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ABSTRACT Microgrids are considered an adequate alternative to overcome the challenges involving
integrating distributed energy resources in distribution systems to contribute to the ‘Three D’ trend in
the electricity sector, i.e., decentralize, decarbonize, and digitize electricity. This paper reviews the most
relevant works to establish a baseline for advancing and developing smart transformer-based meshed hybrid
microgrids and energy management systems. First, the structure of the solid-state transformers as smart
transformers and their potential application as energy routers in a microgrid is discussed. Then, the principle
of conformation of meshed hybrid microgrids based on a smart transformer and the topologies reported in
the literature are reviewed. Finally, power management systems integrated into smart transformers-based
meshed hybrid microgrids are studied. According to the findings and conclusions, smart transformers-based
meshed hybrid microgrids operated by an optimal energy management system under uncertainty are a
potentially feasible technological alternative for adequately penetrating distributed energy resources into
local distribution systems.
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PIC Proportional-Integral Controllers.

PRC Proportional Resonant Controllers.

PO Power Quality.

LV Low Volage.

MV Medium Voltage.

LFT Low-Frequency Transformer.

ccp Control and Communication Platform.

DAB Dual Active Bridge.

TP4L Three-Phase Four-Leg.

DGC Distributed Generation Converters.

loT Internet Of Things.

PEI Power Electronic Interface.

MAS Multi-Agent Systems.

GWO Gray Wolf Optimizer.

ABC Artificial Bee Colony optimization.

ToU Time-of-Use.

BESOA Bald Eagle Search Optimization
Algorithm.

SH Smart Home.

PAR Peak-To-Average Rate.

IFM Intelligent Fault Management.

IPM Intelligent Power Management.

FREEDM Future Renewable Electric Energy
Delivery and Management.

OSI Open Systems Interconnection.

SoC State of Charge.

UrQC Unified Power Quality Conditioner.

RO Robust Optimization.

MVsc Medium Voltage AC.

MVpc Medium Voltage DC.

LVac Low Voltage AC.

LVpc Low Voltage DC.

mpyy Modulation Index.

iM Current Injection.

i;, i dq References Current.

MDAB Modulation Index DAB.

mry Converter Modulation Index.

mpyy Modulation Index AC-DC.

Puax: Pmin Maximum Power and Minimum Power.

LCpgr Local Control Loop.

Pac, Oac Active and Reactive Power Setpoint.

Vac, Iac, Fac  Voltage, Current AC, and Frequency AC.

Ppc Active Power DC.

Vbe, Ipc Voltage and Current DC.

I. INTRODUCTION

A. MOTIVATION AND BACKGROUND

In line with the needs in terms of reducing Greenhouse Gas
(GHG) emissions, it is necessary to promote technologi-
cal development to increase electricity coverage, integrated
Energy Storage Systems (ESS) [1], and Distributed Gen-
eration (DG) schemes. Likewise, the strengthening and
advancement of Microgrids (MG) [2], [3] create a diversified
energy matrix that includes Distributed Energy Resources
(DER) [4]. From this point of view, MG is a suitable
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alternative to overcome the challenges of integrating DER
into the Distribution System (DS). Similarly, it is necessary to
introduce ESS connected to the DS to cover the load demand
in the periods of minimum generation of Photovoltaic Gener-
ators (PVQ) [5], [6] since this period coincides with the peak
of the highest energy demand [7], [8]. This event causes an
imbalance in the voltage condition of the DS and waste of the
generated energy [9]. It must be noted that considering the
electric mobility strategy [10], high penetration of Electric
Vehicles (EVs) involving charging system infrastructure and
Vehicle To Grid (V2G) is expected and has a direct impact on
the performance of DS [11], [12]. These impacts may include
increased demand, voltage and phase imbalance of the net-
work, injection of harmonics, power losses and reduction
in network stability, among other aspects [13], [14]. These
situations deteriorate the quality of service of the DS.

MGs make the integration of DER on a scale into the
DS more flexible while improving the reliability and energy
efficiency of the electrical grid [15]. Alternating Current
(AC) MGs are widely used. However, despite the degree of
maturity of control and management techniques, they present
the need to introduce DG synchronization and reactive power
management schemes [16]. On the other hand, Direct Current
(DC) MGs allow the integration of DER and ESS with higher
efficiency by using fewer converters and no reactive power.
However, incorporating these elements into the common DC
bus makes voltage control complex, and power-sharing algo-
rithms are necessary [17], [18]. AC/DC Hybrid Microgrids
(HMGs) appear as a typology of great interest since they
combine the main advantages of AC and DC MGs [16], [19],
[20], with a high degree of reliability, flexibility, and economy
[21]. This MG allows combining AC and DC networks in the
same distribution network through Interlinking Converters
(ICs), which helps the integration of DER, ESSs, AC/DC
loads, and V2G with minimal DS modifications, reducing
the overall cost [16], [22]. These MG configurations have
been conventionally implemented based on radial distribution
schemes with satisfactory results. However, they might show
low reliability regarding power supply since DER can cause
voltage increases and exceed the limit [19].

In contrast, high load demand can cause a significant
voltage to decrease at the end of the line and, at the same
time, overload distribution lines and connected transformers
[23]. Therefore, voltage regulation is challenging, especially
for long feeders, and may require voltage regulation devices
[22], [24]. Thus, in recent years, Meshed Hybrid Microgrids
(MHM) based on Solid-State Transformers (SSTs) or Smart
Transformers (STs) [25] have been proposed as a feasible
alternative to increase the penetration of DER, ESS, and V2G
[26]. Thus, it is necessary to establish a baseline for future
studies of EMS systems applied to MHM.

B. RELATED WORKS
ST is an enabler element for hybrid AC/DC loops in MG
under the Energy Router (ER) concept [27]. Due to the
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TABLE 1. Comparison of findings in the literature review.

Ref.  YEAR Ref. Type MG Type EMS Type IC SST ER EV/V2G usS
[7] 2023 RS AC OPF - - - - -
[12] 2023 RS AC EU-OPF - - - V2G -
[1] 2022 RV AC - - - - Y -
[2] 2022 RV HMG OPF - - - Y -
[32] 2022 RS MHM RB+ DCTR - Y - - -
[17] 2021 RV DC EU-OPF - - - Y -
[25] 2021 RS MHM DCTR - Y - - -
[30] 2021 RS MHM RB+ DCTR - Y - Y -
[33] 2021 RS MHM EU-OPF - Y - - -
[34] 2021 RS DC DCTR Y - - - -
[35] 2021 RV HMG EU-OPF Y - - - -
[36] 2021 RS MHM RB- DCTR - Y - - -
[37] 2021 RS MHM EU-OPF - Y - Y -
[38] 2021 RS MHM EU-OPF - Y - - -
[39] 2021 RV AC EU-OPF - - - Y Y
[40] 2021 RS AC OPF - - - - Y
[14] 2020 RS MHM DCTR - Y - - -
[23] 2020 RS MHM DCTR - Y - -
[29] 2020 RS MHM RB - Y - - -
[31] 2020 RS MHM DCTR - Y - -
[41] 2020 RV AC OPF - - - EV Y
[42] 2020 RV MHM EU- DCTR - Y Y - -
[43] 2020 RS AC DCTR - - Y - -
[44] 2020 RV AC RB Y - Y - -
[45] 2020 RS MHM EU-OPF - Y - -
[46] 2020 RS MHM DCTR - Y - - -
[26] 2019 RS HMG - - Y - - -
[47] 2019 RS HMG DCTR Y - - - -
[48] 2019 RS HMG DCTR - Y Y - -
[49] 2019 RS HMG OPF Y - - Y -
[50] 2019 RV HMG EU-OPF Y - - Y Y
[51] 2019 RS AC OPF - - - - Y
[52] 2019 RS AC OF - - - - Y
[53] 2019 RV HMG EU-OPF Y - - Y Y
[15] 2018 RV HMG DCTR Y - - V2G -
[20] 2018 RS MHM DCTR - Y - - -
[24] 2018 RS AC RB - Y - - -
[28] 2018 RV HMG DCTR Y Y Y Y
[49] 2018 RV HMG EU-OPF Y - - Y -
[54] 2018 RS AC DCTR - Y - - -
[55] 2018 RS AC DCTR - Y - - -
[56] 2018 RS AC OPF - - - Y Y
[27] 2016 RS HMG DCTR - Y Y - -

US: Uncertainty Scenario; RS: Research Paper; RV: Review Paper; OPF: Optimal Power Flow; EU-OPF: OPF Heuristic Techniques; RB: Rule-Based;

DCTR: Distribute Controller; Y: Yes; -: No report.

degrees of freedom of the ST, it can be transformed into
MHMs by interconnecting the Electronic Power Interface
(EPI) of each DER with the ST stages at the DC or AC
ports [25]. STs, in addition to eliminating the need for
IC [28], shape various energy flow paths and management
strategies [25].

Nonetheless, MHMs must integrate supervisory control
coupled with an Energy Management System (EMS) to
optimize network performance in terms of power quality,
reduced line losses, and MG fault management capability
[14]. Recently, EMS strategies have been proposed in MHM
that integrate ESS and PVG in connection and disconnec-
tion maneuvers [29], [30]. Similarly, they have shown that
voltage and load profile control can be realized by mesh-
ing the network in a ring configuration with bidirectional
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power flow control [14], facilitating independent active and
reactive power management [31]. On the other hand, EMS
based on a hierarchical architecture with distributed control
[14], centralized control [25], and schemes based on Genetic
Algorithms (GA) combined with network reconfiguration
algorithms [33], have been proposed. However, despite the
promising results reported concerning MHMs and EMS,
the proposed algorithms do not consider the variability of
DER, ESS, V2G, and linear and nonlinear load management
according to Key Performance Indicator (KPI) concerning the
power quality of the MG in the DS.

Table 1 summarizes the findings in the review of the main
papers reported. Key topics were defined to guide the study of
this work. First, we seek to identify the publication date and
reference type, whether a review or research results paper.
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The kind of microgrid analyzed is also established: AC MG,
DC MG, HMG, and MHM. Likewise, we seek to compare the
type of key element in each work, such as IC, SST, and ER.
On the other hand, EVs and V2G are considered topics, given
emerging systems with growing interest in their operating
principle and impact on the electricity system. Finally, a sce-
nario under uncertainty is introduced, which seeks to identify
the reported works that have presented studies or reports of
MG under uncertainty conditions, either in load or DER.
According to the data reported in Table 1, HMGs have
shown relevance given the characteristics to flexibly inte-
grate DER and ESS on both the AC and DC sides of DS.
These MGs are mainly characterized by integrating ICs for
coupling between AC MGs and DC MGs, but the ICs are
not considered to fulfill ER functions. Advances in EMS
have been oriented towards heuristic optimization techniques
and rule-based systems, further integrated with distributed
control systems according to the control levels in the AC MG,
DC MG, and HMG, under deterministic operating conditions,
primarily. SST is considered a key component for forming
HMG, but essentially, MHMs. Integrating these converters
with suitable EMS allows better integration of DER and EV,
both AC/DC, enabling ER functionalities. On the other hand,
EVs and V2G have been studied mainly to evaluate their
impact on AC MG and the advantages of integrating them
in HMG; despite this, EVs have greater relevance given their
higher participation in real DS. Few papers have presented the
SST as an ER; however, the findings indicate that it is mainly
used for HMG and MHM and has excellent potential to
develop ER functions under the Energy Internet (EI) concept.

C. CONTRIBUTIONS

Despite the degree of progress in the development of AC
MG, HMG, and MHM and the inclusion of new converters,
such as the SST, which increase the degrees of freedom
for optimal management of MGs, recently reported research
has focused on studies of deterministic systems and, in the
works that have conducted studies under operating conditions
with uncertainties, have not included the SST and, even less,
as ER. In this context, a gap exists regarding EMS advances
in AC MG, HMG, and MHM that integrate the SST as ER
under uncertain operating conditions. This paper reviews the
most relevant works to establish a baseline for advancing and
developing ST-based MHMs and EMS. The main contribu-
tions are the following:

a) Determine the characteristics and functionalities of the
SST that allow it to become an ST and its poten-
tial application as an ER in HMGs under the concept
of EL.

b) Establish the fundamental structure of an ST-based
MHM, functionalities, and classification according to
the different topologies and objectives of the MG man-
agement system.

c) Classify the optimal energy management algorithms of
ST-based MHMs according to the objective function,
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constraints, and solver used to solve the optimiza-
tion problem in real-time under uncertain operation
scenarios.

The works reported in this paper include management
mechanisms for Optimal Power Flow (OPF) in ST-based
MHM. The proposed alternatives contemplate stationary
DER conditions without considering the random behavior
and their impact on the grid’s overall performance [57], [58].
This scenario allows us to identify a baseline to propose a
technological development and innovation alternative for the
rapid penetration of DER in MG, whether AC, DC, or hybrid.
This alternative involves developing Optimal Energy Man-
agement Systems (OEMS) based on robust optimization
techniques [41], whose central actuator is established from
the ST. The aim is to increase the resilience, reliability, and
flexibility of the electricity system that operates under condi-
tions of high uncertainty.

D. ORGANIZATION

The following review is organized as follows. Section II
proposes a review of Smart Transformer-Enabled Meshed
Hybrid MG, organized according to the Microgrids
AC/DC definition (2.A), Smart Transformers (2.B), Smart
Transformer-Enabled Energy Router (2.C), and Meshed
Hybrid Microgrids (2.D), followed by a review of Energy
Management System in ST-based MHM, in Section III.
Section IV presents Findings and Contributions, which for-
mulate, among other aspects, a technological alternative
platform based on MHM and ST operated by OEMS accord-
ing to the results and the gap identified throughout the studio.
Finally, the conclusions are presented in Section V.

Il. ST-ENABLED MESHED HYBRID MICROGRIDS

A generalized review of the control levels and management
mechanisms most used in AC MGs, DC MGs, and HMGs is
initially proposed to have a broader view of the conformation
of ST-based MHMs. Then, the structure and operating princi-
ple of the ST, whose characteristics allow for the conception
of this multi-stage converter as an ER, are presented. Finally,
under this approach, a new HMG topology based on the ST is
developed by exploiting the advantages of the classical HMG
and the ST as an ER. Thus, the developments, advances, and
challenges in implementing this new MG topology in EMS
are presented.

A. MICROGRIDS AC/DC
AC MGs have four main components to be coordinated:
active power, reactive power, harmonics, and unbalance com-
ponents of the MG [18]. Similarly, power quality is the main
problem of AC MGs compared to DC MGs. These compo-
nents are set according to the operating mode, on-grid and
off-grid.

In AC MGs, the primary control approach can be grouped
into two types: a linear controller and a nonlinear con-
troller. Linear controllers are typically Proportional-Integral
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Controllers (PIC) and Proportional Resonant Controllers
(PRC) according to a synchronous and stationary reference
frame. A PIC is used for DC references due to the zero steady-
state error, and for AC references, a PRC is selected due to its
faster action [47].

Cascade controllers with a primary-secondary structure
perform well in regulating voltage and power. In this tech-
nique, the primary is used to control the voltage and
frequency, and the secondary is used to hold the active and
reactive power of the system according to the conditions set
by the primary controller [59]. The secondary control regu-
lates the MG power management system, improving Power
Quality (PQ) by restoring the MG voltage and frequency.
At the same time, it facilitates resynchronization operation
between the main grid and DGs [60]. Distributed, multiagent,
and predictive model-based approaches are used at this level
of control. From a higher approach, tertiary control is used
to regulate the power flow between the AC MGs and the
main grid to optimize the system performance so that it allows
the coordination of the interconnection of multiple MGs and
supplies the desired voltage and frequency to the main grid
from the reference power component [61].

On the other hand, research on DC MGs has become
relevant given the advancement in the development of DC
renewable power generation sources and their inherent advan-
tage for DC loads, such as EVs and ESS, in commercial,
industrial, and residential applications [34].

The DC MGs have two control techniques predominating
in the primary control in a hierarchical structure: centralized
and decentralized. At the primary level, droop control, adap-
tive droop control, droop control with virtual resistance, and
artificial intelligence-based schemes are used [35]. In the sec-
ondary controller, all primary controllers, such as centralized,
decentralized, and distributed, can be implemented to provide
voltage and current reference signals to the primary controller
level. Reference signals for the primary controller supplied by
the secondary controller increase the reliability, proportional
power-sharing, voltage regulation, and overall power quality
of DC MGs [17].

At the tertiary level, an additional controller is established
to achieve economical operation and general regulation of
the MG. Typically, the tertiary controller employs various
heuristic techniques, such as particle swarm optimization
and GA, for microgrid scheduling [62]. Additionally,
these structures at the different control levels do not
present synchronization and reactive control problems in the
DC MGs.

The HMG concept seeks to exploit the advantages of AC
MGs and DC MGs by combining AC and DC microgrid
architectures under a single structure. Thus, the hybrid micro-
grid has the benefits of the two individual microgrids [49],
allowing more flexibility in terms of the penetration of DER
in the MG. A typical HMG is shown in Fig. 1. These are AC
and DC microgrids connected through a bidirectional IC [63],
a standard configuration of this type of HMG.
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FIGURE 1. HMG architecture.

HMG:s facilitate several potential advantages and establish
a novel paradigm for future modern power system applica-
tions. The benefits of the HMG are related to the combination
of AC and DC MG since it is a more flexible structure,
reliable, with low complexity, a reduced number of convert-
ers, is sustainable, improves power quality, and is profitable
[35]. The control algorithms set the operating point of the IC
according to the level and focus of the central or distributed
controller. In addition to generating significant advantages in
terms of DER integration, this structure can present many
challenges that are the subject of recent research, such as
a more complex control strategy since no global variable
can be used for power-sharing and voltage and frequency
regulation. Similarly, a power-sharing method must be imple-
mented between the AC and DC MGs independent of the
conventional P — F and Q — V droop controller. Finally,
an EMS is required to maintain the optimization and reli-
ability of the MG [15]. Additionally, many authors have
worked on different control strategies, such as current shap-
ing control, centralized power management approach, hybrid
instantaneous theory, and innovative restoration techniques
[35], to solve the HMG operation stability problems from
the operating and coordination points of the bidirectional
converter to improve power quality and system reliability
during events with nonlinear and unbalanced loads [64].

According to the results found in the literature, it is
observed that HMGs present more significant benefits con-
cerning the independent performance of MG AC and MG DC.
Despite this, HMGs present challenges in IC management
and control, a scenario that makes it complex to achieve
optimal system performance. An alternative to reduce the
complexity of the control and management algorithms is
integrating a multi-stage converter with more degrees of free-
dom and greater flexibility to reduce the complexity of the
management and control systems in the HMG, such as the ST.

B. SMART TRANSFORMERS

The ST concept is based on integrating the SST and
communication-control interface, which allows to take
advantage of the benefits of its decoupled structure in both
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FIGURE 2. Some of the most reasons for preferring SST vs LFT [73].

AC and DC in a flexible way. The SST is a multi-stage
power electronic converter with multiple Low Volage (LV)
and Medium Voltage (MV) ports, both ACandDC'. The first
record of this concept was known in 1970, in which William
McMurray proposed a power converter as a high-frequency
AC — AC link [65]. Despite this, the first introduction of
the term SST was as an alternative to an autotransformer
based on an AC — AC buck converter and an AC — AC
buck-boost converter. This topology was introduced by J.L.
Brooks in 1980 and initially focused on naval systems
applications [66], [67].

In 1999, the ability of an SST to fulfill the function of
LV distribution transformer was known [68], [69]. In 2001,
Lothar Heinemann et al. [50], proposed the use of SST as a
universal distribution transformer based on power electronic
converters for MV and LV distribution systems. Recently,
there has been renewed interest in SSTs due to the growing
demand for interconnecting medium voltage AC and DC
levels using high power density power converters with high
performance and controllability in applications such as trac-
tion and future smart grids [42], [70], [71], as well as the
formation of the ST [72] and ER [48]. Given the advances
in the development and application of the SST in MG and
DS, the SST has been considered a potential substitute for the
Low-Frequency Transformer (LFT) in MV and LV systems.
Although three aspects should be considered: a) The devel-
opment and implementation cost of SST is much higher than
that of LFT. However, with advances in power electronics,
the cost of SST may begin to decrease significantly. b) The
reliability of the LFT is considerably high with respect to
the SST due to the high complexity of the SST structure
[73]. ¢) LFT efficiency is high, between 98.5% and 99.5%,
compared to a margin between 90% and 98.1% in the SST
[74]. Despite this, the SST presents benefits that make it a key
element to conform advanced network topologies that allow
the integration of DER, V2G, and ESS flexibly and reliably
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with the possibility of increasing the degrees of freedom in
the EMS of the MGs. Fig. 2 presents the main reasons for
preferring ST vs LFT.

Managing DER, ESS, and V2G integrated into an MG
requires the development of technology, new MG topolo-
gies, and power electronic converters to manage better the
power flow and other conditions of AC, DC, or HMGs [26],
[75]. Thus, the SST has been developed as a potentially key
element for creating MGs since it is a multi-stage power
electronic converter that integrates an AC-DC converter,
a DC-DC converter with high-frequency galvanic coupling,
and a DC-AC converter. These are managed by the electronic
Control and Communication Platform (CCP) for interconnec-
tion with an MG [76]. This platform allows it to implement
a decoupled control whose operating point is set with the
EMS and Droop-Control type control layers. Consequently,
it will enable the integration of DER into a DS, typically
radial topology. The basic structure of a three-stage SST is
shown in Fig. 3. The first stage is generally implemented from
cascaded H-bridge converter modules, given the flexibility
and power capacity offered by this type of converter [77].
This stage enables bidirectional power flow between MVyc
and MV pc with unity power factor [78]. The second stage
consists of Dual Active Bridge (DAB) modules cascaded with
a common LVpc, which allows us to increase the current
delivered to the third stage of the SST with a level of LVpc
[72]. Finally, the third stage is typically implemented using
a Three-Phase Four-Leg (TP4L) converter. This stage allows
bidirectional power flow control between LVpc and LV4c,
and the management of unbalanced loads by implementing
current control in the neutral leg of the converter [79].

Each transformer stage has a decoupled primary control
scheme. These controllers can operate in current or volt-
age mode in a cascade topology. This feature allows setting
bi-directional power flow conditions and individual man-
agement of each stage based on SST operating modes of
the power reference block and operating modes under the
requirements of the microgrid’s EMS. The first stage voltage
controller can work in buck mode and boost mode and sets
the Modulation Index (m;y) of the converter. Boost mode is
responsible for setting the Current Injection (ip7/) MV main
grid according to energy quality criteria. Buck mode regu-
lates the MVpc on the primary’s DAB. The controller dg
References Current (i[], il;) are set by the voltage/frequency
restoration mechanism in conjunction with the power flow
control, thus bidirectional MV4¢ to MVpc the transfer is per-
formed in a bidirectional controlled manner. The second stage
of the SST serves bidirectional power transfer (Buck mode
or Boost mode) between the MVpc and LVpc levels limited
by the Maximum Power and Minimum Power (Pyqx; Prmin),
integrating a high-frequency galvanic decoupling between
the MVpc and LVp levels of the SST. The Modulation Index
(mpap) of the DAB sets the direction and magnitude of the
power flow. This index is adjusted by the power flow con-
troller according to the required voltage level at both MVpc
and LVpc from the conditions set by the power reference
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FIGURE 3. The basic structure of a three-stage SST.

block and operating mode of the SST, which set the reference
MV}~ and LV},~. The functionality of the DAB coupled to
the control layers allows integrating, typically, ESS on the
MVpc bus [30], even allowing the form of hybrid AC — DC
loops by integrating DER on the LVp¢ bus port [25]. The third
stage of the SST enables the connection of the MG to the SST
and bi-directional power transfer between LVpc and LVjc.
This allows the SST to function as a grid following, when the
MG is connected at one end to the main grid; grid forming,
when the MG is fed only from the LV4¢ bus of the SST and
the SST imposes the voltage and frequency conditions on the
MG:; and grid-forming, when the MG is fed only from the
LV4c bus of the SST and the SST imposes the voltage and
frequency condition on the MG. Likewise, it allows to take
advantage of the availability of the DER in the AC or DC
bus to supply the MG demand bidirectionally. The voltage
and current controller adjust the Converter Modulation Index
(mpy) according to the power quality control mechanism
requirements, the power reference block, and the SST mode
of operation. For each mode of operation, the reference volt-
age level (v;) and current (i} ) are set to maintain the SST
output LV, at a suitable voltage level and frequency to meet
the demands of the MG. The coupling between the primary
control layers of each SST stage, the power and operating
mode reference, voltage/frequency restoration, power flow
control/synchronization, energy quality control mechanisms,
and the communication interface make up the SST’s elec-
tronic DAB CCP’s. This structure converts the SST into an
ST with multiple functionalities and degrees of freedom that
give rise to the conformation of MHM.

The ST is more than a straightforward substitute for the
conventional LFT (60 Hz or 50 Hz). This device supplies
many services to the intelligent electrical grid. It also eases
the integration of new hybrid AC and DC MGs architectures.
Thus, the ST plays the role of an ER [48] since it can inject
or absorb reactive power, mitigate harmonics [54], mitigate
voltage sag [80], and limit current in the event of short-circuit
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FIGURE 4. Formation of a hybrid meshed DS.

faults [81]. In this context, the communication signal will
be the frequency of the AC microgrid [48]. That is, in an
ST-commanded grid, distributed resources are connected on
the LVpc side or the LV4¢ side asynchronously with the grid
side so that the low-voltage DC or AC frequency can be used
as a feedback signal for power flow control, and in this way,
the power routing function is effectively achieved.

By taking advantage of the degrees of freedom offered
by each stage of the SST, the ST concept [82] was pro-
posed, which provides DC connectivity [83] and reduces
the reinforcement in the LV 4¢ distribution network caused
by the increasing penetration of DER, ESS, and V2G. The
ST also represents a semi-decentralized solution for receiv-
ing network information since it is a controllable node to
supply the MG demand bidirectionally. The voltage and cur-
rent controller adjust the Converter Modulation Index of the
MYV network [26]. The ST allows the formation of a hybrid
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meshed DS that provides voltage and power flow control
to be achieved simultaneously with a centralized controller,
as shown in Fig. 4.

Under this scheme, a LV p¢ is connected between the LVp ¢
ST link and the Distributed Generation Converters (DGC)
DC bus. This additional connection introduces several active
power flow paths to support load demand. DGCs supply
active power close to the load points in this way, ensur-
ing that line losses are significantly reduced. Better voltage
regulation is achieved compared to the conventional radial
microgrid. On the other hand, DGCs can draw active power
from the LV pc link during the absence of DER to support
the load, resulting in better use of these converters. This
new scheme reduces the complexity of the DGC control
algorithms since the ST controls both LV 4¢ and LVpc line
voltages [25]. Similarly, this ST-based MHM topology elim-
inates the need to introduce IC and allows for various power
flow paths and power management strategies [28]. Under this
novel approach, the advancement and development of MHM
require an EMS to optimize the performance of the network
in terms of network voltage limit, overcurrent, and line losses,
as well as to manage network operation in the event of failure,
avoiding network collapse [ 14], [84]. Furthermore, the hybrid
structure that enables the interconnection of the network with
the ports of the ST stages, as shown in Fig. 4, when integrated
with appropriate control algorithms, provides functionalities
that allow conceiving the ST as an ER that controls the
bidirectional flow of power simultaneously on the AC and
DC buses. Thus, the new challenges are focused on energy
management algorithms to improve the performance of the
ST as an ER.

FIGURE 5. Overview of the key layers involved in EL

C. SMART TRANSFORMER-ENABLED ENERGY ROUTER

The new actors involved in energy generation and DS based
on renewable resources bring up scenarios where not only
a technological transformation is needed but also a change
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in basic assumptions in policy and market practices in the
value chain of the electricity sector [85]. Huang [70] argues
that to facilitate the penetration of renewable energy sources
into DS, the electric power market should be decentralized
and deregulated with the active participation of consumers
through real-time energy transactions. These ideas converge
in a new business paradigm and electric grid infrastructure
called the EI

El is a cyber-physical system in which the network infras-
tructures and the distributed resources are interconnected
and managed by a cyber-energy network from algorithms
employing energy packet management techniques [86]. Con-
sequently, EI needs ER devices, i.e., ST. In that sense, as a
transformation of smart grids, EI could be conceived as an
application of the Internet Of Things (IoT) to the energy
industry [87], [88]. However, in a broader view, EI makes up
several layers that can be categorized into three groups based
on the structure of the ST proposed in Fig. 3 and the architec-
ture presented in [43]: i) power systems, ii) communication
systems, and iii) control algorithms. Fig. 5 shows an overview
of the critical layers involved in EI, which can be integrated
centrally and flexibly into a decoupled multi-stage hardware
architecture such as the ST, making them an ER. The com-
munications system allows for synchronization, monitoring,
and remote control of the Power Electronic Interface (PEI).
Finally, control and management algorithms are integrated
into the EMS, ST, and PEI

In addition to suitable power electronic converters, the
implementation of EI requires a telecommunications and
control infrastructure that enables decentralized control sys-
tems, where the energy transaction in the different points
of the network with high DER penetration is coordinated
under global DS performance indicators. In [89], a distributed
control scheme with two levels of control operated at the
agent of each DER is proposed. Droop control is adopted for
localized power sharing and a distributed diffusion algorithm
for arbitrary power sharing among the DERs at the secondary
level, all supported by Internet protocols. A similar approach
is presented in [90]; however, it uses a novel decentralized
robust control strategy for Multi-Agent Systems (MASs) gov-
erned by MGs in the EI. The objectives are frequency/voltage
regulation and proportional reactive/active power sharing for
MGs. Other work has integrated IoT technologies and proto-
types with heuristic optimization algorithms and distributed
control systems for managing MG. In [91], a real-time dis-
patch architecture based on the Gray Wolf Optimizer (GWO)
and Artificial Bee Colony optimization (ABC) algorithm is
proposed [91], in which a Time-of-Use (ToU)-based pric-
ing model defines the peak hour rates optimally. Likewise,
[92] presents a multi-objective version of a metaheuris-
tic algorithm called the Bald Eagle Search Optimization
Algorithm (BESOA) for discovering the optimal schedul-
ing of home appliances at the Smart Home (SH) system
level. Under this SH perspective, [93] develops a real-time
DER residential load control method based on an input and
optimization algorithm to control and schedule loads and
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The best way to integrate DERSs is in a hybrid MG (AC and DC).
(Unamuno et al., 2015b; Jia et al., 2015).

.
J \‘ Hybrid MG with inefficient EMSs that do not match bidirectional flow
N ) " ) increases uncertainty in the network (Zhu & Liserre, 2020; Zhu et al., 2021).
) 2 Hybrid Microgrids
' Reverse power flow (Agrawal et al., 2019), overvoltage (Kumar et al., 2020),
K hinder voltage and frequency regulation of the grid (Hrishikesan & Kumar, 2020).
.
. High complexity of power distribution criteria. *
\ (Meng et al., 2019)(Abdi et al., 2017)(Twaha & Ramli, 2018) Y
| '
A 1
‘\ Voltage unbalance due to peak generation during low demand periods )
~ . _(Arcos-Vargas et al., 2018; Demirok et al., 2011). ’
/
DER variability (Hambridge et al., 2015). S
ESS mitigate voltage unbalance and cover demand during periods of ','
DER minimum generation (Fortenbacher et al., 2016). R4
e They produce a bidirectional flow of power. ot
. (Agrawal et al., 2019; Meng et al., 2019). .
' .
' Affecting the feasibility and balance of the microgrid. L
fl (Khan, Milani, Chakrabortty, & Husain, 2018) P
\‘ R
A ’
1y .
N .
N .

Optimal Power Flow
in an SD with high penetration

DER Decoupling between input and output voltage and current for active and reactive

power flow control of active and reactive power flow (Huber & Kolar, 2019).

Increased number of degrees of freedom of the SST to conceive of it as a.
Smart Transformer (ST) (Ferreira Costa et al., 2017),

Potential substitute for the conventional low-frequency transformer.
(Huber & Kolar, 2016)

The controllability and flexibility of the ST allows to efficiently manage

a microgrid under the SG concept (De Carne et al., 2018).

Smart distribution systems based on ST
as a energy router (Hambridge et al., 2015).

ST would enable the materialization of energy routers in the
framework of the energy internet (Huang, 2019).

ST as a key element to materialize the ienergy internet
from a flexible power distribution unit (Duan et al., 2018).

Energy efficiency from renewable energies managed

' by smart grid systems (Guo et al., 2016).
'

Technology platform for the generation, transmission and distribution of electric
LAEPALTEIEE  power, based on instrumentation, communication and control

(Erol-Kantarci & Mouftah, 2015).

Integration of smart grids into the electricity
infrastructure efficiently (IDB, 2016; Cespedes & Ruiz, 2012).

FIGURE 6. Overview of the key layers involved in EL

Peak-To-Average Rate (PAR) savings. The results presented
in these papers have shown good performances by integrat-
ing key elements such as EMS, 10T, and OPF algorithms.
Thus, key components have been identified to conform to
MG architectures based on the EI concept. Despite these, the
achievements focus on AC MG management and do not intro-
duce ER equipment from multi-stage converters. However,
it could be visualized that these advances, plus the integration
between the ST as a power router, EMS, IoT, and OPF, could
form a flexible, reliable, and efficient MG structure [94].
MGs with high penetration of DER require adequate tech-
nology that allows the grid to manage the bidirectional flow
of power resulting from the dynamics of supply and demand
of the resource at different points of the grid. Intelligent
Fault Management (IFM) and Intelligent Power Manage-
ment (IPM) mechanisms are key elements of a fundamental
EI requirement [48]. Therefore, integrating IFM and IPM
into specialized hardware devices, such as ST, allows for
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determining the power routing in MG. This is done on
the understanding that energy exchanges are not conducted
directly between two points in the microgrid. Instead, the
energy exchanges are conceived as a global energy balance in
the MG. According to the EMS’s automated decision criteria,
the injection or absorption at different locations adjusts each
PEI’s point of operation [95]. In [70], a MG structure is
proposed, conceived as the Future Renewable Electric Energy
Delivery and Management (FREEDM). In this sense, sustain-
able MG must integrate plug-and-play interfaces that allow
resources to be connected at any time and in any part of the
network, thus promoting the modularity and flexibility of the
system [96], [97].

Similarly, it should include intelligent EMS for real-time
monitoring of loads and other system elements [88]. Addi-
tionally, distributed network intelligence algorithms should
be implemented in an integrated way, allowing distributed
control strategies to efficiently consider operating points
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between demand, generation, and energy storage at each
network node [98]. Under this perspective and given the
DC — AC connectivity and degrees of freedom to implement
control and power management algorithms in the SST [99],
the ST as an ER would enable key tasks to be performed that
meet the fundamental requirements of the EI [100].

A more compact and complete architecture concerning the
EI paradigm is proposed by Patil [44]. This architecture is
based on an analogy between the Open Systems Intercon-
nection (OSI) model of the internet and the EI model. Thus,
the physical layer corresponds to the DG and storage system.
The link layer is related to the energy flow between network
elements. The network layer is equivalent to the interconnec-
tion of multiple distribution nodes, and the transport layer is
associated with the high-voltage transmission infrastructure
of the network. The session layer refers to end-user and pro-
sumer consumption. The presentation layer corresponds to
the Internet-based communication infrastructure, and finally,
the application layer is related to business and energy market
management processes.

The ST-based router can work at the network level or the
user level. The information flow is used at the network level to
control power flow between different directly connected STs.
At the user level, the ST connects and exchanges information
directly with users, DER, ESS, and linear and nonlinear loads
[101]. To achieve these functionalities, the ST must include a
plug-and-play connection mechanism, bidirectional voltage,
and current flow control algorithms at each stage of the ST.
It must also integrate OPF scheduling, control algorithms, and
a layer of real-time communication functions [27].

In Fig. 6, a diagram is proposed based on the findings
found in the literature that sets up the interrelationship of
DER (1), HMG (2), and ST (3) as an ER (4) based on EI (5).
This relationship contributes to alternatives for solving OPF
problems in MG with high penetration DER and ST as an ER
in MG. DER has random characteristics that are conceived as
non-dispatchable units. Therefore, a suitable way to integrate
DERs into DS is through MGs. Given the benefits of the ST as
an ER, adequate MG management is achieved by simplifying
the decision criteria. Furthermore, the ST provides us with
the necessary and sufficient elements to form an architecture
according to the concept of EI. Finally, it allows us to propose
management algorithms that contemplate feasible solutions
to power flow problems in MG with high DER penetration.

Under this scenario, alternative HMG and EMS schemes
have been proposed that would give way to the material-
ization of the EI paradigm to integrate ST as an ER under
a meshed or radial structure. The latter incorporates MG,
ESS, and V2G in a flexible, controlled way that keeps the
reliable performance of the MG by guaranteeing an optimal
operating point based on KPI in terms of power quality.
Control algorithms must ensure that the MG behaves as a
single-frequency self-controlled entity, as with a synchronous
generator. It must also prevent the power flow from exceed-
ing the nominal values of the line by keeping the voltage
and frequency within acceptable limits during island mode
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operation with an energy balance and an adequate scheme to
resynchronize with the main grid safely [102], [103]. Under
this scheme, authors agree that MHM controllers should reg-
ulate voltage and frequency under all operating conditions.
They, likewise, shaped control active and reactive power
to achieve adequate power-sharing in grid-connected and
islanded modes with an appropriate transition. This scenario
ensures an optimized DER production and maintains unin-
terrupted supply to critical loads such as schools, hospitals,
and other essential services. In this way, it supports startup
capacity in case of grid failure and establishes an optimized
operating cost of production and energy exchanges with the
main grid, among other aspects [15], [35], [104], [105], [106].

D. MESHED HYBRID MICROGRIDS

Many schemes have used hierarchical structure control strate-
gies in HMG, where the primary loop regulates the MG’s
impedance, voltage, and current. The secondary loop is used
to regulate voltage and frequency. Moreover, for its part, the
tertiary control loop is used to hold active and reactive power,
which facilitates optimal power exchange with the main grid
[107]. Under a hierarchical control structure, several algo-
rithms have been proposed for MG management based on the
ST as an ER.

In [29], an ESS-based energy management algorithm for
the islanded operation of a hybrid ST-based microgrid is
proposed. Since this can control the LV 4¢ port, undervoltage
load disconnection is intentionally implemented to reduce the
ESS discharge rate during MG islanding operation when the
State of Charge (SoC) of the ESS drops below a critical value.
With this, it could be shown that the duration of ESS operation
in island mode is increased by intentionally decreasing the
LV 4c voltage by the ST in a MHM. Under this approach
in [30], it was possible to demonstrate the conformation of
several pathways for the controlled power flow in the system.
Compared to AC interconnects, this configuration improves
the entire system’s performance during various adverse oper-
ating conditions, such as reverse power flow, peak power
demand, and voltage drop, as the operation of an integrated
ESS in an MHM is proposed. Instead of connecting through
AC interconnects with normally open breakers, the same
line is connected through the MVpc links of the ST. On the
other hand, [14] studies the advantages of implementing an
ST-based MHM, as well as its operation and control. In this
case, it is argued that the meshed MG is a hypernym for
different power grid configurations, where each node in the
network is fed from at least two sides. The LV 4¢ network
can mesh both at the LV 4¢bus bar and at the feeder end. The
latter is also known as a ring network and is a subset of mesh
networks. This allows optimizing the power flow in the grid
since the MHM network configuration shows a high potential
to control the active power flow bidirectionally. Therefore,
instead of injecting the excess power generated by the DER
into the MV¢ network at one of the feeders, the ST can send
the excess power back to the feeder at the other end of the
mesh.
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TABLE 2. Different ST-Based MHM topologies.

Ref. MHM OUTLINE

Objective

[14]; [25]; [29];
[331; [37]; [45);
[32]

[101]; [46]; [38]

[311; [36]; [30];

[23]; [82];

MV/LV

v' Minimize losses in AC and DC distribution lines in isolated
mode and connected to the DS.

v' Simultaneous voltage and power flow control with a
centralized controller.

v' Conform an alternate path for power flow that allows for a
more efficient reversal of power flow from DERs.

v" Control MHM that operates in an intelligent and coordinated
manner.

v' Stabilize the voltage at the LV} from ESS in voltage mode and
current mode.

v" Optimize ST localization while minimizing the power drawn
from the grid and keeping the line voltages stable.

v" Reducing the number of converters from hybrid loops between
the DER converters and the LVj,¢ of the two-stage ST.

v' Reduce the capacity of power converters in the LV, grid.

v' Analyze the performance of a Unified Power Quality
Conditioner (UPQC) to control AC load voltages and source
currents.

v" Reduce the complexity of the overall MG control since the
MVp the ST controls the bus voltage.

v" Improve MG performance during reverse power flow
conditions, peak power demand, and voltage drop.

v Introduce multiple paths for controlled active power flow in the
overall microgrid.

v Establish an MV, distribution bus with the integration of an
ESS for power balancing.

v" Improve MG performance in terms of power flow control and
power quality improvement.

v' They interconnect multiple AC and DC networks to set up
power router actions in power flow control.

v" Enable structures so that each node of the MG is powered from
at least two sides, allowing advanced control of power flow
through ST.

v" Loop power control on the ring network to eliminate the effects
of load imbalance and line congestion and keep voltages across
the feeder within limits.

Despite this, the ST-based mesh network configuration
requires optimization to achieve better performance in energy
flow management and network services, usually implemented
in a central controller. This aspect is also argued in [31]
since the need for MVpc interconnection is raised to improve
the flexibility of the controlled power flow in the MG and
different power flow conditions. The ST is thus conceived as
an interconnection node that supplies decoupled active and
reactive power control capability and coordinated operation
capability that improves the reliability of power supply for
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LV 4c loads even during voltage dips and avoids introducing
more DER resynchronization schemes during grid voltage
dips. According to different authors, ST coupled with an MG
would give way to forming a new type of MG called a Meshed
Hybrid Microgrid based on Smart Transformers (ST-based
MHM).

Significant advances in hierarchical management and
control algorithms have been documented for the opera-
tion and control of an MHM. In [14] and [25], an EMS
based on hierarchical architecture and distributed control
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was obtained to coordinate the ST-based MHM efficiently.
These systems can improve network performance by opti-
mizing power flow and grid resilience compared to the radial
configuration during grid failures; this is due to a hier-
archical architecture, where the local-level control uses a
primary control implemented within the local converter con-
trol in the MHM. Voltage, current, and power are controlled
variables.

The primary control system design aims to satisfy the
required dynamic and steady-state performance of the power
converters of each ST stage to follow the EMS set points
with robust behavior against system disturbances. It should
be said that, in an ST-based MHM, there is a controlled power
transfer between networks during regular operation. Simi-
larly, it allows the integration of fault management algorithms
in the source of the main grid MVyc, these results show an
increase in reliability [36]; this is an effect of the integration
of a LV pc bus extending in parallel to the LV 4¢ DS, and
the DGCs that are integrated into the LVpc line. Similarly,
the availability of the ST LVpc bus opens an option to
conduct the LV pc DS. This allows a higher degree of freedom
for the algorithms required to be proposed and, consequently,
the control complexity of the DGC is reduced since they do
not need to control the DC link voltages with a noticeable
reduction of the LV 4¢ line loading and improvement of the
LV 4c line voltage profile [25].

Finally, some work has been aimed at solving the optimal
energy management problem in ST-based MHM. In [14] and
[33], control strategies and management algorithms that gen-
erate an additional set point from the EMS level to optimize
network performance are formulated, e.g., voltage control
considering the impact of line impedance, critical bus voltage
control, line loss minimization, and compensation. Similarly,
an optimal online problem is formulated to determine the
active and reactive power references of the DGC to minimize
the power losses on the line. Minimizing the total power loss
at each time point is chosen as the objective function and
solved using a GA. The total loss in the system is the sum
of the losses in the bus LV pc and LV 4¢. This total loss is
calculated using the backward and forward-swept power flow
method. This strategy allows achieving benefits associated
with the combination of optimal grid source allocation and
grid reconfiguration (ST with added LV p¢ line) to minimize
system power losses.

Power loss optimization is possible with the ST configura-
tion due to the presence of the DC line. According to these
results, there is room for structuring studies to address the
OPF problem in ST-based MHM using multiple approaches
to consolidate this new power distribution scheme with high
grid penetration. Table 2 summarizes the main ST-based
MHM schemes reported in the literature. This study identified
common aspects, such as taking advantage of the ST degrees
of freedom to couple DC and AC buses as multiple feeders in
the MG. Likewise, they allow the creation of hybrid networks
that facilitate the integration of the DERs in the MG under
an optimal energy management approach. Furthermore, the
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MHM makes it possible to find feasible solutions that set the
operating points of the different PEIs of the DERs connected
to the MG.

IIl. ENERGY MANAGEMENT SYSTEM IN ST-BASED MHM
MGs must be managed by an EMS that eases the mini-

mization of operating costs, emissions, and peak loads so
that the technical constraints of MG can be satisfied at the
same time [108]. In recent years, the EMSs of the MG have
been studied from different perspectives and have recently
attracted considerable attention from researchers. As a result,
EMSs have been classified into four categories based on the
type of standby system used: Non-Renewable Based EMS,
ESS-Based EMS, DSM-Based EMS, and Hybrid Systems
Based EMS [50].

Non-Renewable Based EMS is the classic MG strategy that
does not have a high penetration of renewable DER, using
mainly diesel-type energy sources. ESS-Based EMS seeks
to maintain the balance between generation and demand by
using the ESS to store energy during off-peak hours and
discharge it during peak hours [109]. Demand-Side Manage-
ment based EMS adjusts demand profiles to meet optimal
system performance criteria and balance resource availability
and the corresponding demand adjustment [110]. This system
is characterized by reduced demand consumption, increased
efficiency, and dynamic end-user tariffs or incentive pay-
ments to reduce consumption during expensive hours or when
system reliability is at risk. Finally, Hybrid Systems EMS
combines the above categories whose management services,
DER variation, and demand response make the EMS decision
criteria more complex.

To solve this type of problem, it is suggested to deter-
mine uncertain parameters for prediction, model uncer-
tainties, mathematically formulate objective functions and
constraints, choose the optimization technique to solve the
problem, and validate the performance of the EMS based
on optimization algorithms [111]. These can have a deter-
ministic or stochastic approach; however, the stochastic one
presents higher complexity and computational cost, but the
solutions are less conservative.

An EMS can operate in three modes: centralized, decen-
tralized, and hierarchical [112]. In a centralized way, EMS is
characterized by providing global optimization, reduction in
overall operating cost, and uniformity for the whole network,
so it is easy to implement [113]; however, it presents little
flexibility and expandability, with a high computational cost
due to the need for a dedicated high bandwidth commu-
nication channel. Decentralized EMS, on the other hand,
presents a more efficient distributed computational load with
flexibility compared to centralized; EMS; however, an exact
optimization is not possible and requires the integration of
synchronization algorithms that make the management rules
complex [114]. Finally, in hierarchical EMS, the control
loops grouped by levels improve the reliability and accuracy
of the management system and are considered more suitable
for ADS management; however, this architecture makes the
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TABLE 3. Different OEMS in ST-Based MHM.
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FIGURE 7. Overview of the EMS.

EMS implementation more complex, leading to a high cost
and computational level [115].

An overview of the key elements of an EMS is shown in
Fig. 7, in which topics related to optimization algorithms,
power flow analysis, bidirectional communication schemes,
and computational tools are framed. The EMS performs mon-
itoring tasks for real-time operation and forecasting tasks for
daily planning of the MG based on the projection of avail-
able DER, dispatchable resources, and demand projection.
Additionally, it adopts power quality control mechanisms to
increase system reliability and dependability. These elements,
when integrated, allow setting optimal set points for the
control loops at the different control levels of the AC, DC,
or HMG [39]. The EMS are multi-objective systems, focusing
on technical, economic, and social-environmental objectives.
The economic objectives include investment, operation, and
reinforcement cost plans. On the other hand, the technical
purposes seek the optimal management of DER penetration,
MG losses, load balance, voltage and frequency stability, and
power quality [39].

For the modeling of the EMS, it is necessary to introduce
uncertainty models of the DER, which can be built from
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techniques. In the case of the stochastic approach, the Monte-
Carlo scenario’s generation and simulation are used. The
mathematical formulation of the EMS can be formulated
from objective functions based on operating costs, the number
of emissions, and even technical requirements. Similarly,
constraints should be included, which may be associated
with distributed generation, power balance, technical criteria,
and ESS [50]. Finally, one approach that has gained signifi-
cant relevance in recent years is oriented toward techniques
considering the stochasticity of DER and V2G [56]. Within
this topic, algorithms considering the demand management
problem have started to be formulated through demand and
supply response mechanisms in MGs, taking the uncertainty
of renewable energy generation. On the power generation
other hand, the scheduling problem in an MG is consid-
ered, considering the uncertainties of DER in combination
with electricity prices [41]. The resolution of these problems
is framed within an optimization problem since it allows
minimizing or maximizing a cost function according to the
merit figures of the system and the associated constraints
[116]. Stochastic optimization techniques are considered in
conjunction with robust optimization techniques to solve
problems related to demand management in MGs with a
high penetration of DER. These techniques make it possi-
ble to find optimally scheduled demand and supply profiles
that minimize the costs associated with fuel consumption
over the entire time horizon. The variability of the DERs
is formulated from a reference distribution function to limit
uncertainty [117].

Under the scheduling problem of power generation in
an MG with high penetration of DER, the stochasticity of
the MGs must be considered, and optimization problems
based on heuristic and robust techniques must be formulated.
The scheduling problem of power generation in a microgrid
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scenario is solved to minimize the cost and keep the system’s
stability. In these, distribution uncertainty sets are defined
to reduce the fluctuations range and uncertainty in the elec-
tricity price by limited random variables [118] according to
statistical analysis concerning environmental conditions data,
generation profiles, and load profiles in the MG [50].

Multiple approaches have been proposed for ST-based
MHMs that seek to apply optimization problems to energy
management based on performance indicators. Table 3
classifies the references that report EMS based on the objec-
tive function, constraints, and optimization problem-solving
techniques.

In [37], an OEMS for off-grid mode operation, a low
voltage ST-based MHM, is defined. The main objective is
to minimize line losses in the system from the formation
of DC line connections and ESS by taking advantage of
LVpc ST port’s, under a stochastic approach and heuristic
techniques, GA. The EMS adjusts the operating points of
the PEIs of each DG, ESS, and ST stages. Each stage of the
ST has a decoupled control loop that controls the injection
or absorption of active and reactive power, thus controlling
the state of charge of the ESS and voltage balance en LVpc
and LV,c. This EMS ensures the system has the maximum
uptime possible with available DG sources, ESS, and EV.
A similar approach is reported in [45]. In this, an optimization
problem is formulated for determining the active and reactive
power references of DG converters in real-time for minimized
power losses in the line in both AC and DC side MG. In the
issues reported in [37] and [45], the total loss in the system
is the sum of the losses on the AC and DC lines. The two
approaches differ in the inclusion of an ESS in the LV p¢ port
of the ST. Thus, despite having the same objective function,
the constraints of the problem are different depending on the
type of ESS and the mode of operation, off-grid, and on-grid.
In [45] the inequality constraints are defined according to
voltage deviation, power factor variation and power balance.
In [37] the inequality constraints are defined according to
the SoC of the ESS and EV, the SoC and discharge of the
ESS, and the rated power of the DG. In both cases, GA-based
optimization techniques are used.

In [32] and [38], an OEMS is proposed to determine the
active and reactive power references of DG converters. This
system maintains the LVac load bus voltages within the
limits of the grid and considering the constraints of the DG
converters. The minimization of the energy withdrawn from
the ST MV ¢ port is regarded as an objective function and
is solved using a GA. Despite having the same objective
function and set of constraints, the ST structure in [38] has
two stages; thus, a further objective for the EMS is to find the
best location for the third stage. This approach is valid since
the ST is a decoupled multi-stage converter.

The three stages of ST allow decoupled control loops to
be established for each of the stages, as shown in the follow-
ing figure Fig. 3. Given this characteristic, some works are
reported that propose rule-based EMS and distributed control
for ST-based MHM, which allows taking better advantage of
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the functionalities and degrees of freedom of ST and MHM
in connected, isolated or fault scenarios [36]. In [32], a rule-
based EMS is proposed to establish the reconnection of the
MHM to the MVc grid while keeping the ST converter
running, thus initiating the power flow and establishing the
transition from isolated to grid-connected mode of the MHM.
A similar approach is presented in [29] and [30], in which
MHM management mechanisms are proposed to operate the
integrated ESS and ST in an MHM. Instead of connecting
through AC interconnects with normally open circuit break-
ers, the same line is connected through the MVpc ST DC
links introduce several ways for the controlled flow of power
in the system in an optimal way. In this way, a hierarchical
structure for the management of the MHM can be identified
based on the operating conditions of the ST. These works
present a similar architecture concerning the control of the
ST, which, despite having different objectives, gives the same
management mechanism as the MHM. In Fig. 8, a schematic
of the architecture used for the ST-based MHM EMS is
presented. Functionalities are identified in terms of the mode
of operation of each stage of the ST, hence of the MHM, and
functionalities introduced in Fig.7.

The EMS consists of three levels and is presented in Fig. 8.
At the top level, management is based on MG operating
conditions/problems. Suppose conditions require reducing
line losses, operating faults, feeder voltage deviation, or over-
loading. In that case, the EMS can choose the most appro-
priate network configuration to minimize the above effects
and improve performance based on KPIs. Depending on
the selected configuration, the priority of the control target
under optimum conditions is set by setting the setpoint at
the medium level, MVy¢c and MVpc, and the ST voltage
control strategy at the low level, LV4¢ and LVpc.MHMs
are a set of new MG topologies in which the benefits of
ST are appropriately exploited. As Table 2 below presents,
the reported references focus mainly on centralized primary
and secondary control systems in the ST stages. According
to Table 3, few works have been developed on OEMS in
ST-based MHMs. The analyzed results show good indicators
and adequate OEMS performance. However, genetic algo-
rithms have been used to solve the optimization problem to
minimize system line losses or maximize DG power injection
under maximum operating point conditions.

In the issues reported, the variability of the resource and
the uncertainty associated with the generation profiles and
behavior of the ESS, which finally condition the formulation
of the constraints related to the optimization problem, are
not considered. This formulation requires different solution
alternatives to GA, such as robust optimization or stochastic
programming [41].

IV. FINDINGS AND CONTRIBUTION

Decarbonizing the electricity generation, transmission, and
DS is one of the main challenges proposed based on the
results of the report of Goal 7 of the UN. In this sense, as a
mitigation measure, efforts have been made to promote the
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FIGURE 8. An overview of ST management under a MHM operation [23], [119].

integration of renewable energy sources into DS, such as DG
and ESS, as elements of diversification and flexibility of the
energy matrix. However, this new scenario generates collat-
eral effects regarding power quality and energy efficiency due
to the resource’s variability, the grid’s low inertia, and the
bidirectional power flow. In response to these effects, we seek
to propose OEMS schemes based on robust optimization
algorithms that consider the dynamics and uncertainties of
DG, ESS, V2G, and the management of linear and nonlinear
loads in MHM. This OEMS is according to the KPIs that
account for power quality in DS, in an approach in which
DS with high grid penetration is visualized as an Active
Distribution System (ADS). The main objective is geared
toward the optimal operation of the DER regarding economic
benefits and safe operation that guarantees an uninterrupted
and reliable power supply [40].

Fig. 8 shows the conceptual model of a technological
hardware platform with an ST-based MHM controlled by
OEMS, which can work in isolated mode or interconnected
mode through the Common Coupling Point (CCP) in MVy¢
of the ST. The OEMS inputs are defined based on the
variables measured at the operating point of the different
elements of the MG, both in AC and DC (weather forecast
data, demand projection, and economic criteria for system
operation). In addition, parameters that set the references for
the MG’s primary and secondary control levels have been
specified for the outputs. For the latter, active and reactive
power criteria are set, and for the primary control, operating
points of voltage, current, and frequency levels are developed
for each PEI control loop.

Under a scenario of uncertainty in MG by the variability
of DER, an approach based on robust optimization for the
OEMS is proposed to find a feasible operating point accord-
ing to the operational constraints of the MG. That finally
responds to the economic dispatch problems of the ADS [41].
This scheme is proposed based on a hybrid-meshed structure,
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which adds more degrees of freedom for MG operation. Still,
it increases the degree of complexity regarding the require-
ments to find the solution in an expected time horizon for the
proper operation of the MHM.

The mesh structure of the MG is formed from a DC bus
that starts at the LVpc of the ST and ends at the output of
the DC — DC converter of the DER connected at the end
of the MG. In addition, a hybrid ring bus interconnects an
AC bus segment with a DC bus segment through bidirectional
AC — DC converters, which eases power exchange between
the two buses and the DERs connected to the DC bus. This
hybrid structure allows the PEIs to obtain power from the
MVyc network through the LVpc bus in case they do not
have enough power from the DERs. Similarly, the PEIs do
not control their DC link voltage, as the ST takes care of
this. The DERSs inject power to the DC links through the
DC — DC and AC — DC converters, respectively. These
converters help the DERs to operate at maximum power point
most of the time [55]; likewise, the DC — AC converters are
responsible for supplying power to the LV4¢ line. This bidi-
rectional power-flow control mechanism is the main strength
of MHMs, which could be exploited and improved with a
radial structure such as the DS’s.

As for the PEIs, each one is connected to a Local Con-
trol Loop (LCpgr) and communication interface so that its
elements act at the primary control level of the MG. That
is defined based on the input information, composed of
operational parameters of the MG, environmental conditions,
demand forecast, and market information, being the input
for the demand projection and estimation of the generation
profiles of the DERs connected to the MHM. Subsequently,
a probabilistic model of the DERs and a stationary model of
the PEIs are proposed to construct an objective function that
minimizes the power flow in the MG, considering the associ-
ated restrictions. Therefore, robust optimization or stochastic
programming algorithms can be proposed, as detailed in [41]
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and [120], to obtain a set of feasible solutions that set the
operating point of the secondary and primary control levels
of the MHM, employing the AC bus Active and Reactive
Power Setpoint (Pac, Qac), as well as the Voltage, Current
AC, and Frequency (Vac, Iac, Fac). For the DC bus, the
Active Power (Ppc), Voltage, and Current DC (Vpc, Ipc)
are set. Similarly, the feasible operating points are set for
the operational conditions of the ST that functions as an ER
between the DC and AC bus of the MHM.

The energy management algorithm is proposed as a cen-
tralized tertiary controller for the MG. Its input parameters
are a function of the variables measured at the operating
point of the different MG elements, AC, and DC (weather
forecast data, demand projection, and economic criteria for
system operation) [41]. The output is defined from parame-
ters that seek to set the references of the MG’s primary and
secondary control levels [121]. Active and reactive power
criteria are set for the latter, translated into voltage-frequency
references for the primary control loops. According to this
structure, it should be noted that a 24 H horizon is defined
for the OEMS with control windows of the order of min-
utes for the secondary control and in the order of milliseconds
for the primary controller [106]. However, the OPF prob-
lem of reducing voltage-frequency deviation focuses on a
steady-state analysis of the microgrid under uncertain con-
ditions in DER and the different ST stages.

For OEMS, optimization techniques are defined that con-
sider the uncertainty of the REDs in the solution of the power
flow optimization problem, whose objective is to minimize a
cost function by the KPIs in the microgrid. According to the
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taxonomy of optimization proposed in [41], in optimization
problems involving uncertainty in decision variables, one
can opt for stochastic programming or robust optimization
techniques. Stochastic Programming (SP) defines the opti-
mization problem based on probability distribution functions,
and under a discrete approach with N samples, a Monte
Carlo approach could be considered. [122]. On the other
hand, Robust Optimization (RO) defines an uncertainty set
U, to which the variables with uncertainty must belong so
that any feasible solution such that # € U, even the Worst-
Case, guarantees that all constraints are respected.

According to weather station data, the probability distri-
bution functions of irradiance and temperature variation for
PVG in some areas do not fully describe the random variable.
Therefore, applying the SP optimization techniques proposed
in [90] is not recommended. On the other hand, the set of
feasible solutions presented by RO techniques tends to be
more conservative than stochastic optimization. However,
this depends on the choice of the worst-case scenario to be
included in U, whose adjustment can reduce the risk level
according to the quantification of the feasible solution [123],
which finally establishes the operating point of the micro-
grid. Therefore, applying RO techniques for developing the
energy management algorithm is proposed based on these two
criteria. Under this type of optimization, it is possible to for-
mulate a multi-stage min — max formulation that minimizes
the combination of a first-stage objective function and the
second-stage worst-case scenario, defined as the maximum
cost over the uncertainty set U [124], [125].

Allowing the structure shown in Fig. 8, an alternative way
to develop algorithms for OEMS in MHM is demonstrated in
Fig. 9. Under this approach, the starting point is a stationary
model analysis of the PEIs of each DER. The variability
of PVG and wind turbine generators are characterized by
probabilistic models proposed in [51] and [126]. As for ESS,
they are modeled based on the SoC as proposed in [127] and
[126] and V2Gs as proposed in [56], [128], and [129]. These
probabilistic models determine the constraints when present-
ing the RO problem, whose solution must be feasible in the
uncertainty space defined by each DER of the MHM [52],
[53]. By determining the set of feasible solutions through
solving the optimization problem, the performance of the
target MHM can be evaluated under an emulation scheme
with specialized hardware as proposed in [29], [30], [46],
and [55].

Finally, according to the results achieved at the pre-
feasibility level, we seek to establish the technical and eco-
nomic feasibility of the potential integration of an ST-based
MHM with high penetration of DG, V2G, and ESS in a DS
operated by an OEMS.

One feasible way to assess the impact of DER penetration
in the DS to address the optimization algorithms proposed in
Fig. 9 is to mesh a section of the DS. This meshed structure
ensures optimal operation, starting from selecting and ana-
lyzing information recorded by the network operator in the
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area with the highest potential for DER resource availability
and highest demand in terms of controlled load, uncontrolled
load, V2G systems, and the need to incorporate ESS. Next,
stochastic models or spaces of the uncertainty of the energy
potential of the DERs are proposed for their connection with
the different nodes in the DS area of interest. By incorporating
these models with the network parameters, the power flow
is analyzed under various scenarios, including DS, without
integrating DER and models with high penetration of DER
to get a baseline with the worst-case scenario results. Addi-
tionally, the interconnection of the DS section with high
penetration of DER is improved by using an ST to analyze
the three approaches to contrast the network’s performance
from indicators that reveal the system’s power quality.

This method is shown in Fig. 10, where a flow chart is pro-
posed to evaluate the performance of a section of the DS with
high penetration of DER and a technological alternative that
meets economic, environmental, political, and social needs.

According to the literature findings, the alternative tech-
nology platform and the workflows illustrated in Fig. 8
and Fig. 9 are highly feasible for materialization under real
DS-integrated MG operating conditions. The SST has pre-
sented reliable results in flexibility and bidirectional power
control in radial MGs by acting as an ST. The results pre-
sented in the literature, the technological alternative proposed
in Fig. 8, and the methodologies proposed in Fig. 9 and
Fig. 10 show that the SST could provide ER services in
MHM with high penetration of DER, V2G, and ESS. OEMS
drives this to improve efficiency in terms of KPI. Under this
approach, ST projects as a key element in the MGs of future
distribution networks or ADSs as it significantly enhances
network operation’s flexibility.

Similarly, it enables interconnection between AC and DC
distribution grids, making MHM’s operation possible. The
power flows can be controlled, and more efficient direct
integration of distributed DC resources, such as PVG and EV
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charging stations [82]. In this way, technological develop-
ment strategies could be proposed to improve the KPIs of an
MHM with high penetration of DG, V2G, and ESS connected
to a DS when using ST commanded from an OEMS based on
robust optimization algorithms.

Finally, the ST is presented as a three-stage electronic
converter with multiple degrees of freedom that allow the
forming MHM and is considered a suitable structure to mate-
rialize the EI as a new electric sector paradigm by integrating
the ST as an ER. These concepts have gradually gained
interest in the scientific community for algorithm devel-
opment and performance analysis of new MG topologies
such as MHM, specifically in controlled environments using
simulation and emulation schemes with promising results.
Therefore, since 2017, technical and economic feasibility
studies of ST-commanded MGs have been conducted in a
pilot project in a DS in the UK [130]. This project would
become a milestone for the electrical sector with multiple
fields of application and general interest regarding incorpo-
rating a SST in DS to form MGs with a higher degree of
controllability, efficiency, and reliability.

V. CONCLUSION
This review summarizes the most important contributions

reported in the literature concerning ST-based MHM, which
allows for determining the conformation of this type of MG,
the new topologies and EMS used, and identifying the gap
on these topics. The revision also introduces an alternative
technology platform based on ST-based MHM, operated by
OEMS. Similarly, it allows the introduction of a workflow
to evaluate the performance of a section of the DS with high
DER penetration. Finally, the possibility of meshing the MG
through the multi-port structure of the ST is studied according
to deterministic scenarios.

Although ST-based MHM topologies are relatively new,
significant contributions to managing these MGs have been
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identified under different operating scenarios. The main ben-
efit of this type of MG is the flexibility of DER penetration
in the DSs under a meshed topology. This provides greater
possibilities for increased EMS performance and optimal
MG operation. Nevertheless, further research and innovation
are needed to develop OEMS under uncertain conditions
since ST-based MHMs are highly conditioned by the ran-
dom behavior of DERs and the demand profile, leading to
uncertain operation scenarios. Therefore, RO techniques are
suitable to meet the new challenges in EMS for MHM.
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