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Featured Application: Energy sector.

Abstract: Simulating complex systems in real time presents both significant advantages and chal-
lenges. Hardware-in-the-loop (HIL) simulation has emerged as an interesting technique for address-
ing these challenges. While HIL has gained attention in the scientific literature, its application in
energy studies and power systems remains scattered and challenging to locate. This paper aims to
provide an assessment of the penetration of the HIL technique in energy studies and power systems.
The analysis of the literature reveals that HIL is predominantly employed in evaluating electrical
systems (smart grids, microgrids, wind systems), with limited application in thermal energy systems
(energy storage). Notably, the combination of electrical hardware-in-the-loop (EHIL) and thermal
hardware-in-the-loop (THIL) techniques has found application in the assessment of vehicle thermal
management systems and smart cities and, recently, has also been adopted in building systems.
The findings highlight the potential for further exploration and expansion of the HIL technique in
diverse energy domains, emphasizing the need for addressing challenges such as hardware—software
compatibility, real-time data acquisition, and system complexity.

Keywords: hardware in the loop; energy systems; electric systems; thermal systems

1. Introduction

Studying real-world phenomena can be difficult; therefore, researchers have devel-
oped many techniques to address this challenge. Those techniques can be experimental,
analytical, or via simulation models. Experimental research can be expensive but also
time-consuming and not always easy. Analytical models become very challenging when
complex systems are addressed. Therefore, simulation models have become very popu-
lar between researchers, engineers, and other stakeholders. Recently, researchers have
joined both experimental work and simulation models in their studies, using the so-called
hardware-in-the-loop (HIL) technique.

Hardware-in-the-loop (HIL) simulation is a powerful technique used in engineering
and by the research community to simulate complex systems in real time using hardware
and software to verify and validate system designs [1-3]. HIL systems enable engineers to
evaluate their designs before deployment and identify potential issues before they occur.
The HIL technique is widely used in various fields, including automotive, aerospace, power
systems, and robotics [3-6].

HIL systems consist of two main components: a real-time simulation platform and
physical hardware that represents the system being assessed. The simulation platform
generates inputs to the physical hardware and reads the outputs from it. The physical
hardware responds to the inputs from the simulation platform and provides outputs
that are fed back to the simulation platform (Figure 1). This closed-loop system allows
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testing the performance of the system being designed under various scenarios, including
extreme and rare conditions that may be difficult or impossible to replicate in a real-world
environment [2,4].

Simulation platform Physical hardware

Inputs signals

Figure 1. Hardware in the loop operation concept.

The HIL technique has numerous advantages over traditional testing methods, such
as analytical modelling and physical testing [2,3,7]. For example, HIL testing can save time
and money by reducing the need for expensive prototypes and physical testing [2,8-10]. It
also enables engineers to test their designs under a wide range of conditions that may not
be possible to achieve in a physical environment, such as extreme temperatures or weather
conditions. Moreover, HIL testing is highly accurate and repeatable, providing a source of
reliable data to make informed decisions about the component under analysis [2,3].

HIL is implemented in a wide variety of sectors globally. For example, to meet sus-
tainable development goals [11], cities are transitioning towards interconnected systems
that provide essential services such as energy, transport, and water. These systems are
becoming increasingly complex, with sophisticated control strategies and real-time data
management. Hardware-in-the-loop (HIL) simulation offers a way to evaluate these sys-
tems in a controlled environment without the risk of disrupting city operations. In recent
years, HIL simulation has gained attention as a tool for testing and optimizing smart
city systems. HIL simulations are used in a variety of smart city applications, including
transportation systems [12-14], energy management systems [15-17], lighting systems [18],
5G networks [13,19], and urban ecosystems [20,21].

In grid energy management systems, HIL simulation is used to evaluate the perfor-
mance of microgrid systems. Testing the performance of a hybrid energy storage control
strategy on an islanded microgrid system under different load conditions [15].

At the building level, HIL has gained attention as a tool for testing and optimizing
buildings. Building systems, such as heating, ventilation, and air conditioning (HVAC),
lighting, and energy management systems, are becoming increasingly complex as they
incorporate more sophisticated control strategies and integrate with other building systems.
HIL simulation offers a way to test these systems in a controlled environment without the
risk of disrupting building operations [16,17,22,23].

Given the continuously growing body of information on the topic and the lack of
concentrated and condensed information, it is not easy to identify in the scientific literature
what are the global trends on HIL in the energy sector and what are the benefits and
drawbacks of it. Therefore, this paper proposes to perform a bibliometric analysis of the
topic. Bibliometric analysis is a powerful tool for mapping the research landscape and
understanding the state of the art in a particular field of study. By analyzing publication
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and citation patterns, bibliometric analysis can provide a comprehensive overview of the
research output, trends, and impact of a particular technology [24,25]. This information
can help researchers and decision-makers identify key players and leading institutions
in a field, pinpoint emerging areas of research, and track the evolution of a technology
over time [26-28]. Furthermore, a bibliometric analysis can provide insights into the
most influential publications, authors, and research collaborations, as well as identify
gaps in knowledge and potential areas for future research. Overall, bibliometric analysis
is a valuable tool for understanding the current state of a technology and can guide
researchers and decision-makers in making informed decisions about resource allocation
and research directions.

Therefore, the aim of this paper is to evaluate how HIL systems are studied and
applied related to the energy sector around the world. Thus, it serves as a guideline to
researchers and decision-makers in making informed decisions on resource allocation and
research directions. The main research question is to assess whether there is penetration of
this concept in research approaches in countries around the world.

2. Materials and Methods

The bibliometric analysis was conducted using the Scopus database. The Scopus
database includes a higher number of documents about technological topics than other
databases, such as the Web of Science database [29]. A search was conducted for the
key terms “hardware in the loop” and “energy” but removed the keyword “synthetic
aperture” from the title, abstract, and keywords fields. The exclusion will remove radar
test studies performed using hardware in the loop. So, the resulting query was (TITLE-
ABS-KEY(((“hardware in the loop” AND (energy)) ANDNOT “synthetic aperture”))). In
the search results, 1919 documents appear, confirming the topic’s popularity among sci-
entists. An analysis of bibliometric data was conducted using R-tool software (version
2023.03.0+386) with bibliometrix library [30] and VosViewer (version 1.6.16) [31] for the
timespan 1992-2023. According to the database downloaded, these 1919 documents con-
tain information from 781 sources, 4999 authors, 9837 KeyWords Plus, and 4510 authors’
keywords. Moreover, the annual growth rate (%) for the database is 14.79, and the average
number of citations per document is 10.93.

3. Results
3.1. Bibliometric Analysis

Figure 2 shows the annual scientific production when HIL is used related to energy
systems. The first documents already appeared in 1992, but until 2004 the annual number
of publications was exceptionally low (between 1 and 7 documents per year). There was a
steady growth from 2004 until 2014 when there was a drop until 2016, when the number of
publications started to grow at a rate of 50 to 100 documents per year.

The first bibliometric analysis is the three-field plot, where the nine authors and the ten
institutions with more publications are related to the nine keywords appearing in more doc-
uments (Figure 3). The authors, institutions, and keywords will be discussed in detail later
on, but here it is interesting to highlight that while, as expected, the relation between author
and institution with quite linear, the relation with the keywords is much more interlinked,
showing that most authors/institutions work in several of the identified keywords.

The sources most used to publish documents on HIL in energy systems (Figure 4)
were Energies (with 64 documents), nearly doubling the rest of the sources, which were
SAE Technical Papers (with 39 documents), IEEE Transactions on Industrial Electronics
(with 39 documents), and Energy and IEEE Access (with 33 documents each). Of these ten
sources, six of them are from IEEE (Institute of Electrical and Electronics Engineers), and
two are from Elsevier.
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Figure 2. Annual scientific production of HIL in energy systems. Data obtained from Scopus in
April 2023. Query: (TITLE-ABS-KEY(((“hardware in the loop” AND (energy)) ANDNOT “synthetic

aperture”))).
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Figure 3. Three-field plot using R-studio software and bibliometrix library, relating the 9 authors
and the 10 institutions with more publications with the 9 keywords appearing in more documents.
Data obtained from Scopus in April 2023. Query: (TITLE-ABS-KEY(((“hardware in the loop” AND
(energy)) ANDNOT “synthetic aperture”))).
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Figure 4. Most relevant sources of HIL in energy systems using R-studio software and bibliometrix
library. Data obtained from Scopus in April 2023. Query: (TITLE-ABS-KEY(((“hardware in the loop”
AND (energy)) ANDNOT “synthetic aperture”))).

Figure 5a lists the authors with more documents retrieved with the query HIL in energy
systems. The most prolific author had 40 documents, J. Wang (Jilin University), followed by
X. Zhang (China Electric Power Research Institute—CEPRI, State Key Laboratory of Control
and Operation of Renewable Energy and Storage Systems) with 38 documents, Y. Wang
(Hebei University of Technology and China Automotive Technology and Research Center)
with 34 documents, and Y. Zhang (Research and Development Center) with 30 documents.
It should be highlighted that nine out of the ten authors for more documents are from China;
the other author, ].M. Guerrero, is affiliated with the Center for Research on Microgrids
(CROM) at Aalborg University in Denmark.

Figure 5b shows that most authors from China work together and in close collaboration
using VosViewer software. For example, the two authors with more publications, . Wang
(Jilin University) and X. Zhang (China Electric Power Research Institute—CEPRI, State
Key Laboratory of Control and Operation of Renewable Energy and Storage Systems), are
together in the yellow cluster. Similarly, Y. Wang (Hebei University of Technology and China
Automotive Technology and Research Center) and Y. Zhang (Research and Development
Center) are in the same cluster (green cluster), showing their close collaboration. On the
other hand, the authors from Europe, including ].M. Guerrero (Aalborg University), are in
a cluster together (brown cluster) and at quite a long distance from the Chinese authors,
although showing some collaborations.
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Figure 5. Most relevant authors of HIL in energy systems. (a) Number of documents—using R-studio
software and bibliometrix library—and (b) collaboration network—using VOSviewer. Data obtained
from Scopus in April 2023. Query: (TITLE-ABS-KEY(((“hardware in the loop” AND (energy))
ANDNOT “synthetic aperture”))).
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Figure 6 shows that the institution with the highest number of documents is North
China Electric Power University from China (with 105 documents). Then, a group of three
institutions appears, Tsinghua University and Shanghai Jiao Tong University, both from
China, and RWTH Aachen University from Germany (with 85, 80, and 73 documents,
respectively). The fifth institution with the most publications on the topic studied is Jilin
University, China (with 65 papers). The next five institutions with a higher number of
documents on the topic studied (graph inside Figure 6) are the School of Mechanical Engi-
neering, Beijing Institute of Technology, China (with 63 documents), Kunming University
of Science and Technology, China (with 62 documents), Aalborg University, Denmark
(with 58 documents), University of Strathclyde, UK (with 56 documents), and Florida State
University (with 55 documents).
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Figure 6. Most relevant institutions of HIL in energy systems using R-studio software and bibliometrix
library. Data obtained from Scopus in April 2023. Query: (TITLE-ABS-KEY(((“hardware in the loop”
AND (energy)) ANDNOT “synthetic aperture”))).

It is interesting to evaluate not only how many documents each institution has pro-
duced but also when the research started in each one. Figure 6 shows that the institution
with the first documents was Tsinghua University, and while its production is still within
the top five, since 2012, Shanghai Jiao Tong University and RWTH Aachen University
have published a remarkably similar number of documents on the topic of HIL in energy
systems. It is interesting to see that North China Electric Power University only started
to publish on the topic of HIL in energy systems in 2012, but in 2022, it published more
documents than any other institution.

Figure 7 shows that the first documents appeared in the USA and, from 1992 until
2004, grew steadily in number of publications. France started to publish on the topic of
study in 1998, and its growth has been steady since then, reaching 315 documents in 2022.
Germany appeared in the figure in 2002, and while the growth was not explosive, it has
been higher than in other countries, reaching 643 documents in 2022. The UK is the latest
country that started to publish on the topic, having started in 2011, but in 2022, it reached
288 documents, nearly the same as France. Finally, China started to publish on the topic in
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1999, but the number of publications per year has been increasing at a very high rate, with
501 documents already in 2017 and with 1982 documents in 2022.
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Figure 7. Scientific production of HIL in energy systems by country using R-studio software and
bibliometrix library. Countries with most scientific production and relation between countries.
Data obtained from Scopus in April 2023. Query: (TITLE-ABS-KEY(((“hardware in the loop” AND
(energy)) ANDNOT “synthetic aperture”))).

Moreover, Figure 7 shows that the biggest relations in publications about HIL in
energy systems are between China and USA, the two countries with the highest number
of documents. Relations between Europe and China are also strong, as well as between
Europe and USA. Finally, the relationship between Australia with China, Europe, and USA
(in this order) is more pronounced than with South America or Canada.

3.2. Keywords Analysis

Figure 8 presents the keywords found when applying HIL in energy systems as a
query. The cloud representation (Figure 8a) shows that the keywords more used are “energy
management” and “microgrid”, followed by “real-time simulation”, “model predictive
control”, “energy management strategy”, and “hardware in the loop simulation”. The
number of occurrences (Figure 8b) is 83 for “energy management” and 68 for “microgrid”.
The other keywords with occurrences were “smart grid”, “energy storage”, “electric ve-
hicle”, and “wind energy”. The other listed keywords had an occurrence between 51 (for
“real-time simulation”) and 29 (for “wind energy”).

An interesting figure is Figure 9a, where the keywords more used are presented in
frequency over time. Among the most recurrent keywords, the first one is “hybrid electric
vehicles”, which appeared in 2006 and disappeared in 2016, with a maximum in 2010 and
a term frequency of 6. “Energy conversion” appeared in 2010 but disappeared in 2012,
being the keyword with the shortest duration but with the earliest appearance. Among the
terms with more frequency, “hardware in the loop simulation” is the earliest one, lasting
from 2012 to 2020, with a maximum in 2016 and a term frequency of 168. “Microgrid”
and “energy management strategy” had their maximum frequency in 2020 and a term
frequency of 131 and 126, respectively, starting only in 2018. Finally, the newest keywords
are “cybersecurity” and “voltage control.
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The thematic map of the results of the query HIL in energy systems (Figure 9b) shows
that the basic keywords are “energy management strategy”, “model predictive control”,
and “hybrid electric vehicle”, while the motor keywords are “microgrid”, “smart grid”,
and “energy storage”. All these keywords appeared after 2012 and are still used in recent
publications (Figure 9a). It is interesting to see that there is only one niche keyword,
“maximum power point tracking”. Finally, basic newer keywords are “hardware in the
loop simulation” and “wind energy”, and emerging keywords are “distributed energy
resources”, “particle swarm optimization”, and “power hardware in the loop”.

A factorial analysis of the keywords helps in understanding the main topics found in
the research (Figure 10). There is a big cluster (red cluster) that includes most keywords
related to the power system. For example, the terms “wind energy”, “power quality”,

“smart grid”, and “distributed generation” are included here, but also terms related to
control, such as “control” and “model predictive control”, and terms related to energy
management and energy storage, such as “energy management strategy”, “demand re-
sponse”, “electric vehicle”, and “energy storage system”, can be found. A second cluster
(blue cluster) includes the keywords related to renewable energies, such as “renewable
energy sources”, “distributed energy resources”, “microgrids”, and “voltage regulation”.
The third cluster (purple cluster) is related to energy storage, with “hybrid energy storage
system”, “battery”, “supercapacitor”, and “fuel cell”.

microgrids

distributed.energy.resources

voltage.regulation

1

batteries

renewable.energy.squrces

model. fi% giegoehislet. .mpc.
modus predictive.control

distributed. "uluatunmmmgllt ne.systems

Dim 2 (16.32%)

demand.response energy. m%ufl%muf 1
ty.analysis ; fuel.cell supercapacitor
hybrid.energy.storage.system e il
smart.erid gnergy.management.strategy
electric.vehicle
power.quality
hardware. 1%&}19{9&‘,}, battery
energy.storage.system
ILdlatltll@»\k@%ﬂi@lloop ke
control
-2 -1 0 1 2 3 4

Dim 1 (31.62%)

Figure 10. Factorial analysis of HIL in energy systems using R-studio software and bibliometrix
library. Data obtained from Scopus in April 2023. Query: (TITLE-ABS-KEY(((“hardware in the loop”
AND (energy)) ANDNOT “synthetic aperture”))).

4. Discussion

Although the literature shows that in hardware in the loop applied to power systems,
the systems can be divided into two specific topics, “electric hardware-in-the-loop” (EHIL)
and “thermal hardware-in-the-loop” (THIL), this fact was not found in the bibliometric
analysis, where most keywords were related to EHIL.
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EHIL systems are used to assess electric power systems and components, such as
generators, inverters, and motors [1,6,8-10]. These systems use real-time simulation and
physical hardware to create a virtual environment for evaluating electrical components.
EHIL systems are used in a variety of applications, including testing power systems for
electric vehicles and renewable energy sources. For example, EHIL has been used to
test battery management systems for electric vehicles to improve their performance and
reliability [32]. In addition, EHIL has been used to test the impact of renewable energy
sources, such as wind turbines and solar panels, on the power grid [32-35].

THIL systems, on the other hand, are implemented to evaluate thermal systems
and components, such as heat exchangers, refrigeration systems, and air conditioning
systems. THIL systems use real-time simulation and physical hardware to create a virtual
environment for testing thermal systems. THIL is used in applications such as testing HVAC
systems for buildings to improve their energy efficiency and reduce their environmental
impact [36,37].

While EHIL and THIL are typically used separately to test electrical and thermal
systems, there is an emerging trend to combine these two techniques to test systems that
require both electrical and thermal performance verification. For example, EHIL and THIL
were used together to assess electric vehicle thermal management systems [32]. In this
application, EHIL was used to test the performance of the electric powertrain, while THIL
was used to test the performance of the thermal management system.

Smart cities rely on interconnected systems to deliver essential services such as en-
ergy, transportation, and water. These systems are becoming increasingly complex, with
sophisticated control strategies and real-time data management. Hardware-in-the-loop
(HIL) simulation offers a way to test these systems in a controlled environment without the
risk of disrupting city operations. In recent years, HIL simulation has gained attention as a
tool for testing and optimizing smart city systems.

HIL simulation has been used in a variety of smart city applications, including trans-
portation systems [12-14], energy management systems [15-17], lighting systems [18], 5G
networks [13,19], and urban ecosystems [20,21].

In energy management systems, HIL simulation has been used to evaluate the per-
formance of microgrid systems. For example, Haring et al. (2022) used HIL simulation to
assess the performance of a hybrid energy storage control strategy on an islanded micro-
grid system under different load conditions. The results showed that the cyclic lifetime
of the battery storage system could be increased with peak shaving due to a reduced
amount of charging and discharging operations, and an excessive energy buffering control
method could increase the islanded operation time by using nearly 10% of the otherwise
lost energy [15].

In recent years, HIL simulation has gained attention as a tool for testing and opti-
mizing buildings. Building systems, such as HVAC, lighting, and energy management
systems, are becoming increasingly complex as they incorporate more sophisticated con-
trol strategies and integrate with other building systems. HIL simulation offers a way to
assess these systems in a controlled environment without the risk of disrupting building
operations [16,17,22,23].

HIL simulations were used in a variety of building systems applications, including
HVAC, lighting, and energy management systems. One example of HIL simulation in
HVAC systems is the distributed optimal HVAC systems adopting an edge computing
strategy. The results showed that the IoT sensing network has the capacity to implement
the distributed optimal control strategy and oversee the decomposed optimization tasks
effectively [16].

5. Conclusions

Despite its many benefits, HIL simulation poses several challenges that must be
addressed for it to be widely adopted in building systems applications. One challenge is
hardware and software compatibility. HIL simulation requires specialized hardware and



Appl. Sci. 2023,13, 8108

13 of 15

References

software, and integrating these components with existing building systems can be difficult.
Another challenge is real-time data acquisition. HIL simulation requires real-time data to be
acquired from the building systems being evaluated, and this data must be processed and
fed back into the simulation in real time. This requires specialized data acquisition hardware
and software that can operate in real time. Finally, system complexity is a major challenge
associated with HIL simulation. Cities, buildings, and systems are becoming increasingly
complex, and simulating these systems in real time requires significant computing power.
This can be a limiting factor for smaller building systems applications where the ratio of
added benefits vs. computer power and component costs may be too high.

Opportunities for Future Research

Despite these challenges, HIL simulation offers many opportunities for future research
in cities, building, and systems. One area of future research is integrating HIL simulation
with urban planning tools. Urban planning tools, such as geographic information systems
(GIS), could be used to create more accurate and comprehensive simulations of smart
city systems. Moreover, another interesting integration is HIL simulation with building
information modelling (BIM). BIM is a digital representation of a building’s physical and
functional characteristics, and integrating HIL simulation with BIM could enable more
accurate and comprehensive testing of building systems.

Another area of future research is in the application of HIL simulation to emerging
smart city technologies, such as autonomous vehicles and smart grids. HIL simulation
could be used to optimize the performance of these technologies and identify opportunities
for further innovation, and HIL could be applied to emerging building energy systems,
such as integrated renewable energy systems. HIL simulation could be used to optimize
the performance of these systems and identify opportunities for further energy savings.
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