
Citation: Guimaraes, B.P.B.; Ribeiro

Junior, R.F.; Andrade, M.V.; dos Santos

Areias, I.A.; Foster, J.G.L.; Bonaldi,

E.L.; Assuncao, F.d.O.; de Oliveira,

L.E.d.L.; Steiner, F.M.; EL-Heri, Y. The

Development of a Reduced-Scale

Laboratory for the Study of Solutions

for Microgrids. Energies 2024, 17, 609.

https://doi.org/10.3390/en17030609

Academic Editor: Sarvar Hussain

Nengroo

Received: 19 October 2023

Revised: 16 January 2024

Accepted: 23 January 2024

Published: 26 January 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

energies

Article

The Development of a Reduced-Scale Laboratory for the Study of
Solutions for Microgrids
Bruno Pinto Braga Guimaraes 1,2, Ronny Francis Ribeiro Junior 1,2,* , Marcos Vinicius Andrade 1,
Isac Antonio dos Santos Areias 1,2, Joao Gabriel Luppi Foster 1,2 , Erik Leandro Bonaldi 1,
Frederico de Oliveira Assuncao 1, Levy Ely de Lacerda de Oliveira 1, Fabio Monteiro Steiner 3 and Yasmina El-Heri 4

1 R&D Department, Gnarus Institute, Itajuba 37500-052, MG, Brazil;
brunoguimaraes@institutognarus.com.br (B.P.B.G.); mv4ndrade@gmail.com (M.V.A.);
isac@institutognarus.com.br (I.A.d.S.A.); fosterelt@unifei.edu.br (J.G.L.F.);
erik@institutognarus.com.br (E.L.B.); fredeoa@gmail.com (F.d.O.A.);
levy@institutognarus.com.br (L.E.d.L.d.O.)

2 Office of Research and Graduate Studies (PRPPG), Federal University of Itajuba, Itajuba 37500-903, MG, Brazil
3 EDF Norte Fluminense, Macae 27910-970, RJ, Brazil; fabio.steiner@edfbrasil.com.br
4 GNA Gas Natural Acu S/A, Sao Joao da Barra 28200-000, RJ, Brazil; yasmina.elheri@gna.com.br
* Correspondence: ronny@institutognarus.com.br

Abstract: The integration of renewable energy sources is crucial for achieving sustainability and
environmental preservation. However, their intermittent nature poses challenges to electrical sys-
tem stability, requiring robust integration strategies. Microgrids emerge as a flexible solution, but
their successful deployment requires meticulous planning and intelligent operation to overcome
these challenges. This paper presents the development of a reduced-scale laboratory dedicated
to researching both hardware and software solutions for intelligent microgrid management. The
laboratory was designed to incorporate key components that are becoming increasingly important in
the present microgrid context, including renewable energy generation, storage systems, electrolyzers
for hydrogen production, and combined heat and power sources. While some equipment consists
of commercial models, the battery bank, converter, and supervisory systems were custom-designed
to meet the specific requirements of the laboratory. The laboratory has proven itself as a robust tool
for conducting studies on microgrids, effectively incorporating essential components, addressing
pertinent system issues, and allowing for several tests on converting control algorithms.

Keywords: microgrids; power electronics; power management; hydrogen generation; renewable
energy sources; supervisory system; distributed generation

1. Introduction

The increasing integration of renewable energy sources is paramount in reshaping the
energy landscape, providing a pivotal response to contemporary sustainability challenges.
The utilization of RES, such as solar and wind resources, not only curbs greenhouse gas
emissions but also diminishes reliance on fossil fuels. Moreover, this diversification of the
energy mix bolsters supply security. However, the intermittent and stochastic characteristics
intrinsic to RES exert profound ramifications on electrical system stability. Consequently,
there emerges a demand to develop robust integration strategies capable of handling the
innate variability and unpredictability of these sources [1,2].

Microgrids represent an innovative and strategic answer to the complexities stemming
from the increasing integration of renewable energy sources into power grids. A microgrid
constitutes a remarkably adaptable, dynamic, and manageable entity, encompassing mi-
crogeneration units that draw upon renewable energy sources or low-carbon technologies,
serving combined heat and power functions, energy storage mechanisms, and diverse
loads [3–6].
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Nevertheless, this utopian vision is accompanied by challenges in the system control
and management. These challenges encompass power allocation, power quality assurance,
stability assurance, environmental considerations, and economic viability [7]. Achieving
these objectives mandates not only meticulous planning and MG system design but also
astute and intelligent operation of its constituent elements, while duly acknowledging
practical considerations.

Designing an MG interface control strategy is a crucial topic to handle. An MG can
function as either a grid-connected system or an island. However, utilities and current
standards [8,9] prohibit the operation of MGs on islands. The primary reasons for deliberate
islanding are safety concerns regarding the powered section of the utility system, as well as
the complicated control, communication, and protection requirements [10,11].

The development of power electronics has rendered power converter-interfaced dis-
tributed generation units capable of furnishing dependable power provision to end-users,
thereby facilitating the assimilation of sophisticated control algorithms [7]. This evolution
forms a crucial facet of enabling the realization of MG objectives.

Furthermore, microgrids can function as innovations and experimental platforms for
novel demand management tactics, grid control techniques, and the integration of commu-
nication technologies. The coordination of local resources within a microgrid, facilitated
by adept controllers and communication systems, empowers the distribution-level power
infrastructure with substantial autonomy. This autonomy not only makes the assimilation
of intermittent renewable energy easier but also bestows microgrids with a proactive role
in stabilizing and controlling the broader electricity system. In this capacity, microgrids
serve as buffers, adeptly absorbing fluctuations in both generation and demand, thereby
contributing to overall system stability and control [3,12,13].

To optimize microgrid operation, control techniques require communication networks
or linkages between levels [14]. Create communication interfaces to offer bidirectional
channels for information flow between controllers [15]. Data flow between nodes in both
directions, with each node capable of receiving and sending data via links to other nodes or
endpoints. Microgrid nodes give information and communication capabilities to dispersed
energy resources, resulting in intelligent electronic devices (IEDs) [16]. The microgrid
controller may interface with IEDs and other components to send data and control orders.

This article addresses a significant gap in current research by introducing a scaled-
down laboratory for developing and testing hardware and software associated with power
electronics-based devices in the context of microgrids. While contemporary studies pre-
dominantly focus on microgrids within the system and integration domain, there is a
notable lack of emphasis on hardware and its potential applications in industrial settings.

Notably, in works by Rojas et al. [17] and Jabbar et al. [18], microgrid laboratories
are presented where the supervisory system is implemented using LabVIEW 2019 soft-
ware. In contrast, our developed supervisory system utilizes Elipse E3 (version 6) software,
founded on the SCADA system. This choice facilitates more agile data acquisition and visu-
alization, rendering it better suited for industrial applications. Furthermore, the licensing
cost of Elipse is considerably lower than that of LabVIEW.

In other studies [13,19,20], complete microgrid laboratories are showcased, albeit with
simulated hardware. Sbordone et al. [21] employ physical hardware but with low power
capacity. To bridge the gap and bring the laboratory closer to a real-world scenario, we
have developed/used hardware with power levels closely resembling real-world situations
on a small scale.

In line with the growing trend towards hydrogen as a clean fuel, our laboratory
setup incorporates an electrolyzer in an alkaline environment to explore its integration
into microgrids. Given the ongoing consolidation of this scenario, there is a scarcity of
literature addressing the specific challenges and considerations related to the incorporation
of electrolyzers into microgrids.

Laboratories such as Merabet et al. [22], Akpolat et al. [23], and Patel et al. [24]
introduce microgrid laboratories featuring electrolyzers in their setups. However, these
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systems typically exhibit topologies with sets of renewable sources and electrolysis units
connected in a common DC system—a configuration not conventional in an industrial
context. To enhance the scalability of these systems for real-world installations, a strategic
decision was made to connect the majority of these DC-based components to an AC bus
through dedicated converters.

This AC-oriented approach provides a platform for studying the impacts on specific
loads, such as electrolyzers, in terms of power quality. Moreover, it enables the devel-
opment of hardware and software devices geared towards mitigating potential issues
associated with these components, thereby addressing critical aspects of their integration
into microgrids.

The majority of publications focusing on microgrid laboratories typically take into con-
sideration more conventional renewable sources such as wind generators and photovoltaic
arrays. Consequently, certain promising generation and cogeneration technologies are often
overlooked despite their considerable potential. Our laboratory endeavors to broaden this
perspective by integrating non-traditional cogeneration sources, such as the thermoelectric
generator (TEG) system. The TEG system is founded on harnessing thermal energy ex-
pelled in industrial microgrids or generator plants, as seen in thermoelectric power stations.
The inclusion of these less conventional sources in the laboratory setting aims to enhance
our understanding and refinement of hardware systems and algorithms. This approach is
geared towards improving overall efficiency while fostering a more synergistic integration
with microgrid structures and their diverse energy demands.

The paper is organized as follows: Section 2 introduces the equipment used in the
laboratory. Section 3 presents the control loops pertinent to the devised converters. Section 4
presents the results associated with the operation of the laboratory with special attention to
the non-commercial devices that were developed. Finally, Section 5 concludes the paper
and presents suggestions for future work.

2. Description of the Reduced-Order Laboratory

The 12 kW power laboratory comprises a combination of commercial components
and in-house developed hardware and software prototypes. This configuration aims to
create a straightforward yet resilient testing environment capable of emulating the intricate
behavior and dynamics of a microgrid. The electrical setup follows a three-phase structure,
with a 220 V line-to-line voltage operating at 60 Hz, aligning with the established standard
for the Brazilian low-voltage grid.

Figure 1 presents the arrangement of all laboratory components. As depicted, along-
side the generation sources, storage systems, and loads, the laboratory features a super-
visory system. This system assumes responsibility for the synchronized monitoring and
control of microgrid components.

Figure 1. Schematic of the microgrid implemented in the laboratory.
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Furthermore, the laboratory makes easier testing under islanded mode operation,
where the microgrid is deliberately isolated from the primary grid through a remotely
controlled switch. During this mode, the converter linked to the storage system and
TEG cogeneration assumes the role of a grid-forming converter. It can not only identify
instances of main grid disconnection but also effectuate reconnection once the primary grid
is restored to operation.

2.1. PV System

To emulate PV generation, a commercial three-phase photovoltaic inverter, presented
in Figure 2 and Table 1, was selected. Opting for this commercial inverter is guaranteed,
given its pre-existing algorithms tailored for photovoltaic operation. Moreover, its nominal
power and voltage align seamlessly with the microgrid’s designated parameters. The tri-
phase capability enables uniform power injection across all three phases. Consequently,
this singular inverter adeptly emulates, efficiently and cost-effectively, the impact of a PV
farm integrated within the microgrid.

Figure 2. Fronius Symo Brazil photovoltaic inverter [25].

Table 1. Basic characteristics of the Fronius Symo Brazil photovoltaic inverter [25].

Inverter Fronius Symo Brazil
Numbers of MPPT 2
MPP voltage range 300–500 V

Total power 10 kW
AC output voltage 208–240 V

To circumvent reliance on solar irradiance, which is inherently intermittent, a delib-
erate choice was made to energize the inverter via a regulated voltage source capable of
simulating the standard PxV curve exhibited by PV panels. Employing this controlled
voltage source offers the advantage of spatial optimization within the laboratory. This
approach proves especially practical, as a photovoltaic panel array would necessitate a
larger installation area. The structure of the controlled voltage source is shown in Figure 3
and Table 2.

Figure 3. Controlled voltage DC source [26].
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Table 2. Basic characteristics of the controlled voltage DC source [26].

Power supply FCC 400-50i
Output voltage range 0–500 V

Output current 0–8 A
Output power 4 kW

To parameterize the PV curves utilized throughout the testing process, the voltage
source manufacturer supplies software that empowers users to tailor the intended PxV
curve characteristics. This software additionally affords the flexibility to establish multiple
PxV curves concurrently, enabling adjustments to generation levels and maximum power
points over regular intervals. Figure 4 illustrates the software’s parameterization interface.
This interface allows for the definition of parameters linked to the PV configuration. For in-
stance, users can specify the voltage of the PV panel, the quantity, and the arrangement
within the array.

Figure 4. DC voltage source software parameterization interface.

2.2. Electrolyzer

The laboratory is also equipped with a 5 kW alkaline electrolyzer, enabling the emula-
tion of a microgrid incorporating a hydrogen production facility. The selection of an alkaline
electrolyzer was based on its established maturity, commendable efficiency compared to
other burgeoning water electrolysis technologies, and cost-effectiveness [27,28].

While the equipment is commercially available, its software has been customized
to integrate control features and facilitate full external control. These added function-
alities encompass the regulation of voltage and current during the electrolysis process.
This enhancement empowers the system operator with greater autonomy over the opera-
tional processes.

When it comes to electrical infrastructure, it is necessary to use a transformer to adjust
the 220 V of the laboratory grid to 380 V of the nominal input voltage of the inner controlled
DC voltage source that feeds the equipment. The alkaline electrolyzer is shown in Figure 5
and Table 3.
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Figure 5. LBEX-5K Alkaline Electrolyzer [29].

Table 3. Basic characteristics of the LBEX-5K Alkaline Electrolyzer [29].

Electrolyzer LBEX-5K
Type of electrolysis Alkaline

Power supply 220 V Three-phase
Power <5 kW

Hydrogen production 1000 L/h
Oxygen production 500 L/h
Water consumption 800 mL/h

Hydrogen purity 99.7–99.9%
Oxygen purity 98%

2.3. TEG

Thermoelectric generators have been gaining substantial attention due to their noise-
less operation, light weight, and compact design [30]. They have found successful applica-
tions in various fields, including solar energy harvesting, automobiles, biomedical devices,
and industrial processes [31].

Indeed, TEGs have the remarkable capability to directly convert heat energy into
electricity. This unique feature positions them as an ideal choice for capturing and utilizing
waste heat produced in industrial processes. TEGs can operate efficiently even at extremely
high temperatures, significantly boosting energy efficiency and aligning with eco-friendly
practices in industries [32].

The Seebeck effect is the underlying idea behind TEGs. When there is a temperature
difference, a voltage is created across two conductors connected in series and thermally
in parallel [33]. This effect allows TEGs to harness energy that would normally be wasted
as heat.

A thermoelectric generator module is normally made up of several interconnected
legs that are placed on a common assembly base and coupled to ceramic sheets, essentially
creating the hot and cold sides of the TEG module. The interfaces for the heat source and
sink of the TEG module are located on the cold and hot sides, respectively.

A TEG can be thought of as the thermoelectric module’s equivalent electrical model [32].
The thermocouples used in the thermoelectric module are linked in series. A voltage source
with internal resistance can serve as a representation for the electrically thermoelectric
generator. Figure 6 shows an electrical schematic representing a TEG. The maximum power
for the provided circuit is determined by the following Equation (1):

P =
E2

4 · R
(1)
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The maximum electrical output power from the TEG is achieved when the load
resistance equals the equivalent internal resistance of the thermoelectric couples in series
(Rl = Ri), resulting in each resistance receiving half of the source voltage [34,35].

Figure 6. TEG system electric equivalent circuit.

TEG modules, however, typically work in dynamic settings with stochastic tempera-
ture fluctuations. Because TEG output is a direct function of temperature, each module’s
output power fluctuates under dynamic situations. Figure 7 shows a typically PxV TEG
curve. These curves vary according to the temperature gradient, which in the case pre-
sented is (T1 > T2 > T3 > T4 > T5) and there is just one peak under each temperature
gradient. Therefore, is essential to use an MPPT approach to maximize the power harvest
of the TEG module by tracking the MPP.

Figure 7. PxV TEG curve.

To replicate the electrical model of the TEG devices depicted in Figure 6, we imple-
mented the circuit as shown in Figure 8. This circuit incorporates a diode rectifier, powered
by a variable autotransformer responsible for enabling voltage variation in the circuit, akin
to the effect induced by temperature gradients. Additionally, a coupling transformer was
employed to galvanically isolate the circuit from the AC network that powers it. The recti-
fier’s output includes a series resistor designed to simulate the internal resistance of the TEG
device. Table 4 provides the parameters associated with the TEG system emulator circuit.



Energies 2024, 17, 609 8 of 28

Figure 8. TEG system emulator circuit.

Table 4. Basic characteristics of the TEG system emulator circuit.

Internal DC voltage 0–560 V
Internal resistance 96 Ω

Maximum output power 830 W
Rectifier capacitance 5000 µF

2.4. Battery Storage System and TEG Converter

The integration of the battery storage system and TEG generation was strategically
devised to streamline the laboratory’s infrastructure and leverage a common processing
board for controlling both systems. This architecture consists of two converters that jointly
utilize a shared DC bus, with the battery bank also linked to it. Figure 9 provides an
illustrative schematic of the integrated system and its hardware layout.

Figure 9. Battery/TEG system schematic.

The first converter is a three-phase AC-DC converter employed to establish the link
between the DC bus and the grid. It assumes the roles of managing both battery bank charg-
ing and discharging and functioning as a grid-forming unit during islanded operations.
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The second converter is a boost DC-DC converter tasked with tracking the maximum power
point of TEG systems and aligning the TEG voltage with the DC-link voltage. Importantly,
it is worth noting that neither of these converters is commercial; both have been specifically
developed and implemented to cater to the laboratory’s specific requirements.

To develop control algorithms for the converters, the microcontroller TMS32028379D
was employed. Its control card is connected to a motherboard (based on the design available
in [36]), enabling access to the microcontroller pins pertinent to PWM modules, GPIO ports,
serial communication, and signal conditioning for measurements. This circuit board, along
with the associated peripherals and DSP control card, is illustrated in Figure 10.

Figure 10. Command and control circuit board for the battery/TEG system converters.

The three-phase converter and the battery storage system were sized considering a
nominal power of 6 kW, which is half the power of the laboratory capacity. This PWM-
based converter incorporates an LCL low-pass filter designed to attenuate the impact of
high-order switching frequencies. In developing the filter, the methodology explained
in [37] was followed. The converter positioned on the laboratory workbench is shown in
Figure 11 and Table 5.

Figure 11. Three-phase converter.
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Table 5. Basic characteristics of the three-phase converter.

Rated power 6 kW
Current 16 A

Input voltage 486 Vcc
Output voltage 220 Vac

Switching frequency 10,020 Hz
Inductance 1.3 mH
Inductance 790 µH

Output capacitance 16.4 µF

The battery bank is composed of 12 V sealed lead-acid batteries, each with a capacity
of 70 Ah. Because this work deals with a prototype storage system by batteries with an
interface made through a multilevel converter, factors such as weight and battery life were
not a major concern. So, the selection of this battery technology is underpinned by its cost-
effectiveness, user-friendly operational attributes, and inherent resilience in comparison to
alternative battery technologies [38–40]. To ascertain the appropriate number of modules
to constitute the battery bank, it is imperative to account for the AC voltage of the grid.
This is crucial as power injection into the grid by the converter is feasible only when the
DC link voltage, which is determined by the battery bank, exceeds the peak AC voltage.

The equation for determining the AC output voltage of the three-phase converter is
represented by Equation (2). Here, Vdc denotes the DC voltage, ma represents the modula-
tion index that spans between 0 and 1, and Vf− f signifies the RMS value of the line-to-line
voltage of the converter. In this context, by adopting a modulation index of 0.95 and
acknowledging the 220 V grid voltage, the threshold for the minimum acceptable DC link
voltage stands at 378 V.

Vf− f = 0.612 · ma · Vcc (2)

As the objective is to reach the minimum voltage level solely when the battery bank
modules are fully discharged, the calculation for the number of modules involves dividing
the minimum voltage by 10.5 V, which signifies the terminal voltage of an individual
battery module. Consequently, to surmount the limitation imposed by the DC-link voltage,
the battery bank needs to encompass 36 modules connected in series. The battery bank
configuration is shown in Figure 12 and Table 6. Importantly, it is worth highlighting
that this storage system can deliver a consistent 6kW power output, equivalent to the
converter’s nominal power for approximately 5 h.

Figure 12. Battery bank.
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Table 6. Basic characteristics of the battery bank.

Battery FNC12700-C
Cells per monobloc 6

Rated voltage 12 V
Rated capacity 70 Ah

Max load current 28 A
Float charge voltage 13.5–13.8 V

Cyclic charge voltage 13.8–15 V
Discharge voltage 10.5 V

Given the low-voltage operational context of the TEG generation system emulation,
a DC-DC boost converter was meticulously designed. Its purpose is twofold: firstly,
to facilitate the injection of power from this system into the shared DC bus, where the
battery bank is interfaced; secondly, the TEG devices generate power at a maximum power
point, requiring the DC-DC converter to adeptly track this point.

Given that the nominal voltage of the shared DC bus mirrors the voltage of the
battery bank, the boost converter’s output voltage must surpass 432 V. For design purposes,
an output voltage of 500 V was adopted. Conversely, the input voltage hinges on the
minimum voltage yielded by the TEG emulation system, which has been set at 50 V.
With these voltage parameters established, and considering the TEG emulation system’s
capacity as 500 W, the necessary inductor and capacitor for the DC-DC converter can be
computed using Equations (3) and (4), respectively. Within these equations, Fs symbolizes
the switching frequency, ∆IL signifies the desired input current ripple, and ∆Vout represents
the desired output voltage ripple. The equations additionally take into account the duty
cycle (D), which is evaluated using Equation (5). The DC-DC boost converter is installed
on the laboratory bench as shown in Figure 13 and Table 7.

L =
VinD
∆IL fs

(3)

C =
VoutD

fs∆VoutR
(4)

Vout =
Vin

1 − D
(5)

Figure 13. DC-DC boost converter.
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Table 7. Basic characteristics of the DC-DC boost converter.

Power 800 W
Input voltage 150–280 V

Output voltage 486 V
Input current 3 A

Output current 1.65 A
Switching frequency 10,020 Hz
Input current ripple 1 A

Output voltage ripple 50 V
Inductance 5 mH

Output capacitance 18 µF

3. Control

This section presents the control loops pertinent to the newly devised converters.
The control loop for the three-phase converter encompasses the diverse operational modes
exhibited by this equipment, encompassing battery charging and discharging, along with
island mode operation. Furthermore, the section delves into the dead-time compensa-
tion algorithm, which plays a crucial role in mitigating harmonic components within the
current waveform.

This section also addresses the control loop associated with the DC-DC boost converter
that serves as the interface between the TEG generation system and the DC common bus.
This converter must be able to extract the maximum power available from the generation
devices. To achieve this, a P&O-type MPPT algorithm is utilized.

3.1. Discharge Mode

The converter’s discharge mode, involving power injection into the grid, is managed
through a synchronous reference-based control strategy designed to effectuate decoupling
between direct and quadrature axis parameters, as depicted in Figure 14. The reference
angle employed for executing the synchronous transformation is derived from a phase-
locked loop algorithm. This PLL algorithm is synchronized with the point of common
coupling voltage.

The control architecture consists of two proportional-integral controllers, tasked with
tracing the direct axis (Id) and quadrature (Iq) currents intended to flow between the
converter and the grid. The direct current component (Iq) is directly tied to the active
power managed by the converter, while the quadrature current component (Iq) pertains to
the exchange of reactive power. The control framework further incorporates two decou-
pling terms, influenced by the network’s nominal frequency (ω) and the converter’s filter
inductances (L).

Moreover, the control loop incorporates a feedforward component in which the mag-
nitudes of the grid voltage’s direct axis (Vd) and quadrature axis (Vq) are utilized. This
feedforward element serves to counteract external fluctuations and enhance the control’s
responsiveness and dynamics [41].

Since the converter’s objective is exclusively concerned with active power regulation,
the quadrature current reference (Iq∗) introduced by the converter into the grid is main-
tained at zero. The manipulation of active power exchanged with the grid is achieved by
adjusting the magnitude of the direct axis current injected by the converter (Id∗).

To counteract the harmonic components arising from the driver dead time, a control
loop founded on the non-ideal proportional resonant controller is employed, depicted in
Figure 14 as a red block. These controllers take on the role of generating a voltage reference,
which the converter utilizes to mitigate the presence of harmonic constituents within the
output current.
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Figure 14. Three-phase converter output current control loop [41].

The adoption of the non-ideal proportional resonant controller is substantiated by its
diminished susceptibility to the precision of resonant frequency, as opposed to the ideal
PR controller. The ideal PR controller exhibits an infinite gain at the resonant frequency,
a characteristic that can potentially lead to stability concerns. In contrast, the non-ideal
PR controller maintains a finite gain at the resonant frequency, albeit sufficiently high to
curtail minor steady-state errors. Additionally, this design permits the expansion of the
bandwidth in the proximity of the resonant frequency, thus decreasing sensitivity to minor
frequency deviations [42].

Given the necessity to address multiple frequencies for compensation through the
converter, the control loop is formulated by amalgamating multiple PR controllers into a
singular controller. Within Equation (6), Kp denotes the proportional gain, kr signifies the
resonant gain, w represents the resonant frequency, and wc stands for the controller’s band-
width. The index n designates the harmonic order corresponding to the transfer function.

G(s) = Kp +
m

∑
i=1

2kriωcis
s2 + 2ωcis + ω2

i
(6)

The prominent harmonic components stemming from the dead-time effect are princi-
pally the 180 Hz (3rd harmonic, w3), 300 Hz (5th harmonic, w5), and 420 Hz (7th harmonic,
w7) frequencies. Because compensation takes place in the synchronous reference, the 5th
and 7th harmonics manifest as a 360 Hz component (6th harmonic) within the Id and Iq
signals [43]. However, the 180 Hz current’s harmonic component is homopolar, remaining
unaltered by the synchronous transformation and consequently appearing as a 180 Hz
signal within the zero frame.

Consequently, a pair of non-ideal PR controllers tuned to 360 Hz are harnessed to
counterbalance the fifth and seventh harmonics in the d and q frames. In parallel, another
PR controller is engaged to offset the third harmonic in the zero frame. The control
architecture of the dead-time compensation is depicted in Figure 15. It is noteworthy that
the reference signal for the control loop remains at zero for all harmonics being addressed.

The control outputs derived from these controllers are combined with the primary
controller signal in the dq0 frame, corresponding to the 60 Hz component. The resultant
control signal is subsequently converted to the abc frame and modulated using the pulse
width modulation technique. This modulation process generates the current waveform to
be injected into or withdrawn from the grid by the equipment.
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Figure 15. Frequency compensation control loop resulting from the dead-time effect [44].

3.2. Charge Mode

The structure of the controller overseeing battery charging remains akin to the one
elucidated in the preceding section, diverging solely in the methodology employed for
generating the reference component Id to be followed by the converter. The generation of
the direct axis current reference (Id∗) hinges on the operational stage in which the charging
process currently resides. These stages are categorized as constant current, constant voltage,
and floating mode [45,46].

Figure 16 delineates the progression through the three operational stages of the lead-
acid battery. Notably, in stage 1, characterized as the constant current mode, a steady DC
current is set to charge the batteries. Throughout this stage, the voltage rises linearly until
it reaches the floating voltage threshold. In the constant current mode, a proportional-
integral controller is employed to trace the DC current reference (IDC∗). This PI controller
generates the current reference (Id∗) to be pursued by the controller, as shown in Figure 17.
The charge current value is predefined by the user during device initialization.

The transition into stage 2, recognized as the constant voltage mode, commences
upon reaching the floating voltage level. In this phase, the DC current commences a
gradual decay over time to maintain the battery at its floating voltage. To accomplish this,
a proportional-integral controller dedicated to tracking the battery’s floating voltage takes
charge. This PI controller generates the current reference Id to be followed by the controller,
as shown in Figure 18.

Lastly, stage 3, recognized as the fluctuation stage, essentially extends from stage 2.
During this phase, a minor charge current is drawn from the grid solely to maintain the
battery’s voltage in a fluctuating state. Consequently, the control loop employed for this
operational stage remains identical to that utilized in stage 2.

Figure 16. Battery charging cycle phases [45].
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Figure 17. Control loop for the constant current mode of the battery charge cycle.

Figure 18. Control loop for the constant voltage mode of the battery charge cycle.

3.3. Island Mode

The island mode control employs the identical inner dq0 current control loop that has
been elucidated in other operational modes, as expounded upon in preceding sections.
However, what distinguishes the island mode control is the exterior control loop, responsi-
ble for generating the dq current reference intended for the converter’s tracking. Given that
the converter functions as a grid-forming entity, its role extends to generating a voltage
reference for other equipment incorporated within the microgrid. This entails preserving
both the voltage magnitude of the bus and its frequency at nominal values, regardless of
the power output by the converter [47].

Consequently, in pursuit of this objective, a pair of PI controllers is deployed to track
the dq voltage reference. The outcome of this endeavor generates the direct and quadrature
current references, as demonstrated in Figure 19. It is important to note that, in this context,
the Vd reference is established at the nominal phase-to-neutral voltage peak, while the Vq
reference is maintained at zero. In the context of island mode operation, the absence of an
external voltage reference for control synchronization requires the creation of an internal
60 Hz signal. This signal is generated by the microcontroller to make easier operations
associated with the dq0 transformation intrinsic to voltage and current control loops.
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Figure 19. Island mode control loop.

The adoption of this isochronous control strategy stems from the unique nature of
the converter developed, which functions as the sole grid former within the microgrid.
In a contrasting scenario where multiple grid-forming converters coexist within the grid,
a droop control approach would be employed to orchestrate power distribution among
them [48,49].

To detect the occurrence of a main grid loss, a passive method of islanding identi-
fication is harnessed. This method hinges on monitoring the direct voltage amplitude
and tracking variations in frequency. Should either the voltage amplitude or grid fre-
quency exceed predetermined threshold values, a command signal is transmitted to the
remote-controlled switch. The frequency was chosen as a 1Hz variation from the network
frequency. The voltage value chosen was a 10% variation from the phase-neutral voltage.
This command disconnects the microgrid from the main grid, thereby isolating it in reaction
to a detected main grid loss.

Passive methods of islanding identification exhibit a relatively lower immunity to
non-detection zones when juxtaposed with active and hybrid methodologies. Nonetheless,
despite this limitation, the passive approach was selected as the initial point of departure
for islanding identification studies to be conducted within the laboratory facility. This
choice is underpinned by the method’s inherent simplicity and cost-effectiveness, rendering
it a pragmatic starting point for investigation [50].

Upon readiness of the main grid for reintegration, the grid-forming converter assumes
the task of realigning the microgrid voltage with the main grid voltage before effectuating
their reconnection via the closure of the remote switch. This procedural step is critical to
circumvent any abrupt power transients between the two systems during reconnection,
which might otherwise jeopardize the integrity of the microgrid equipment. As such,
the employment of a resynchronization algorithm emerges as a paramount consideration
in this process.

The implemented algorithm takes on the role of phase angle adjustment within the in-
ternally generated sine wave, which serves as the converter’s reference during island mode
operation. This alignment is pursued until the reference sine wave attains synchronization
with the main grid voltage, thereby enabling the reconnection process. This synchronization
endeavor is accomplished through the application of a proportional gain. Upon restora-
tion of the main grid’s operation, the algorithm works to mitigate the quadrature voltage
component (Vq) of the main grid. Given that, during island mode operation, Vq is derived
from the converter’s tracking of the reference sine wave, its value is intrinsically linked to
the phase discrepancy between the voltages of the two systems.

As a result, the deviation between the Vq value and the desired zero reference is
employed to calculate an angle value (∆θ) by multiplying it with the proportional gain.
This calculated angle is subsequently added to the reference sine signal angle (θ). Figure 20
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illustrates the resynchronization algorithm, with the proportional gain (P) being configured
at a suitably low level to ensure a gradual convergence. This approach safeguards against
abrupt phase shifts during the process. Upon completion of this phase, the phase-locked
loop algorithm begins utilizing the main grid voltage as its reference, thus paving the way
for reconnection to occur.

Figure 20. Resynchronization algorithm.

3.4. DC-DC Converter Control

As previously detailed in preceding sections, the operational behavior of thermal
generation can be simulated using a DC voltage source combined with a series resistance.
This DC voltage source replicates the temperature gradient observed in TEG devices.
Consequently, alterations in voltage levels lead to shifts in the operational point where
maximum power extraction occurs. To effectively follow this maximum power point, it is
essential to employ algorithms that can adjust to variations in thermal gradients. These
algorithms are referred to as maximum power point tracking algorithms.

The perturb and observe technique entails introducing a minor perturbation to the
operating voltage of the TEG system by adjusting the duty cycle of the DC-DC converter.
Subsequently, the output voltage and current of the TEG system are measured, enabling
the calculation of power, which is then compared against the power value preceding the
perturbation. If the power increases, the algorithm proceeds with a perturbation in the
same direction as the prior one and reiterates the power comparison process. Conversely,
if the power at the new operating point diminishes, the voltage perturbation is executed in
the opposite direction. Through this iterative process, the converter methodically traverses
the entire power-to-voltage curve of the TEG device, progressively nearing the maximum
power point. The operational sequence of the P&O algorithm is outlined in Figure 21. Here,
the index k signifies the ongoing iteration, while ∆η denotes the voltage perturbation.

Figure 21. Flowchart of how the P&O algorithm works [51].
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3.5. Communication Infrastructure and Supervisory System

To oversee all the constituents comprising the microgrid and facilitate remote control
commands, the supervisory platform “Elipse E3” by Elipse is employed. This software en-
compasses a comprehensive array of functionalities essential for this project, encompassing:

• An open and friendly programming interface, based on the Visual Basic language;
• A wide range of drivers for communication with the most diverse devices;
• Speed of processing and communication;
• MS SQL Server database connectivity.

In addition to its device interface capabilities, the supervisory platform also dispatches
operational set points to guide the behavior of these devices. For instance, it communicates
directives like the desired current magnitude to be injected by the battery storage system
into the grid or the specified current level for the electrolysis process. Furthermore, the su-
pervisory platform governs the operational states of select equipment. A case in point is
the battery storage system, which can be directed to function in charge, discharge, or idle
mode as dictated by the supervisory commands. This overarching control enables precise
management and coordination of the microgrid’s operations.

To facilitate communication with the grid components, the ModBus/TCP protocol
has been adopted. This protocol’s selection stems from its blend of structural simplicity
and widespread acceptance across diverse manufacturers. The network topology has
been implemented as depicted in Figure 22, effectively reflecting the arrangement and
connectivity of the grid components.

Figure 22. Supervisory system network topology.

The electrolyzer and photovoltaic inverter devices inherently supported Modbus/TCP
communication, necessitating only the configuration of IP addresses. However, the multime-
ter, entrusted with electrical measurements at the coupling point between the microgrid and
the main grid, and the DSP microcontroller, responsible for the management of the battery
bank and TEG converters, employed Modbus/RTU via RS485 and RS232 interfaces, respec-
tively. Consequently, these devices necessitated a gateway to effectuate protocol conversion
and interface adaptation, enabling their alignment with the Modbus/TCP standard.

The selection of the MS SQL Server database stems from its robustness, swift man-
agement capabilities, and notably, the potential for scalability in terms of database storage.
This database is tasked with storing all the relevant parameters from each device, with a
sampling frequency of 1 s per recording. Notably, all available variables within each device
are meticulously monitored, affording programming flexibility and enabling the execution
of studies on coordination solutions among microgrid agents and energy management
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strategies. The implemented SQL system has the following configurations: Windows 10, i7
8th generation, and 8 GB memory ram.

The supervisory platform additionally incorporates real-time trend graphs and histori-
cal data, offering a comprehensive overview of the primary information for each device.
This empowers users with enhanced analytical capabilities. Moreover, the platform inte-
grates an alarm mechanism that provides visibility into device failures and events. These
alarms are presented to the user on-screen and simultaneously recorded in the database as
reports, ensuring that operational insights are readily accessible.

4. Results and Discussion

In this section, the results associated with the operation of the laboratory described
in the previous sections are presented. Figure 23 depicts the final layout of the developed
laboratory. While the overall operation of the laboratory is discussed, special attention will
be given to the non-commercial devices that were developed during the project to meet the
laboratory’s specific needs. These are as follows:

• A battery bank converter and network former;
• A converter associated with the simulated;
• A supervisory system.

Figure 23. Developed laboratory layout.

4.1. Battery and TEG System

This subsection encompasses the outcomes linked to the performance of the three-
phase converter and its controllers. In Figure 24a, the oscillograms illustrating the three-
phase currents injected by the inverter are depicted, characterized by a reference of 10 A
RMS and the absence of dead-time compensation. Complementary to this, Figure 24b
elucidates the harmonic spectrum of these currents. Notably, it becomes evident that in the
absence of compensation for the fifth and seventh harmonics attributed to dead-time effects,
despite the controller’s capability to track the 60 Hz component, a significant harmonic
content of the 300 Hz and 420 Hz constituents persists. This culminates in a total harmonic
distortion of 8.4%.

Figure 25a encompasses both the oscillograph (a) and the harmonic spectrum (b) of
the currents injected by the converter under analogous conditions as in Figure 24. However,
in this instance, the compensation for harmonic components engendered by the dead-time
effect is enabled. A discernible trend emerges in Figure 25b, illustrating the substantial
reduction in the 300 Hz and 420 Hz components through this compensation process.
The outcome is a pronounced decrease in the total harmonic distortion (THD), culminating
in an acceptable value of 2.4%. Moreover, this compensation endeavor contributes to the
enhancement of current waveform profiles.
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(a) (b)
Figure 24. Current injected into the bus without dead-time compensation: (a) oscillography; (b) har-
monic spectrum.

(a) (b)
Figure 25. Current injected into the bus with dead-time compensation: (a) oscillography (b); har-
monic spectrum.

In Figure 26, the converter’s dual role of absorbing and injecting 10 A RMS into the
network is illustrated. In Figure 26a, highlighting the injection mode, the current (illustrated
by the green signal) is in phase with the neutral phase voltage (denoted by the yellow
signal). This alignment leads to a discharge of DC current (indicated by the blue signal)
from the batteries, averaging around 9 A. Conversely, in the absorption mode showcased in
Figure 26b, the AC current operates in anti-phase relative to the grid voltage. Consequently,
the DC current assumes a negative sign, signifying a reversal in the power flow direction.

The transient responses of the control for various current references are showcased.
Figure 27a portrays an instance where the converter, initially operating by injecting a
current of 5 A RMS (depicted by the green signal) into the AC bus to which it is linked,
undergoes a reference alteration to 9 A RMS. Analyzing the behavior of the discharged
DC current (represented by the blue signal) from the batteries, it can be deduced that the
control attains stability with the new reference in approximately two cycles of 60 Hz.

Figure 27b exemplifies a scenario where the converter starts operation by injecting a
5 A RMS current into the AC bus. Subsequently, it shifts to absorbing a current of 9 A RMS
within a span of nine cycles of 60 Hz. The prolonged adjustment duration observed here
can be attributed to the extended interval between the first and second current references,
which the controller endeavors to track.

Figure 28 illustrates the operation of the boost converter during the MPP of the TEG-
emulating system while undergoing a voltage variation. Initially, the internal voltage of
the circuit (yellow signal) used to emulate the TEG system is 300 V. According to the theory
described in previous chapters, the MPP occurs when the voltage at its terminals (green
signal) is 150 V. As observed, at this operating point, the converter can reach the MPP,
drawing approximately 2 A (red signal), resulting in an extraction of about 300 W.
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(a) (b)
Figure 26. Converter operating modes: (a) injection mode; (b) absorption mode.

(a) (b)
Figure 27. Change of current set-point: (a) 5 A RMS to 9 A RMS (b) 5 A RMS to −9 A RMS.

Figure 28. Converter performance during MPP tracking.

After a few moments, the internal voltage of the circuit is raised to 500 V to emulate
the increase in the thermal gradient of a set of TEG devices, and consequently, the increase
in generated power. During this variation, the maximum power point shifts, prompting the
boost converter, through the MPPT algorithm, to start tracking this new point. According
to theory, this new point should be around 250 V, and as can be observed, the converter
adjusts the system to this value in about 15 s. At this point, the extracted power from the
circuit emulating the TEG set is 750 W.

The oscillations present in the voltage are primarily due to the duty cycle update step,
where a ∆η of 0.003 was used. Reducing these oscillations can be achieved by using smaller
steps. However, it prolongs the time required to reach the MPP. Operating points that
require a higher duty cycle may also exhibit more oscillations. This is because the variation
in converter gain is more sensitive to changes in the duty cycle at points where the latter
is higher.

In general, considering the parameters of the circuit emulating the TEG system along
with the theory of maximum power transfer, it was observed that the implemented boost
converter was able to satisfactorily track the maximum power point of this system. Therefore,
the hardware related to the boost converter and the system emulating the TEG system can be
used in the future as a platform for the development and improvement of MPPT algorithms.
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4.2. Charge Battery Bank Mode

This subsection delves into the battery bank’s charging cycle, wherein a DC current
reference of 7 A was stipulated for the constant current mode, accompanied by a voltage
reference of 468 V for the constant voltage mode. Figure 29 encapsulates the battery charge
cycle executed over approximately 9 h.

Initially, the battery bank possessed an initial voltage of 424 V at the commencement
of the charging process. Notably, the initial 4 h period encompasses the constant current
mode, during which the battery absorbs the specified 7 A reference current. Over this stage,
the voltage exhibits linear growth, ultimately attaining the predetermined 468 V threshold.

After this point, the control mechanism transitions to the constant voltage mode.
In this phase, the current responsible for charging the bank progressively decreases to
uphold the reference voltage. A noteworthy observation is the gradual reduction of the
current drawn by the batteries as the charging cycle unfolds. Given the extended duration
and the gradual tapering of current toward zero in stage 3, this phase has been omitted in
the figure to preserve resolution in depicting the latter two stages.

In the final stage, only a residual current remains, serving to sustain the battery voltage
at its designated float value. This culminates in the completion of the cycle and the cessation
of battery charging.

Figure 29. Battery charge cycle.

4.3. Island Mode

To demonstrate the effectiveness of the algorithms associated with microgrid islanding,
we initially considered a scenario where the electrolyzer (load) consumes approximately
2kW of power, which is provided by the main grid. The converter connected to the battery
bank, which operates as a grid former during islanding, is in a floating mode, meaning it
does not exchange power between the bank and the grid. When a loss of the main grid
occurs and is detected by the converter, a signal is sent to the switch that connects the
microgrid to the main grid, and the disconnection is carried out. From the moment of
disconnection, the grid-forming converter takes over, supplying the power demanded by
the load while maintaining the nominal bus voltage.
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The dynamics of the described procedure can be observed in Figure 30. Here, it is
evident that the voltage of the microgrid (depicted in green) and the main grid (depicted
in yellow) are initially equal, as both systems are connected. As previously mentioned,
initially, the converter is in a floating state, which is indicated by the output current of the
converter (depicted in red) being approximately zero.

When the main grid goes down, the converter takes two cycles to execute the discon-
nection and assume control of the bus. In this way, the converter starts maintaining the
nominal voltage of the microgrid while also supplying the current required by the load.

Upon the restoration of the main grid, the converter initiates the synchronization
between the microgrid voltage and the main grid voltage. Consequently, once synchro-
nization is achieved, a command is dispatched to the coupling switch, and reconnection
is executed. The Figure 31 shows the dynamics of the synchronization between the main
branch voltage (depicted in yellow) and the microgrid voltage (depicted in green). Here, it
is observable that when the main grid is restored, its voltage is not synchronized with the
microgrid voltage. Therefore, a slow resynchronization is necessary to prevent a sudden
phase jump that could impact the load. When the phase difference between the voltages
is sufficiently small, reconnection occurs. In this scenario, the reconnection process lasted
approximately 7.5 cycles of the grid voltage.

Figure 30. Islanding procedure during the loss of main grid.

Figure 31. Resynchronization and reconnection procedure after the main grid recovery.

4.4. Supervisory System

The main screen of the supervisory system is shown in Figure 32. It displays the status
of all agents that make up the microgrid (whether they are connected or disconnected),
represented by the icons. Additionally, the figure shows the power contribution of each of
the devices connected to the microgrid, with arrows indicating the direction of power flow.
In the presented case, all agents are connected and therefore displayed in green. If they
were disconnected, they would be represented in blue.
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Figure 32. Supervisory system monitoring home screen.

In this scenario, there is cogeneration by the system emulating the TEG system (about
0.47 kW), and the batteries are being discharged into the bus, totaling 2.4 kW injected into
the grid by the inverter that interfaces these systems with the grid. Additionally, there is
an injection of 2.5 kW into the bus by the solar inverter, resulting in approximately 5 kW
of power injected into the buses by the equipment operating as sources. The electrolyzer
in this scenario is the only load in the system and is configured to operate, drawing
about 2 kW. Therefore, since there is an energy surplus in the bus, the main grid starts
receiving the surplus (−2.2 kW) of energy that is not consumed by the electrolyzer. A slight
difference in the power outputs of each agent may occur due to inaccuracies in the sensors
of each equipment. However, these discrepancies do not affect the analysis of the energy
contribution of each equipment within the microgrid.

The supervisory system also includes auxiliary screens that provide information
about each of the components and have some control functionalities. As an example,
the figure displays the screen related to the inverter that interfaces between the battery
bank and the microgrid. It can be observed various electrical quantity information that the
equipment is exposed to, its current operational status, as well as some command buttons.
These buttons allow the change in the operational state of the equipment, which includes
standby, charging, and discharging modes. The button related to parameters enables the
configuration of the amount of current to be injected into the microgrid and set references
for battery charging, which include the reference current for the constant current mode
and the reference voltage for the constant voltage mode during the charging process of
the batteries.

The screen shown in Figure 33 also includes a graph displaying the variation of power
over time. As observed, initially, the inverter operated in discharge mode, injecting about
2.5 kW for approximately 30 minutes. After this period, the inverter switched to battery
charging mode, drawing approximately (−2.5 kW). It is worth noting that after about
18 minutes of charging operation, the power drawn by the converter starts to decrease,
indicating that the charging process has transitioned from the constant current mode to the
constant voltage mode.

It is important to note that each of the agents that make up the microgrid has its own
supervision and control screen. However, due to space constraints, they are not presented.
All measurement data related to the microgrid equipment are stored in the MS SQL Server,
making it possible to generate operational reports of the microgrid and identify the time at
which a specific alarm associated with one of the monitored equipment occurred.
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Figure 33. Synoptic screen associated with the three-phase converter.

5. Conclusions and Future Work

This article addresses a significant gap in current research by presenting a scaled-down
laboratory dedicated to the development and testing of hardware and software associated
with power electronics-based devices in the context of microgrids. The focus on industrial
applications distinguishes this work from contemporary studies, which predominantly
center around microgrids within the system and integration domain. The laboratory was
designed to encompass elements that are gaining prominence in the current microgrid
landscape, such as renewable generation, storage systems, electrolyzers for H2 production,
and cogeneration sources.

Given that communication systems are a crucial component in the context of micro-
grids associated with smart grid philosophy, a supervisory system was developed to meet
the demands of studies in these areas applied to microgrids. The supervisory system aims
to monitor and coordinate various agents within the microgrid. The developed structure
provides an effective and robust initial platform for conducting future studies regarding
intelligent decision-making algorithms for the operational optimization of these networks.

Regarding power electronics-based devices, a converter was developed for controlling
a storage system, which also operates as a grid-forming unit in the event of microgrid
islanding. Additionally, a boost converter was developed to simulate a cogeneration system
based on thermal generation through devices that convert thermal energy into electrical
energy via the Seebeck effect. The sizing process of these converters and the algorithms
associated with their functionality were detailed, and the presented results demonstrated
effective operation in meeting the initial demands of the laboratory.

With the equipment developed in addition to the supervisory system, the microgrid
can detect and act in the event of grid islanding. Doing so is a challenge to overcome, given
the difficulty of overcoming equipment security systems.

Also, the exploration of non-traditional cogeneration sources, such as electrolyzers
and thermoelectric generator (TEG) systems, contributes to a more comprehensive under-
standing of microgrid dynamics. The integration of an electrolyzer and the decision to
connect DC-based components to an AC bus offer valuable insights into the challenges
and considerations related to these components’ incorporation into microgrids. This paper
provides detailed insights into the laboratory setup, control loops, and operational results,
emphasizing the development of non-commercial devices.

In summary, the laboratory presented in this article proves to be a powerful tool for
studies focused on microgrids, as it is capable of encompassing the key components and
issues related to these systems. The developed structure has shown versatility in conducting
studies related to converter control algorithms. Therefore, with the developed laboratory, it
will be possible to make improvements in the functionalities already described, as well as
implement new features such as compensation for harmonic currents and reactive power.
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laboratory-scale microgrid. IEEE Access 2021, 9, 57949–57966. [CrossRef]

24. Patel, H.V.; Gorji, S.A.; Shahi, S.S.; Love, J.G. Implementation of a lab-scale green hydrogen production system with solar pv
emulator and energy storage system. In Proceedings of the 2021 11th International Conference on Power and Energy Systems
(ICPES), Shanghai, China, 18–20 December 2021; pp. 201–208.

25. Fronius. Fronius Symo Brazil Datasheet; Fronius: Wels, Austria, 2023.
26. Supplier. Supplier FCC 400-50i Datasheet; Supplier: Torrance, CA, USA, 2023.
27. Holladay, J.D.; Hu, J.; King, D.L.; Wang, Y. An overview of hydrogen production technologies. Catal. Today 2009, 139, 244–260.

[CrossRef]
28. Zeng, K.; Zhang, D. Recent progress in alkaline water electrolysis for hydrogen production and applications. Prog. Energy

Combust. Sci. 2010, 36, 307–326. [CrossRef]
29. Lightbridge. Lightbridge LBEX-5K Datasheet; Lightbridge: Tokyo, Japan, 2023.
30. Lam, T.T.; Yuan, S.W.; Fong, E.; Fischer, W.D. Analytical study of transient performance of thermoelectric coolers considering the

Thomson effect. Int. J. Therm. Sci. 2018, 130, 435–448. [CrossRef]
31. Ma, L.; Zhao, Q.; Zhang, H. Performance analysis of a new hybrid system composed of a concentrated photovoltaic cell and a

two-stage thermoelectric generator. Sustain. Energy Grids Netw. 2021, 27, 100481. [CrossRef]
32. Khan, M.K.; Zafar, M.H.; Mansoor, M.; Mirza, A.F.; Khan, U.A.; Khan, N.M. Green energy extraction for sustainable development:

A novel MPPT technique for hybrid PV-TEG system. Sustain. Energy Technol. Assess. 2022, 53, 102388.
33. Kütt, L.; Millar, J.; Karttunen, A.; Lehtonen, M.; Karppinen, M. Thermoelectric applications for energy harvesting in domestic

applications and micro-production units. Part I: Thermoelectric concepts, domestic boilers and biomass stoves. Renew. Sustain.
Energy Rev. 2018, 98, 519–544. [CrossRef]

34. Enescu, D. Thermoelectric Energy Harvesting: Basic Principles and Applications. In Green Energy Advances; Enescu, D., Ed.;
IntechOpen: Rijeka, Croatia, 2019; Chapter 1. [CrossRef]

35. Hodes, M. Optimal pellet geometries for thermoelectric power generation. IEEE Trans. Compon. Packag. Technol. 2010, 33, 307–318.
[CrossRef]

36. Sant’Ana, W.C.; Gama, B.R.; Lambert-Torres, G.; Bonaldi, E.L.; Oliveira, L.E.L.; Assuncao, F.O.; Arantes, D.A.; Areias, I.A.S.;
Borges-Da-Silva, L.E.; Steiner, F.M. Development of a Modular Educational Kit for Research and Teaching on Power Electronics
and Multilevel Converters. IEEE Access 2021, 9, 127496–127514. [CrossRef]

http://dx.doi.org/10.1109/TPWRD.2004.835051
http://dx.doi.org/10.1109/JPROC.2010.2081651
http://dx.doi.org/10.1109/JPROC.2010.2066250
http://dx.doi.org/10.1016/j.apenergy.2022.120359
http://dx.doi.org/10.1016/j.rser.2017.10.101
http://dx.doi.org/10.1016/j.rser.2016.03.047
http://dx.doi.org/10.3390/en13082044
http://dx.doi.org/10.1109/TSTE.2016.2587828
http://dx.doi.org/10.1109/ACCESS.2021.3072899
http://dx.doi.org/10.1016/j.cattod.2008.08.039
http://dx.doi.org/10.1016/j.pecs.2009.11.002
http://dx.doi.org/10.1016/j.ijthermalsci.2018.03.010
http://dx.doi.org/10.1016/j.segan.2021.100481
http://dx.doi.org/10.1016/j.rser.2017.03.051
http://dx.doi.org/10.5772/intechopen.83495
http://dx.doi.org/10.1109/TCAPT.2009.2039934
http://dx.doi.org/10.1109/ACCESS.2021.3112531


Energies 2024, 17, 609 28 of 28

37. Liserre, M.; Blaabjerg, F.; Hansen, S. Design and control of an LCL-filter-based three-phase active rectifier. IEEE Trans. Ind. Appl.
2005, 41, 1281–1291. [CrossRef]

38. Chang, L.; Zhang, W.; Xu, S.; Spence, K. Review on distributed energy storage systems for utility applications. CPSS Trans. Power
Electron. Appl. 2017, 2, 267–276. [CrossRef]

39. Chen, H.; Cong, T.N.; Yang, W.; Tan, C.; Li, Y.; Ding, Y. Progress in electrical energy storage system: A critical review. Prog. Nat.
Sci. 2009, 19, 291–312. [CrossRef]

40. Gonzalez, I.; Calderón, A.J.; Folgado, F.J. IoT real time system for monitoring lithium-ion battery long-term operation in
microgrids. J. Energy Storage 2022, 51, 104596. [CrossRef]

41. Blaabjerg, F.; Teodorescu, R.; Liserre, M.; Timbus, A.V. Overview of control and grid synchronization for distributed power
generation systems. IEEE Trans. Ind. Electron. 2006, 53, 1398–1409. [CrossRef]

42. Hu, P.; He, Z.; Li, S.; Guerrero, J.M. Non-ideal proportional resonant control for modular multilevel converters under sub-module
fault conditions. IEEE Trans. Energy Convers. 2019, 34, 1741–1750. [CrossRef]

43. Bojoi, R.; Griva, G.; Guerriero, M.; Farina, F.; Profumo, F.; Bostan, V. Improved current control strategy for power conditioners
using sinusoidal signal integrators in synchronous reference frame. In Proceedings of the 2004 IEEE 35th Annual Power
Electronics Specialists Conference (IEEE Cat. No. 04CH37551), Aachen, Germany, 20–25 June 2004; Volume 6, pp. 4623–4629.

44. Etxeberria-Otadui, I.; De Heredia, A.L.; Gaztañaga, H.; Bacha, S.; Reyero, M.R. A single synchronous frame hybrid (SSFH)
multifrequency controller for power active filters. IEEE Trans. Ind. Electron. 2006, 53, 1640–1648. [CrossRef]

45. Guimarães, B.P.; Santana, W.C.; Ribeiro, P.F.; Gonzatti, R.B.; Pinheiro, G.G.; Pereira, R.R.; Belchior, F.N.; da Silva, C.H.; da Silva,
L.E.B. Developement of a Multilevel DVR with Battery Control and Harmonic Compensation. In Proceedings of the 2019 IEEE
15th Brazilian Power Electronics Conference and 5th IEEE Southern Power Electronics Conference (COBEP/SPEC), Santos, Brazil,
1–4 December 2019; pp. 1–6.

46. Gonzatti, R.B.; Ferreira, S.C.; da Silva, C.H.; Pereira, R.R.; da Silva, L.E.B.; Lambert-Torres, G.; Pereira, R.M.R. Implementation
of a grid-forming converter based on modified synchronous reference frame. In Proceedings of the IECON 2014-40th Annual
Conference of the IEEE Industrial Electronics Society, Dallas, TX, USA, 29 October–1 November 2014; pp. 2116–2121.

47. Sinsukthavorn, W.; Ortjohann, E.; Mohd, A.; Hamsic, N.; Morton, D. Control strategy for three-/four-wire-inverter-based
distributed generation. IEEE Trans. Ind. Electron. 2012, 59, 3890–3899. [CrossRef]

48. Katiraei, F.; Iravani, R.; Hatziargyriou, N.; Dimeas, A. Microgrids management. IEEE Power Energy Mag. 2008, 6, 54–65. [CrossRef]
49. Micallef, A.; Apap, M.; Spiteri-Staines, C.; Guerrero, J.M.; Vasquez, J.C. Reactive power sharing and voltage harmonic distortion

compensation of droop controlled single phase islanded microgrids. IEEE Trans. Smart Grid 2014, 5, 1149–1158. [CrossRef]
50. Timbus, A.; Oudalov, A.; Ho, C.N. Islanding detection in smart grids. In Proceedings of the 2010 IEEE Energy Conversion

Congress and Exposition, Atlanta, GA, USA, 12–16 September 2010; pp. 3631–3637.
51. Selvan, S.; Nair, P. A Review on Photo Voltaic MPPT Algorithms. Int. J. Electr. Comput. Eng. 2016, 6, 567–582.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://dx.doi.org/10.1109/TIA.2005.853373
http://dx.doi.org/10.24295/CPSSTPEA.2017.00025
http://dx.doi.org/10.1016/j.pnsc.2008.07.014
http://dx.doi.org/10.1016/j.est.2022.104596
http://dx.doi.org/10.1109/TIE.2006.881997
http://dx.doi.org/10.1109/TEC.2019.2938395
http://dx.doi.org/10.1109/TIE.2006.881994
http://dx.doi.org/10.1109/TIE.2012.2188871
http://dx.doi.org/10.1109/MPE.2008.918702
http://dx.doi.org/10.1109/TSG.2013.2291912

	Introduction
	Description of the Reduced-Order Laboratory
	PV System
	Electrolyzer
	TEG
	Battery Storage System and TEG Converter

	Control
	Discharge Mode
	Charge Mode
	Island Mode
	DC-DC Converter Control
	Communication Infrastructure and Supervisory System

	Results and Discussion
	Battery and TEG System
	Charge Battery Bank Mode
	Island Mode
	Supervisory System

	Conclusions and Future Work
	References

