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Abstract: Advancing decarbonization critically depends on the integration of PV systems into mi-
crogrids. However, this integration faces challenges, including the variability of photovoltaic solar
energy production, the demands of energy management, and the complexities of grid synchronization
and communication. To address these challenges, a PV emulator platform is an essential tool. This
paper presents a novel four-layer PV emulator platform that seamlessly integrates power systems,
control systems, measurement instrumentation, and communication processes. The proposed plat-
form enables the emulation of I-V curves and the dynamic adjustment of operating points—including
both the maximum power point (MPP) and power reserve point (PRP)—as well as temperature
and irradiance while providing sufficient power capacity for microgrid integration. To validate its
effectiveness, the platform was assessed for its capability to adjust operating points, such as MPPs
or PRPs, under varying irradiance and temperature conditions. The results show that the platform
effectively adjusts operating points with a deviation of less than 5% from theoretical values and
successfully tracks a sequence of operating points. This performance underscores the platform’s
potential in integrating and managing PV systems within microgrid environments, thereby advancing
the path to decarbonization.

Keywords: maximum power point tracking; microgrid; photovoltaic emulator; power reserve

1. Introduction

Fossil fuels remain the dominant energy source, contributing to 75% of greenhouse
gas emissions [1]. To ensure a sustainable future, a shift in the electricity generation mix
is imperative. In line with the EU’s goal of achieving climate neutrality by 2050 [2], this
shift will increasingly rely on low-carbon sources, including renewable energy sources
(RESs) and nuclear power. Due to ongoing promotion, RESs have gradually expanded their
share, reaching an estimated 23% of the global energy mix in 2023 [3]. Among these, solar
energy is particularly crucial on the path to decarbonization. It harnesses the sun, the most
abundant energy source, and can be utilized for both thermal and electrical energy through
photovoltaic (PV) systems, serving a wide range of energy consumers, from residential
homes to industrial facilities. In addition, the integration of these systems into microgrids
is crucial for enhancing the sustainability and efficiency of power generation [4,5]. In sum-
mary, photovoltaic solar energy, known for being clean, low-maintenance, and increasingly
accessible due to rapid technological advancements, has become one of the most mature
and widely adopted RESs today [6].

Thus, focusing on PV systems, advancements in key research areas have driven
significant and sustained growth. As a result, a wide variety of applications is now
available. For instance, PV power plants have gained popularity in recent years due to their
increasing capacity for power generation [7]. In addition, PV modules are now commonly
installed on the rooftops of residential and commercial buildings, primarily to reduce
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electricity costs [8]. However, generating energy to meet energy consumption demands
is not the only purpose of PV systems. They are also employed in various innovative
applications, such as producing green hydrogen through water electrolysis [9] or powering
water desalination systems [10], among others.

Basically, a PV module consists of an aggregation of PV cells, with the output power
of each cell influenced by the technology chosen, temperature and irradiance conditions,
and shading. Recent advancements in PV cell technology have concentrated on developing
new materials and manufacturing techniques, as well as the mathematical models that
represent their operational principles.

Accurate mathematical models are crucial for effectively reproducing PV performance
curves, specifically the current-voltage (I-V) and power—voltage (P-V) curves. These
models allow engineers and researchers to predict the behavior of PV cells at various
operating points, defined by specific values of power, irradiance, and temperature, all of
which are influenced by the specific application and configuration of the PV installation.
Widely used models include the IM3P (one model, three parameters) and the 1IM5P (one
model, five parameters) [11]. The 1IM5P stands out because it incorporates additional
parameters, providing a more accurate representation of the electrical behavior of a PV
solar cell compared to the simpler IM3P model. These models serve as excellent tools for
predicting the performance of PV modules in any location, avoiding the physical, climatic,
and economic limitations associated with real-world studies [12,13].

After modeling the PV module, the next step involves controlling its operating point,
defined by its power, irradiance, and temperature values. This control is critical when
the PV module is integrated into a microgrid, as it significantly enhances the system’s
flexibility in managing energy. In this context, the operating point of a PV module can
be either the maximum power point (MPP), representing the highest achievable output,
or a power reserve point (PRP), which is set above the MPP. Targeting specified PRPs
is crucial for participating in power reserve scenarios, particularly when energy storage
systems are not available. In addition, targeting PRPs is essential in applications where
the optimal operating point is not the MPP, such as in certain innovative applications
previously mentioned.

Effective algorithms are essential to control the operating point. Traditionally methods
such as Perturb and Observe (P&O) [14], Incremental Conductance (IncCond) [15], and
Constant Voltage (CV) [16] enable continuous adjustments. Although traditionally used
for MPP tracking, these algorithms can also be adapted to target other operating points
like PRPs. The P&O method periodically adjusts the reference voltage, which is the initial
setting for each iteration of the control algorithm, and observes its effect on power output
to determine the operating point. The IncCond method, by comparing incremental changes
in current and voltage, predicts the direction to the operating point more accurately than
P&O, especially under rapidly changing conditions, although it is more complex and
computationally demanding. The CV method maintains a fixed reference voltage close to
the operating point voltage, minimizing adjustments and simplifying the control system,
but may struggle with significant environmental changes. Furthermore, advanced methods
such as fuzzy logic-based control algorithms can provide enhanced dynamic response and
accuracy; however, their implementation tends to be more complex and demanding [4,5].
Given its balance of simplicity, speed, and efficiency, the P&O method is often favored in
practical applications where rapid response and ease of use are priorities [17].

However, rigorous testing under varying conditions is essential to ensure the ef-
fectiveness of algorithms that control the operating point of a PV module. Real-world
studies involving actual PV modules and natural conditions have significant limitations,
as previously mentioned. An alternative approach involves conducting studies in a lab-
oratory setting using actual PV modules, where temperature, irradiance, and shading
conditions are controlled. However, this setup is not without challenges—it is complex,
costly, and inefficient due to the large area required for the PV modules and the reliance on
artificial lighting.
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To overcome these challenges, PV emulators offer an effective solution by replicating
the electrical characteristics, specifically the I-V curve, of a PV module or an array of
modules under various conditions. These devices not only facilitate the modeling and
control of PV systems but also serve as essential tools in academic settings, helping in the
teaching of the principles and control strategies of PV systems [18].

In summary, PV emulators simulate the behavior of real PV modules, providing
researchers and engineers with a flexible, cost-effective, and efficient solution to test and
refine their applications without the need for physical PV modules or the complexities of
varying environmental conditions.

PV emulators can be categorized into several types, each with distinct characteristics
and applications. Analog PV emulators use analog circuitry to replicate the I-V character-
istics of PV modules, offering simplicity and cost-effectiveness but limited flexibility [19].
Digital PV emulators rely on microcontrollers or digital signal processors (DSPs) to model
PV behavior, providing greater flexibility and the ability to simulate complex scenarios;
however, this approach involves higher costs and complexity [20]. Hybrid PV emulators
combine analog and digital approaches, aiming to balance performance with flexibility,
though they tend to be more complex and costly [21]. Real-time PV emulators are advanced
systems designed for high accuracy and dynamic response, making them particularly
useful for testing systems under rapidly changing conditions, but they are the most ex-
pensive and complex to implement [22]. Each of these emulator types is based on specific
devices that align with their intended function, ranging from simple analog components
in analog emulators to microcontrollers and DSPs in digital emulators, a combination
of both in hybrid emulators, and high-performance processors and real-time systems in
real-time emulators.

Among digital PV emulators, those based on programmable power supplies are
valued for their balance of simplicity and flexibility, although they tend to be costly. These
emulators offer a practical solution for testing and developing PV systems by accurately
replicating the characteristics of PV modules without the need for physical solar panels [23].

However, when the objective extends beyond simple replication to include testing
within a microgrid scenario—an essential step for promoting the integration of PV systems
into microgrids—more complex features are required from a PV emulator, including critical
functions such as measurement, control, and communication. To address this, the use
of a multi-layered platform that incorporates the PV emulator, along with measurement
instrumentation, control systems, and communication processes, is crucial. This setup
should enable precise control of the operating point, allowing the system to operate not
only at the MPP but also at specified PRPs, which is essential for participating in power
reserve scenarios, particularly when energy storage systems are not available. In addi-
tion, it should offer a controlled environment for dynamically adjusting temperature and
irradiance values.

While the literature on PV emulator platforms has made significant contributions,
it also reveals several notable limitations. Firstly, most existing PV emulator platforms
are designed for low-power applications and are therefore not suitable for microgrid
integration, which typically requires higher power levels in the range of kilowatts [24-26].
Secondly, PV emulator platforms primarily focus on reproducing experimental I-V and
P-V curves, but they often fail to address dynamic changes in three critical parameters:
operating point, temperature, and irradiance [27-29]. Although a PV emulator based
on artificial neural networks and piecewise-linearization techniques, as proposed in [30],
introduces dynamic changes in irradiance, temperature, shading, and load, it does not fully
incorporate adjustments to the PV array’s operating point, such as tracking the MPP or PRP.
Moreover, the current literature lacks a comprehensive approach that provides insights into
a platform integrating power systems, control systems, measurement instrumentation, and
communication processes. This platform would facilitate dynamic adjustments in operating
points, temperature, and irradiance conditions for high-power applications intended for
microgrid integration.
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After analyzing the state of the art concerning PV emulator platforms in the literature,
it was concluded that existing platforms lack the necessary measurement, control, and
communication capabilities required for in-depth dynamic adjustment of operating points,
temperature, and irradiance in high-power applications. This gap, demonstrated in Table 1,
motivated the development of the PV emulator platform described in this paper.

Table 1. Comparison of key features in PV emulation platforms identified in the literature. In this
table, an ‘X" denotes that a platform possesses a particular feature as cited in a reference, while a *-*
means the absence of that feature in the reference.

Reproducing I-V Dynamlc. Chan.ges in Power 'Capac'lty for
Ref. Operating Points, Microgrid
and P-V Curves . .
Temperature, and Irradiance Integration
[24] X Only in irradiance -
[25] - - -
[26] X - X
[27] X - -
[28] X - -
[29] X - -
[30] X Only in temperature and )
irradiance
The proposed X X X
platform

This paper presents a PV emulator platform that provides a solution for integrating
PV systems into microgrids or directly connecting them to the grid. It efficiently manages
various operating points, including the MPP and specified PRPs. The platform features a
four-layer architecture that seamlessly integrates power systems, control systems, measure-
ment instrumentation, and communication processes, allowing for the precise emulation
of PV systems under controllable temperature and irradiance conditions. In addition, the
inclusion of a BESS emulator and the ability to follow sequences of operating points further
enhance the platform’s capability to dynamically manage energy within a microgrid. The
platform also serves as an invaluable academic tool for teaching the operational princi-
ples of PV systems, their modeling, control, and integration into microgrids. In addition,
the platform can also be used for developing components for PV systems, such as PV
inverters [31].

Table 1 provides a comparative overview of the key features identified in the discussed
literature, including the emulation of I-V and P-V curves, the dynamic changes in operating
points, temperature, and irradiance, as well as the power capacity for microgrid integration.
This table highlights the strengths and weaknesses of each reference, illustrating how
the proposed platform successfully achieves all these critical features, thereby filling the
identified research gap.

Based on everything discussed in this section, this paper is novel for the following reasons:

(1) The proposed platform facilitates the integration of PV systems into microgrids, offer-
ing a robust testing and development environment from the supplier’s perspective.

(2) It can emulate a wide range of PV systems, delivering output power according to
specific environmental conditions. This versatility is crucial in scenarios with diverse
energy consumers, such as residential houses and industrial facilities.

(3) The platform not only emulates but also facilitates the integration of PV systems within
a microgrid, whether operating at the MPP or in power reserve mode at the specified
PRP. This functionality is ensured by a microgrid interface (MGI) that allows the MGS
to specify the desired operating point, along with an adapted control algorithm that
targets this point. Both are seamlessly integrated into a robust communication layer.
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In addition, the platform is characterized by the following key features:

(1)  An Integrated Four-Layer Architecture: the platform incorporates four essential
layers—power, control, measurement, and communication—enabling precise control
over the PV array’s operating points under varying environmental conditions.

(2) Dynamic Testing Environment: by efficiently managing sequences of operating points
and incorporating a BESS emulator, the platform provides a robust environment for
microgrid testing.

(3) Advanced Control and Communication: The platform features sophisticated control
algorithms and communication protocols. These elements are comprehensively de-
tailed, enhancing the interaction between the hardware components and the MGI,
thereby significantly advancing the state of the art in PV emulation.

The rest of the paper is organized as follows: Section 2 outlines the theoretical frame-
work, experimental setup, and methodology employed in developing and evaluating the
PV emulator platform. Section 3 explores the platform’s four-layer architecture, detailing
the roles of each component. Section 4 presents the results from the experimental setups
conducted. The paper concludes with Section 5, which discusses the implications of the
findings, and Section 6, which summarizes the contributions of this study to renewable
energy research and offers insights into the developed platform.

2. Materials and Methods

The materials and methods used in this work are divided into two distinct subsections.
The first subsection establishes the theoretical framework for the platform’s components
that supply, convert, and store energy, including the PV array emulator, the DC-DC boost
converter, and the BESS. The second subsection details the setup of these emulated com-
ponents within the platform and the methodologies applied to evaluate the platform’s
performance, which includes a custom-designed experimental setup specifically built for
this analysis.

Furthermore, the platform is developed in accordance with the methodologies pre-
sented in [32], and its communication system design draws on insights from previous
studies [33,34].

2.1. Theoretical Framework of Power Systems in the Developed Platform

A deep understanding of the underlying concepts and the roles of the aforementioned
components is crucial for a full appreciation of the platform’s functionality, as well as for
the thorough analysis of the experimental results.

2.1.1. Photovoltaic Module: Characteristics and Modeling

The PV array emulator functions as a generation source by emulating a PV module,
which converts sunlight into electricity using semiconductor materials such as silicon
(5i), cadmium telluride (CdTe), and copper indium gallium selenide (CIGS), among oth-
ers [35]. The performance of a PV module is primarily characterized by its I-V and P-V
curves, reflecting how voltage, current, and power output vary with changes in irradiance
and temperature.

In this work, a five-parameter model (Iph, n, Iy, Rs, and Rg;,), known as 1IM5P, is used
to describe the I-V curve under varying irradiance and temperature conditions [11]. In this
model, each cell is represented by a current source in parallel with a diode, incorporating
both series resistance R and shunt resistance Ry, as illustrated in Figure 1.

According to this model, the output current I of the PV cell can be expressed as follows
(1) [11:

q(V + IRs)

L= V + IR
I=Ip—I|e nkT — —1|- T IR

R, (1)



Electronics 2024, 13, 3995

6 of 23

where I and V represent the output current and voltage of the PV cell, respectively; I, is
the photocurrent generated by sunlight; I is the diode saturation current; q is the electron
charge (q = 1.602 x 107 C); n is the ideality factor of the diode; k is the Boltzmann
constant (k = 1.3806503 x 10~23 ] /K); and T is the temperature of the cell.

mlD WV ZRa v

Figure 1. Electrical equivalent circuit using the 1IM5P model.

The parameters I, V, Iph, Iy, Rs, and Ry, as outlined in (1), are depicted in Figure 1
to facilitate understanding. Among these, Iph, Iy, n, Ry, and Rg must be determined,
typically through optimization techniques, such as the one employed in this work [36].
This technique utilizes data on technical characteristics, temperature coefficients, and
environmental conditions to ensure the above parameters are accurately fitted to the
provided PV module data. Once this process is completed, I is plotted against V for the
specified values of T and G, resulting in the I-V curve for the PV module.

The I-V curve that emerges from this modeling helps identify critical points like the
open-circuit voltage V. and short-circuit current I..

2.1.2. DC-DC Boost Converter and Operating Point Tracking

A DC-DC boost converter facilitates continuous adjustment of the operating point of
the PV array. In this work, a hybrid control strategy is employed, combining a Proportional—-
Integral (PI) control approach for the DC/DC boost converter with an adapted P&O
algorithm for the PV emulator. The PI controller generates the control signal for the
DC/DC boost converter to effectively regulate the output voltage, while the P&O algorithm
dynamically adjusts the voltage reference to track the operating point of the PV array.
This control strategy was chosen because it aligns well with the characteristics of the
experimental microgrid proposed and prioritizes energy efficiency while maintaining a
relatively simple implementation. Further details about this control strategy are provided in
Section 3.3. Changes in environmental conditions, particularly irradiance and temperature,
as well as shifts in the operating point—whether at the MPP or a PRP—affect the control
signal and, consequently, the performance of the PV array. In summary, the DC-DC
boost converter is essential for maintaining the desired operating point under varying
temperature and irradiance conditions, enabling the PV array to operate across its full
range and facilitating the acquisition of I-V and P-V curves.

2.1.3. Battery Energy Storage System

A BESS is essential for maintaining a fixed voltage at the output of the DC-DC boost
converter in isolated systems. The effectiveness of a BESS is monitored through two key
indicators: the State of Charge (SOC) and the State of Health (SOH).

The SOC, which indicates the current energy level of the battery, is calculated using (2):

SOC(t) = SOC(0) +

/Ot (Icharge(T ) — Idischarge(7)>dT )

Cnom
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where SOC(0) is the initial state of charge, Cnom is the nominal capacity of the battery, and
Icharge (T) and Igischarge (T) are the charging and discharging currents, respectively, over
time 7, defined in the interval [0, {].

The SOH, which represents the battery’s overall condition and its efficiency in storing
and releasing energy, is evaluated using (3):

sOH = Sactal 109 3)

nom

where C,tyal is the current actual capacity of the battery, and Cnom is the nominal capacity.

2.2. Experimental Setup and the Platform’s Evaluation Methodology

In this subsection, the setup for the emulated components in the platform and the
procedure for evaluating the platform’s performance are described.

First, the emulated components include the PV array and the BESS. The PV array
was implemented using a unidirectional DC power supply configured to emulate the
characteristics of the selected PV array but is versatile enough to represent a wide range of
PV systems. The specific characteristics of the PV module are presented in Table 2.

Table 2. Technical characteristics of the selected PV module.

Parameter Value

Ncell 36

Voc 27V

Isc 29A
Vinpp 183V
Impp 2.73 A
Xvoc —0.29506%/°C

Brsc 0.08558%/°C

Neen represents the number of cells per module, Vinpp and Impp denote the voltage and current at the maximum
power point, respectively, and ay,. and By, are the temperature coefficients for the open-circuit voltage and
short-circuit current, respectively.

To design the selected PV array, a setup of 10 panels in series and two panels in parallel
was used. This setup was selected to achieve a power output at MPP of approximately 1 kW,
with the corresponding voltage and current values detailed in Table 3. In configurations
like these, which generate high levels of output power, both the complexity of development
and the cost of equipment tend to increase [37-39].

Table 3. PV array configuration. The MPP value is defined by the voltage and current at MPP and is
given for T = 25 °C and I = 1000 W/m?2.

Parameter Value
Series PV Panels 10
Parallel PV Strings 2
MPP (183V,5.46 A)

Note that the parameters depicted in Tables 2 and 3 represent the necessary input for
the optimization technique employed to determine the I-V curve of the selected PV array.

Next, the BESS was implemented using a bidirectional power supply, reproducing
the behavior of a 350 V Li-Ion battery. The voltage and current characteristics of the Li-ion
batteries were configured using the EA® Battery Simulator v2.04 software, which acted
as a Battery Management System (BMS). The voltage lower cutoff was set to 2.8 V, and
the voltage upper cutoff to 4.2 V, with a layout of 94 batteries in series and one battery in
parallel to achieve the mentioned voltage (350 V). In addition, key indicators such as SOC
and SOH were monitored and managed using the software provided by the manufacturer.
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3. Developed Platform for PV System Integration into Microgrids

This section provides a detailed description of the developed platform, including its
components, their roles, and how they interact. It also includes details about the algorithms
implemented for data collection, control, and communication. The development of the
platform that follows is based on the fundamental concepts outlined in Section 2.1.

As shown in Figure 2, the platform comprises four distinct layers, each fulfilling a
specific role and establishing interactions between the different components of the platform.

BESS EMULATOR

rb

MODULAR IGBT
POWER STACK

MGl

PHOTOVOLTAIC DC-DC CONVERTER

OPERATING MODE CLIMATE CONDITIONS
werr fed
Power Reserve (%) ) H ¢ § =

Configure Inagance  Temperature

Bus Votage 10674

Bus Power 44587

Reference Vollage 10708

=) LAYER1
<= LAYER2
<€) AVER3
<= AYER4

PV ARRAY EMULATOR

Figure 2. Components of the platform for the characterization of PV arrays illustrating the four layers
and their interactions. The four layers are layer 1 (power), layer 2 (measurement), layer 3 (control),
and layer 4 (communication).

Layer 1 consists mainly of the power systems that supply, convert, and store energy in
the platform. This includes a unidirectional DC power supply acting as a PV array emulator,
a DC/DC boost converter for power management, and a bidirectional DC power supply
functioning as a BESS emulator. Layer 2 encompasses the measurement components, such
as voltage and current sensors, which are crucial for monitoring and control. Layer 3
includes the control system, featuring an acquisition and control board that ensures the
PV array emulator operates at any point within its performance curves, i.e., I-V and P-V
curves. Finally, Layer 4 involves the communication board and an MGI for configuration
and monitoring. All components involved in Layers 2, 3, and 4 are set in the measurement,
control, and communication (MCC) module, as shown in Figure 2. This module includes
the Data Communication Board (DCB), the Data Acquisition and Control Board (DACB),
and the sensors necessary for the measurement process. The functions, components, and
processes involved in each layer are described below.

3.1. Layer 1: Power

Layer 1 features a customized circuit, as shown in Figure 3, comprising a PV array
emulator, a DC/DC boost converter, a BESS emulator, and other electrical components
such as a resistor (R), an inductor (L) and a capacitor (C). The DC/DC boost converter
serves as a link between the generation source (PV array emulator) and the storage (BESS
emulator) and is essential for several reasons. Firstly, it regulates the voltage by stepping up
the output from the PV array emulator to match the voltage required by the BESS emulator,
which, in this case, is 350 V. Moreover, the DC/DC boost converter facilitates tracking of
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PV ARRAY
EMULATOR

N J \_m

O~

specified operating points, ensuring the PV array emulator functions effectively across all
performance curves.
l s1

DC/DC BOOST CONVERTER

u Iloal:l +
T2 BESS

- | EMULATOR
A S —

[

Operating
Point
m—b Tracking

Figure 3. Schematic diagram of the integration of the PV array emulator, the DC/DC boost converter,
and the BESS emulator. S1 indicates the fixed signal that keeps transistor T1 open. S2 indicates the
control signal coming from the operating point tracking process to transistor T2.

A power supply from the EA®-PST 9360-15 series (EA® Elektro-Automatik, Viersen,
Germany) [40] was selected as the PV array emulator. This initial use of a power supply to
emulate the real behavior of PV arrays provides an approach for testing and development.
However, the next objective will be to replace the emulator with actual PV arrays.

The output from the PV array emulator is connected to a custom-built DC/DC boost
converter featuring a modular IGBT power stack with reference MTM-1/2B21C0225F12HB
(GUASCH®, Barcelona, Spain) [41]. This converter includes two IGBTs (T1 and T2); in
this configuration, T1 remains open due to a fixed signal (S1), while T2 is driven by a
control signal (52). The modular IGBT power stack is complemented by a resistor (R), an
inductor (L), and a capacitor (C) to build the DC/DC boost converter, with values detailed
in Table Al of Appendix A.

Modeling the circuit depicted in Figure 3 focuses on the dynamic behavior of the
DC/DC boost converter under various operational conditions. Given that T1 remains open,
the behavior of T2 significantly influences the circuit dynamics. When T2 is on, the inductor
charges from the input, resulting in an inductor voltage V1, as defined by (4):

VL = Vin (4)

Here, Vi, represents the input voltage from the PV array emulator.
Conversely, when T2 is off, the inductor discharges to the output, leading to the
voltage at the inductor and the rate of change in inductor current as outlined in (5) and (6):

Vi=Vin—Vc ©)
dI,

where V(- denotes the capacitor’s voltage, which equals the output voltage Vout.



Electronics 2024, 13, 3995

10 of 23

The dynamics of the capacitor’s voltage are governed by the differential equation

shown in (7):
dV
(th = It — load )

where I, is the current through the inductor, and y,4 is the total current flowing through
the RC load, calculated as follows in (8):

C

hosa = -+ CYE ®

The output of the boost converter, i.e., the RC parallel branch depicted in Figure 3, is

connected to a power supply from the EA®-PSB 9000 3U series (EA® Elektro-Automatik,

Viersen, Germany) [42]. This power supply, which emulates the behavior of a 350 V Li-Ion

battery, imposes the output voltage Vot referred to above. This setup functions as a BESS,

allowing for operations both as an energy source and a sink. It enables charge and discharge
cycles while monitoring and controlling the key indicators of the BESS.

3.2. Layer 2: Measurement

Layer 2 handles the acquisition of voltage and current measurements from the PV
array emulator and forwards them to the next layer, the control layer. The sample time T;
considered in this work was 1 ms.

The DACB includes all sensors in this layer: a current transducer for measuring
voltage (LEM® LV 25-P) [43] and a non-invasive current sensor (LEM® LA 55-P) [44], both
manufactured by LEM® International SA in Geneva, Switzerland. The temperature and
irradiance sensors were excluded from the DACB because the platform aims to emulate real
conditions within a laboratory environment, not to conduct tests with actual equipment
outdoors. Accordingly, the values normally provided by these sensors, T for temperature,
and G for irradiance, are artificially generated on the DACB based on historical data relevant
to the specified location, as depicted in Table 4. Furthermore, other instruments, such as
multimeters and oscilloscopes, were employed to assess voltage and current measurements
and to display control signals, respectively.

Table 4. Cases in the proposed sequence, each specifying irradiance levels (W/m?), operating points,
and durations (hours).

Case Irradiance Operating Point Duration (h)
1 900 PRP at 80% 1
2 900 PRP at 60% 1
3 700 PRP at 80% 2
4 500 MPP 2

3.3. Layer 3: Control

Layer 3 enables the PV array emulator to operate at any point within its performance
curves, including the MPP or a specified PRP while accounting for variations in temperature
and irradiance. To achieve this, Layer 3 employs a hybrid control strategy that combines PI
control with an adapted P&O approach. This system integrates the DACB, an Arduino®
MEGA (Arduino® SA, Ivrea, Italy) [45], and a custom-developed algorithm programmed
on the board.

The systematic approach for controlling the PV array’s operating point is depicted in
a comprehensive flowchart, as illustrated in Figure 4.
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Initialize Vier, va,prev; va,prev;
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No

End?
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Figure 4. Flowchart illustrating the steps of the hybrid control strategy for controlling the PV array’s
operating point.

The algorithm begins with the initialization of all necessary parameters. This involves
setting the initial reference voltage, Vi, to 3% above the theoretical MPP. This setting
represents the starting point for the control system to begin tracking the MPP of the PV
array emulator. In addition, it is necessary to initialize the starting values for the previous
iteration for both the PV voltage Vpy,prev and PV power Ppy prev, both of which are set from
zero. The temperature T and irradiance G are also provided, depending on the specified
case. Regarding the P&O algorithm, it is essential to establish the step size AV, set to 0.5%
of Vief to represent a small perturbation in voltage as the algorithm progresses. Finally, the

PI controller parameters (Kp, K;, and Ts) are set based on manual tuning, as depicted in
Table A2 of Appendix A.
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At this stage, the voltage V,y and current I,y of the PV array are measured using
the DACB. With these measurements, the power output of the PV array Ppy is calculated
using (9):

va - VpV'IpV (9)

Next, the MGS establishes how the PV array should operate, whether at the MPP or a
specified PRP.

If the system is to operate at the MPP, the P&O algorithm is employed. This algorithm
adjusts the reference voltage V;.f by comparing the current PV power Py with the previous
PV power Ppy prev- If the power increases, Vi is adjusted with a small perturbation AV in
the same direction; otherwise, the direction is reversed.

If the system is configured to operate at a specified PRP, the reference voltage Vi, is
adjusted to a value on the P-V curve that corresponds to the reduced power setting. Given
that the power at the MPP is known, setting the power reserve at 80% means that the power
at the PRP will be 20% less than at the MPP. Consequently, the reference voltage Vi is
adjusted to match this reduced power level on the P-V curve.

Subsequently, the output voltage of the PV array V,y is measured. This value should
be around the reference voltage V,.¢. The error signal e for the PI controller is then calculated
as (10):

e = Vier — va (10)

Using the error signal, the PI controller calculates the new control signal D, which
is then applied to the DC/DC boost converter. As shown in Figure 3, this control signal,
identified as S2, is applied to transistor T2. Since the DC/DC boost converter operates
with pulse width modulation (PWM), the control signal D determines the duty cycle of the
PWM. The control signal is calculated as shown in (11):

D[n] = D[n — 1] 4+ Kp-e[n] + K;- i e[k]-Ts (11)
k=0

where n represents the discrete time step.
The algorithm runs continuously, repeating the process from measuring the PV pa-
rameters to updating the control signal until an affirmative end condition is met.

3.4. Layer 4: Communication

Layer 4 provides the MGS with an MGI for configuration and monitoring, as shown in
Figure 2. The platform supports two simultaneous processes, both critical to achieving the
desired objective: continuous data collection from the PV array emulator and the ability
for the MGS to establish the operating point of the PV array emulator at any moment. To
facilitate this, full-duplex communication between the DACB and MGI was developed
using a Raspberry Pi® 3 Model B+ (Raspberry Pi® Foundation, Cambridge, UK) [46], which
serves as the DCB. On the DCB, three Python algorithms were developed to manage these
processes: one for each process and another to ensure the simultaneous execution of both.

The algorithm shown in Figure 5 handles continuous data collection from the PV array
emulator and transmission to the MGI. Meanwhile, the algorithm in Figure 6 manages the
setting of the operating point from the MGS and transmission back to the PV array emulator.

The algorithm illustrated in Figure 5 involves collecting and transmitting data from
the PV array emulator to the M(I, facilitated by the DACB and DCB. Specifically, these
data include the measured voltage and current from the PV array emulator (Vpy and Iy,
respectively), the power output Py, determined as described in (9), the measured reference
voltage Vief, and the temperature T and irradiance G that were set. All these parameters
are displayed on the MGL

Initially, the DCB establishes serial communication with the DACB using the R5232 in-
terface, which operates in half-duplex mode. The communication proceeds at a baud
rate of 57,600 bps, with data transmitted in a 10-bit frame—consisting of 1 start bit,
8 data bits, and 1 stop bit—in hexadecimal format. Subsequently, the DACB acquires
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the mentioned data from the PV array emulator and transmits them back to the DCB
via serial communication. The DCB then transmits these data to the MGI via WebSocket,
where the DCB acts as the server and the MGI as the client. The algorithm awaits an
acknowledgement (ACK) from the MGI to confirm successful data receipt. Upon receiving
an ACK, the data are sent and monitored via the MGI. The algorithm repeats this process,
from reading data from the PV array emulator to transmitting data to the MGI, until an
affirmative end condition is met.

The DCB initializes serial communication
with the DACB

v

3 The DACB acquires data from the PV array emulator
and sends it to the DCB

I The DCB sends data to the HC

Does the DCB
receive an ACK from
the MGI?

No

Data from the DCB are sent to the MGI

Data are monitored on the MGI

No
End?

Yes

Figure 5. Flowchart illustrating the communication processes for continuously collecting data from
the PV array emulator.

The algorithm depicted in Figure 6 is designed to set a sequence of operating points
for the PV array emulator, as determined by the MGS.

To start, the DCB establishes serial communication with the DACB. The MGS then
configures an initial sequence of operating points, which may vary based on changes in
irradiance and temperature. For each point in the sequence, the MGS must specify whether
it is the MPP or a designated PRP, along with the corresponding temperature and irradiance
levels. During each iteration, the MGI sends the current operating point to the DCB, which
then transmits it to the DACB. The algorithm waits for an ACK from the DACB to confirm
the successful setting of each operating point in the sequence. Once an ACK is received,
the operating point is set for the specified duration. After all points in the sequence are set,
the MGS may initiate another sequence. As previously mentioned, changes to an ongoing
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1 Start )
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Y
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Y
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point for the PV array emulator
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sequence are possible, aligning with real-world scenarios where irradiance and temperature
fluctuate. The algorithm repeats this process until an end condition is met.

Figure 6. Flowchart illustrating the communication processes used to set a sequence of operating
points for the PV array emulator.
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3.5. Overview of the Developed Platform

The platform described in the previous subsections is shown in Figure 7. It comprises
four layers, each with a specific objective and set of elements. Layer 1 (power) includes the
PV array emulator (labeled as 4 in Figure 7) and the DC/DC boost converter (6), consisting
of the modular IGBT power stack and electrical components. Layer 2 (measurement) en-
compasses the DACB (5), the oscilloscope (2), and the multimeters (3). Layer 3 (control) also
utilizes the DACB (5), while layer 4 (communication) involves the DCB (5) and the MGI (1).
The following section will present the results obtained using this developed platform.

Figure 7. The developed platform used for PV emulation. The numbers in the figure correspond to
the following components: 1. MGI, 2. Oscilloscope, 3. Multimeters, 4. PV array emulator, 5. MCC
module, consisting of DACB and DCB, 6. DC/DC boost converter.

4. Results

The evaluation methodology focused on assessing the platform’s capability to facilitate
the integration of PV systems into microgrids. Specifically, it examined the platform’s effec-
tiveness in managing operating points, such as MPPs or PRPs, under varying conditions as
indicated by the MGS.

Initially, the MGS programmed various operating points for the PV array described
in Section 2.2. The objective of this first step was to individually evaluate the deviations
between theoretical and experimental power readings for MPPs and PRPs under varying
conditions. This was followed by a comparative analysis with findings from other studies.

After assessing how the platform adjusted these operating points, a selection was made
based on specific criteria, further explained, to include them in a sequence. This sequence
was designed to verify whether the platform could accurately follow the operating points
previously specified by the MGS based on predicted generation and demand within a
microgrid. This involved an experimental test covering multiple cases. Each case was
defined by specific irradiance values, operating points, and durations, as detailed in Table 4.
These cases spanned a period from the afternoon to the day’s end, when irradiance typically
decreases, representing a typical daily scenario for the proposed evaluation. Standard
values from the literature [47] were used to select the values for irradiance and power
reserve. It is important to note that, in reality, irradiance levels do not remain constant over
the duration considered. For instance, in case 1, an irradiance of 900 W/m? would not be
constant for one hour. This is a simplification, and thus, this approach is applicable only
under simulated or emulated conditions. To evaluate the platform’s ability to follow the
established sequence, theoretical and experimental power values were compared.
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The irradiance and temperature values used in the experimental setup were artificially
generated based on historical data specific to the location. Table 4 presents the irradiance
values for the proposed cases, while the temperature value was kept constant at 25 °C for all
cases. This is because, in real-world applications, temperature fluctuations generally occur
more gradually compared to the rapid and often challenging changes in irradiance, such as
those caused by shading conditions. It is important to note that the MPP value shown in
Table 3 corresponds to T = 25 °C and I = 1000 W/m?. Consequently, as the irradiance varies
in the proposed cases, the MPP shifts according to the theoretical performance curves of
the selected PV array.

The results are detailed in the following subsections.

4.1. Performance in Adjusting Operating Points

In this subsection, the MGS programmed various operating points for the selected PV
array, following the steps outlined in Figure 6. The objective was to evaluate the platform’s
ability to adjust to different operating points, characterized by irradiance values of 900, 700,
and 500 W/m?, a constant temperature of 25 °C, and operating points at both MPP and
PRP at 80% and 60%. To conduct the evaluation, the deviations between the theoretical and
experimental power readings were analyzed.

The theoretical I-V and P-V curves of the selected PV array were simulated based on
its mathematical model, as described in Section 2.1.1, using the parameters provided in
Tables 2 and 3. Both curves are shown in Figure 8 under the specified irradiance levels.

T T T T
6 5 .
900 W/m
<, 700 W/m? |
3 500 W/m?
S2r -
O 1 1 | 1
0 50 100 150 200 250
Voltage (V)
S 700 W/m?
S 500 fn |
(@]
o
0 | | | 1
0 50 100 150 200 250
Voltage (V)

Figure 8. I-V and P-V curves of the selected PV array at 25 °C and irradiance levels of 500, 700, and
900 W/m?.

Figure 9 highlights the differences between theoretical operating points, derived from
the 1IM5P model as the ideal values, and the experimental operating points, obtained using
the developed platform. It is important to note that we used the 1M5P model because it is
the model used for the PV emulator.
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Figure 9. P-V curves of the selected PV array under varying irradiance levels, with the identification
of the theoretical MPP (MPP sim.) and experimental MPP (MPP exp.), as well as experimental PR
(PR exp.) points at 80% and 60% on each curve.

In addition, Table 5 presents the deviations in power output between theoretical and
experimental values for each irradiance level shown in Figure 9. It is important to note
that the power deviation represents the average for all operating points within the same
irradiance level.

Table 5. Comparison of power deviations for the identified cases in Figure 9.

Irradiance Operating Point Power Deviation

MPP
900 PR = 80% 3%
PR = 60%

MPP
700 PR = 80% 4.67%
PR = 60%

MPP
500 PR = 80% 3.81%
PR = 60%

Moreover, an oscilloscope was used to verify the signals from the developed platform,
as shown in Figure 10. The red trace displays S2, which is the control signal applied to
transistor T2 (see Figure 3). This signal exhibits the typical square-wave characteristics of
a PWM signal, controlling the transistor’s switching actions. The yellow trace illustrates
the voltage across transistor T2, indicating its on—off states. The purple trace represents
the current sensor voltage from the PV array emulator, exhibiting a sawtooth pattern that
captures the inductor current’s response to the transistor’s switching, influenced by the
control signal for the DC/DC boost converter. Lastly, the green trace indicates the voltage
sensor output from the PV array emulator.
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Figure 10. Signals representing the control signal applied to transistor T2 (red trace), the voltage

across transistor T2 (yellow trace), the current sensor voltage from the PV array emulator (purple
trace), and the voltage sensor output from the PV array emulator (green trace). All signals are
measured in V.

4.2. Performance in Following Operating Point Sequences

In this subsection, selected operating points identified in Figure 9, along with their
durations, were incorporated into a sequence based on the criteria outlined in Section 2.2,
reflecting typical daily operations in a PV system. This approach allowed for the evaluation
of the platform’s capability to manage a sequence of operating points, assessing its potential
to facilitate the integration of PV systems into microgrids.

The sequence proposed in Table 4 was executed to compare the theoretical and experi-
mental power outputs for each case in the sequence. The results of applying this sequence
to the PV array emulator are shown in Figure 11, which displays both the theoretical
and experimental power across the duration considered. It is important to note that each
transition depicted in Figure 11 corresponds to a case change, as detailed in Table 4.

750 T T T T T T T T

P sim.

P exp.
700 .
650 [ .

Power (W)
(@]
o
o

550 f .

500 [ =

450 1 1 1 1 1 1 1 1
0 20 40 60 80 100 120 140 160 180

Time (min)

Figure 11. Comparison of theoretical power output (P sim.) and experimental power output (P exp.)
of the selected PV array for the cases considered in Table 4.
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5. Discussion
5.1. Performance in Adjusting Operating Points

Figure 8 shows the I-V and P-V curves for the selected PV array, demonstrating
behavior consistent with typical patterns [48]. As irradiance decreases, the MPP shifts to
lower power and current levels.

Figure 9 and Table 5 offer a visual and analytical discussion, respectively, of the
performance of the developed platform in adjusting the operating point of the PV array
emulator. Figure 9 illustrates the alignment between the theoretical and experimental MPPs,
with the PRPs closely surrounding the P-V curve. Notably, all experimental points lie below
the P-V curve, indicating that experimental power is lower than theoretical power—a
common occurrence in real-world scenarios [49]. Table 5 provides a detailed comparison
of the deviations between theoretical and experimental power outputs across different
irradiance levels. The deviations generally range between 3% and 4.67%, demonstrating
that experimental results closely approximate theoretical values. This conclusion is based
on the evaluation of nine operating points with varying irradiance levels, as shown in
Figure 9, which are most relevant to the intended application, as outlined in Section 4.
However, several operating points under various temperature and irradiance conditions
were tested.

At an irradiance of 900 W/m?, a minimal deviation of only 3% is observed. When the
irradiance is reduced to 700 W/m?, the deviation at the MPP increases to 4.67%, suggesting
a decrease in power output accuracy at lower irradiance levels. The lowest irradiance level
considered, 500 W/m?, shows a deviation of 3.81%. The mean power deviation across all
tested irradiance levels is calculated at 3.83%, with the maximum power deviation reaching
4.67%, highlighting slight differences. These values, falling within the typical efficiency
range of 95% to 98%, are considered acceptable [50]. It is important to note that each power
deviation value shown in Table 5 represents the average of deviations across different
operating points at a given irradiance level. This approach was chosen because the power
deviation values for the various operating points under the same irradiance value were
similar, facilitating further analysis. Despite these minor variations, the minimal deviations
detailed in Table 5 highlight the platform’s consistent performance across different settings.

The signals displayed in Figure 10 show the dynamic behavior of key points in the
developed platform, including the PWM signal (red trace), the voltage across T2 (yellow
trace), the current sensor voltage from the PV array emulator (purple trace) and the voltage
sensor output from the PV array emulator (green trace). The red and yellow traces confirm
the effective switching operation of transistor T2, controlled by the PWM signal generated
by the DACB. The purple and green traces provide insights into the inductor current and
output voltage behaviors, respectively. Specifically, the alternating pattern of the purple
trace is crucial as it confirms the DC-DC boost converter’s response to control adjustments,
and the slight noise level of the green trace suggests the potential need for improved voltage
sensing methods or better filtering to achieve more stable output voltage.

In summary, the results showed that the operating points adjusted by the platform
deviated by no more than 5% from theoretical values, highlighting the platform’s potential
for managing operating points in PV systems. This achievement serves as the foundation
for the next assessment: evaluating whether the platform can effectively follow a sequence
of operating points.

5.2. Performance in Following Operating Point Sequences

Figure 11 visually compares the platform’s adherence to the sequence of operating
points defined in Table 4, specifically evaluating the communication process used to estab-
lish these operating points, as detailed in Figure 6.

This comparison highlights the platform’s ability to match the proposed sequence,
showing that the deviations between the theoretical and experimental results, as observed
in Figure 11, fall within an acceptable range because the cases conducted are some of the
selected in Section 5.1. This not only demonstrates the platform’s capability to precisely
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control the operating point of the PV array in a sequence but also emphasizes the reliability
of the communication process between the MGI and the PV array emulator in executing
the necessary command sequences. Allowing the MGS to select a sequence of operating
points for PV systems aligns the development with real-world scenarios and offers a more
automated method of control.

In summary, the results demonstrate the platform’s capability to effectively manage
the operating points of a PV array according to a predefined sequence, thereby facilitating
the integration of PV systems into microgrids.

6. Conclusions

Photovoltaic solar energy plays a crucial role in the global transition toward decar-
bonization, making PV systems indispensable for capturing solar power. Integrating these
systems into microgrids is essential for increasing the share of renewable energy in the
overall energy mix, thereby reducing reliance on fossil fuels. However, this integration
presents significant challenges, including the variability of photovoltaic solar energy pro-
duction, the need for efficient energy management, and the complexities involved in grid
synchronization and communication between all components.

PV emulator platforms have emerged as powerful tools to provide effective solutions
to these challenges, enabling the precise management of the PV array’s operating points in
a controlled environment. This allows for the replication of a wide range of power outputs
and environmental conditions without geographic or meteorological constraints.

Despite progress, existing PV emulator platforms often lack comprehensive integration
of measurement, control, and communication capabilities, as well as a controllable environ-
ment for varying operating conditions, limiting their effectiveness in microgrid scenarios.

This paper presents a PV emulator platform designed to address these gaps by in-
tegrating power systems, real-time control systems, measurement instrumentation, and
communication processes. These integrated features enable precise emulation of PV be-
havior under various operating conditions. The platform ensures reliable operation at
critical points such as the MPP or a specified PRP, and its integration with other microgrid
components is seamless. Furthermore, its capacity to adjust and follow sequences of op-
erating points significantly enhances its dynamic energy management capabilities within
microgrid applications.

The platform demonstrated a high level of performance, with efficiency ranging
from 95% to 98%, and successfully followed sequences of operating points, significantly
improving the integration of PV systems into microgrids.

While the current development of the platform does not consider the impact of shading on
PV systems, this aspect may be addressed in future work to enhance the platform’s applicability.

The platform benefits various stakeholders by improving system efficiency and stabil-
ity while also serving as an educational tool for understanding PV system operation. For
microgrid operators, it offers a valuable tool for remote monitoring and energy optimiza-
tion, particularly in isolated microgrids where consistent energy access is critical. End-users
enjoy more reliable and cost-effective energy solutions, while academic institutions can
utilize this platform to enrich solar technology education and research.

Finally, the contributions of this work are twofold. First, it advances the field of
photovoltaic solar energy research, particularly in the study of PV systems. Second, it
provides a practical tool that enhances the design and management of PV systems within
microgrid environments, furthering the path to decarbonization.
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Appendix A. Related to the Developed PV Emulator Platform

Table A1l. Parameters involved in the DC/DC boost converter.

Parameter Value
R 68 kO)
L 6.8 mH
C 850 uF

Table A2. PI controller parameters.

Parameter Value Unit
Kp 7 -
K; 0.003 -
Ts 0.001 s
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