P-V curve in Figure 10 shows that when the
temperature rises from 30°C to 50°C, the maximum power
output falls, as does the voltage at the MPP. This suggests
solar modules perform better at lower temperatures, while
higher temperatures diminish voltage and overall power
output.

4.2. Experimental Buck Converter

Experimental tests are conducted to evaluate the
performance of the solar simulator and validate its ability to
replicate solar irradiance accurately.

The buck converter output voltage response without a
controller is shown in Figure 11. The output voltage is
achieved without overshoot and fast rise time, but the output
voltage cannot be controlled. The PID controller is employed
to regulate it.
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Fig. 11 The buck converter without controller

The output voltage of the buck converter employing the
PID controller is shown in Figure 12.
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Fig. 12 Output voltage with PID controller
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The PID controller's automated tuning yielded the
following results: P =48.58, | = 29.92 and D = 0.55. The graph
in Figure 8 represents the output voltage response of the buck
converter, with a set point of 21.24 V. The rise time on the
P1D response graph is marginally slower compared to the buck
converter without the controller. Figure 13 can be the output
voltage of the buck converter with varying input and
employing a PID controller. The voltage can be regulated.
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Fig. 13 Output voltage varying input

4.3. Photovoltaic Emulator Testing
To verify the accuracy and performance of the proposed
PVE, comprehensive experimental testing was conducted
under various environmental conditions. The results were
directly compared to the characteristics of the real Solkar 36-
Watt PV module under identical conditions. The parameters
varied included irradiance (500 W/m2, 700 W/mz2, 1000
W/mg2), temperature (30°C to 50°C in 10°C increments), and
load resistance (1 Q to 320 Q). Figures 14-17 illustrate the
emulator's current-voltage (I-V) and power-voltage (P-V)
characteristics under these varying conditions. These were
systematically compared to the known standard characteristics
of the reference Solkar module listed in Table 1.
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Fig. 14 1-V curve of PVE under varying radiation
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Figure 14 presents the current-voltage (I-V)
characteristics of the PVE under various radiation levels. The
PVE closely mirrors the Solkar module behavior, where
increasing irradiance from 500 W/m? to 1000 W/m? increased
the short-circuit current from ~1.3 A to ~2.55 A. Voltage
remained relatively stable across irradiance changes, matching
the Solkar module's VVoc of ~21.24 V. Figure 15 illustrates the
I-V characteristics of the device under test varying
temperature conditions. The emulator accurately reflects the
temperature dependency of Voc, showing a decrease from
~21.2 V at 30°C to ~20.2 V at 50°C, closely matching
theoretical expectations. The current remained relatively
unchanged, indicating the emulator's ability to preserve the
temperature-independent performance of Is.
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Fig. 15 I-V curve of PVE under varying temperature
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Fig. 16 P-V curve of PVE under varying radiation

Power-Voltage (P-V) characteristics of the PVE are
depicted in Figure 16, which shows how these characteristics
change under different radiation situations. Power output
increased with irradiance, peaking at approximately 37 W at
1000 W/m?, consistent with Solkar's rated maximum power

(Pm).

The voltage at the maximum power point (Vmp) also
increased, ranging from ~15 V (500 W/m?2) to ~16.5 V (1000
W/mg?), in alignment with standard PV module behavior.

The Power-Voltage (P-V) characteristics of the PVE
under varying temperature environments are presented in
Figure 17. A clear drop in maximum power output was
observed with rising temperature: from ~37 W at 30°C to ~34
W at 50°C-a ~9% drop, matching typical de-rating factors
(~0.4%/°C). The voltage at maximum power (Vmp) dropped
consistently by ~0.25 V per 10°C, confirming realistic thermal
modeling in the emulator.
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Fig. 17 P-V curves of PVE under varying temperatures

Table 2 presents a detailed quantitative comparison of the
PVE and Solkar modules under Standard Test Conditions
(STC).

As depicted in Figure 18, a GUI is employed to monitor
and display the measured parameters from the PVE. The
interface presents data in graphical and numerical formats,
including 1-V and P-V characteristics. Additionally, the
application facilitates the direct export of data to Excel format
for further analysis.

Table 2. Quantitative comparison between PVE and Solkar Module Under STC

Parameter Solkar 6W (STC) PVE Output (STC) Deviation (%0)
Max Power (Prm) 37.08 W 36.92 W -0.43%
Voltage at Max Power (Vm) 16.56 V 16.40 V -0.96%
Current at Max Power (Im) 225 A 227 A +0.89%
Open Circuit Voltage (Voc) 21.24V 21.20V -0.19%
Short Circuit Current (lsc) 255 A 253 A -0.78%
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4 GUI P T X
Solkar 36 Watt Photovoltaic Emulator Using Buck Converter
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Fig. 18 Photovoltaic emulator monitoring

5. Conclusion
The investigation into the PVE designed to simulate solar
panel settings in a laboratory environment has shown

satisfactory results. The study tackled the constraints of
traditional solar panel testing, which necessitates particular
climatic conditions, by concentrating on a maximum power
point tracking control algorithm MPPT and an adaptive power
stage. The PVE, driven by an Arduino Uno and operated via a
MATLAB GUI, accurately duplicates the characteristics of a
Solkar 36-Watt PV module utilizing a buck converter and PID
controller. This facilitates accurate control of irradiance and
temperature parameters, rendering the PVE a dependable
instrument for testing solar power plant systems. The results
validate that the emulator not only replaces actual PV modules
but also improves the evaluation of power converters,
illustrating its viability as a practical and safer option in solar
energy research.
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