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ABSTRACT Microgrids (MGs) often integrate various energy sources to enhance system reliability, includ-
ing intermittent methods, such as solar panels and wind turbines. Consequently, this integration contributes
to a more resilient power distribution system. In addition, battery energy storage system (BESS) units
are connected to MGs to offer grid-supporting services, such as peak shaving, load compensation, power
factor quality, and operation during source failures. In this context, an energy management system (EMS)
is necessary to incorporate BESS in MGs. Consequently, state-of-charge (SoC) equalization is a common
approach to address EMS requirements and balance the internal load among BESS units in MG operation.
In this article, we present a comprehensive review of EMS strategies for balancing SoC among BESS units,
including centralized and decentralized control, multiagent systems, and other concepts, such as designing
nonlinear strategies, optimal algorithms, and categorizing agents into clusters. Moreover, in this article, we
discuss alternatives to improve EMS and strategies regarding the topology of power converters, including
redundancy-based topology, modular multilevel converter, cascaded-based converter, and hybrid-type sys-
tems. In addition, this article explores optimization processes aimed at reducing operational costs while
considering SoC equalization. Finally, second-life BESS units are explored as an emerging topic, focusing
on their operation within specific power converters topologies to achieve SoC balance.

INDEX TERMS Battery energy storage system (BESS), centralized control, decentralized control, multia-
gent system, state-of-charge (SoC) equalization.

NOMENCLATURE FC Fuel cell.

Abbreviations SoH State-of-health.

MG Microgrid. EMS Energy management system.
NG Nanogrid. SoC State-of-charge.

ESU Energy storage unit. FIS Fuzzy inference system.
ESS Energy storage system. p-u. Per unit.

HESS Heterogeneous ESS. PV Photovoltaic.

BESS Battery ESS. HIL Hardware-in-the-loop.
2-BESS Second-life BESS unit. ucC Ultracapacitor.
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8 feharging  Frequency for the charging controller.
3 frower Frequency from the power limit.
T Constant time.

Dyci Output estimated voltage.

kpui Control parameter.

kivi Control parameter.

kig Control parameter.

kig Control parameter.

kip Constant parameter.

kip Constant parameter.

uip Control input for SoC equalization.

Uig Control input for frequency recovery.

Gyi Transfer function from voltage controller.

Gpari Transfer function from consensus.

i Connection between agents i and j.

Vij Accumulative SoC error.

Ldppi DPP converter current.

Vdppi DPP converter input voltage.

ife.a Front-end converter current.

ifep Front-end converter current.

Ve Front-end converter input voltage.

Vde Front-end converter output voltage.

Usig Constant factor that modifies the sigmoid func-
tion.

I. INTRODUCTION

In recent decades, the deployment of microgrids (MGs)
has increased as an alternative to traditional thermal power
plants, and the implementation of energy storage units (ESUs)
has consequently risen striving to improve the efficiency of
alternative energy sources and targeting the provision of grid-
supporting services [1], [2]. Thus, the benefits of ESUs in the
operation of MGs include frequency and voltage regulation,
grid management, and the reduction of emissions and costs.
For example, some projects [3], such as AURORA by the U.S.
Department of Energy, have been implemented to incorporate
ESUs. In addition, the government of Singapore invested in
the Asia project ACCESS, while France created Grid4EU in
Europe, and The Netherlands initiated the 24 MW/48 MWh
project. All of these projects have resulted in the integration
of ESUs into grid operations. Furthermore, major companies,
such as Google, have also introduced ESUs to collaborate
with power production [3]. The most applied technology for
ESU is the battery energy storage system (BESS) units, due
to factors, such as cost, service life, dynamic response time,
and the ability to rapidly absorb or deliver power [3]. In this
context, according to [4], [5] the importance of BESS units is
defined as follows.

1) Supporting power demand: Upon operation considering
intermittent alternative sources, such as solar systems
and wind turbines, BESS units can provide energy dis-
patch to the grid during periods of low power production
from these sources.

2) Peak shaving: BESS units can be charged during pe-
riods of low demand on the grid and discharged when
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demand increases. As a result, such an energy service
can reduce the cost of MG operation.

3) Islanded operation: If there is any issue related to the
main grid, such as a fault or maintenance interruptions,
BESS units can be responsible for maintaining the de-
livery of power to local loads and consumers.

4) Electric power conditioning: BESS units can regulate
voltage and frequency within the MG. As a result, the
reliability of the system is improved, and the power
quality regulation is enhanced.

5) Load compensation: BESS units can be used to mitigate
or absorb load transients from the grid. In this context,
critical loads can be protected, and sensitive energy sys-
tems’ components, such as fuel cell (FC) membranes, if
integrated into the MG, can also be safeguarded.

To reduce the cost of BESS units, it is necessary to ensure

a long cycle life during various operation modes. One of the
first actions is to maintain the state-of-charge (SoC) within a
specific range, for instance, between 20% and 80% for MGs
or 30% and 80% for electric vehicles [6], [7].

Furthermore, as noted in [8], variations in the manufactur-
ing process can lead to different characteristics in BESS units,
even when they have the same nominal parameters. In this
context, the SoC among all units could diverge during similar
charging/discharging operations.

Thus, implementing an energy management system (EMS),
also referred to as secondary control, can maintain the SoC
of BESS units at the same level, maximizing power capacity
and minimizing the risk of any single BESS unit operating
outside the desired SoC range [6]. As a result, the BESS units
employed in the MG reduce their damage or degradation,
thereby extending their lifespan. In this perspective, the EMS
can be responsible for avoiding excess charging/discharging
and ensuring that the SoC among BESS units is balanced.

In addition, it is important to note that the depth of dis-
charge (DoD) is a parameter of BESS units that is the
complement of the SoC. While SoC represents the amount
of charge currently in the BESS unit relative to its capacity,
DoD refers to the percentage of the BESS’s capacity that
has been discharged. Therefore, the relationship is defined as
DoD = 1 — SoC, meaning that BESS units with high levels
of SoC have lower levels of DoD (i.e., the BESS unit is more
charged), while BESS units with low SoC have higher levels
of DoD (i.e., the BESS unit is more discharged) [9]. In this
context, this complementary relationship is crucial for the
EMS of BESS units, as effectively managing the SoC helps in
controlling the DoD, which impacts the performance of BESS
units.

Although the BESS units may operate at different power
levels to achieve SoC equalization, after the SoC equalization,
the units will operate with similar SoC levels. Consequently,
BESS units operating with the same SoC may degrade their
state-of-health (SoH) equally, thereby enhancing BESS unit
operation in MGs, as indicated in [10] and [11]. Therefore,
the main benefits of SoC balance are outlined as follows [12],
[13], [14], [15], [16], [17].
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1) Improved voltage condition: Noting that the voltage
terminal for the BESS units are dependent on SoC,
achieving balanced SoC condition ensures that the ex-
isting BESS units within the MG operate at the same
voltage level altogether.

2) Enhancing BESS operation within EMS: By considering
the SoC, the EMS prevents overcharging and overdis-
charging, avoiding thermal stress and voltage reduction.
The BESS voltage reflects its SoC; that is, a lower
SoC indicates a lower output voltage, while a higher
SoC results in a higher output voltage. Thus, with an
intelligent EMS that avoids overcharging and overdis-
charging, there is no need to disconnect BESS units
that might encounter issues. This approach prevents de-
lays in reconnecting them and minimizes any impact
on power demand that depends on BESS power in MG
operation.

3) Improving power delivery: All BESS units can deliver
power according to their capacity and internal charge.
Consequently, the reliability of the system is heightened
as BESS units provide uniform energy to the MG.

The MG’s EMS (i.e., secondary control) topology can be
categorized as centralized, decentralized, and distributed mul-
tiagent. In a centralized approach, the MG employs a central
controller that monitors the entire system using a communi-
cation link among sources [18], [19]. Regarding the EMS for
SoC balance in BESS units, the central controller possesses
information about all BESS units operating in the system,
including the real-time dynamics of SoC [20], [21]. In this
context, if a new source or BESS is added to the MG con-
figuration, the central controller needs to be reconfigured.
In addition, another drawback of centralized control is the
occurrence of failure or maintenance, which affects the entire
operation of the MG [22], [23].

To address this issue, decentralized control employs EMS
based on local information without the need to exchange
data among sources [4], [24]. The most common strategy
for decentralized EMS is droop control, which is based on a
deviation of voltage between the reference and the measured
voltage [25], [26]. When applied to a power converter, this
deviation is directly proportional to the current from this de-
vice, and the proportional term is often referred to as virtual
resistance when the strategy is applied to dc MGs [17], [27].
In the case of ac MGs, droop control can adjust the frequency
or be applied to adjust the voltage amplitude from the main
grid according to the desired power sharing [21], [24], [28].

Regarding SoC equalization, the classic droop control can
be modified, which is named SoC-based droop. This approach
can then be centralized or decentralized, depending on the
droop coefficient, i.e., if the BESS unit provides information
that is processed in a central controller (centralized control) or
locally (decentralized control) [20], [29].

Aiming at a distributed multiagent system, coordination
among sources and BESS units occurs through local informa-
tion and communication among agents neighbor-to-neighbor
to make the best decisions in order to achieve specific goals
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or tasks, such as power delivery, voltage secondary control,
tertiary level (optimal power flow), and SoC equalization for
BESS units. In this context, a distributed multiagent system
has robustness derived from centralized control and can en-
hance performance compared to decentralized control [4].
Nevertheless, such a control topology still relies on the effec-
tiveness of communication links [30].

On a different perspective, the topology of power converters
also plays an important role in the EMS implementation for
MGs. With regards to SoC equalization for BESS units, the
most commonly structure involves bidirectional dc/dc con-
verters for dc MGs, and inverters for ac MGs in parallel
connection. Furthermore, proposed topologies found in the
literature aim to enhance the operation of BESS units and,
consequently, the EMS designed for them. Thus, some re-
searchers have introduced the employment of hybrid-types
systems and the design of a multiport converter that shares
multiple BESS units [11]. As a result, the number of tradi-
tional converters is reduced, helping to avoid bulky circuit
sizes and reducing the overall configuration cost [31].

An example that can enhance the operation of BESS units is
the topology of a MG based on redundancy. Parallel modules
play a crucial role in providing increased reliability during
uncertain events, such as faults or cyberattacks, and they are
also beneficial for maintenance purposes [32]. Redundancy-
based MGs, for instance, are vital for alleviating problems
in systems that cannot afford to be inoperative, such as mil-
itary devices, aerospace MGs, medical centers, and shipboard
MGs [33], [34]. The redundancy approach aims to main-
tain SoC balancing in BESS units during the aforementioned
events [35].

Moreover, in shipboard MGs, the SoC among BESS units
may exhibit discrepancies during system operation. As pro-
posed by Chen et al. [36], the bidirectional modular multilevel
converter (MMC) for shipboard MGs can simplify installa-
tion, maintenance, and manufacturing processes. In addition,
it can provide a high output voltage, a compact structure,
flexibility in power control, and fault-tolerant capability.
Therefore, when considering SoC among BESS units in a
shipboard setting, discrepancies may arise due to navigational
uncertainties, the transition of aging BESS units to other
devices, fault-tolerant events, and the load variation compen-
sation provided by the BESS, which aims to protect the vessel
from pulse strikes [14], [37].

Considering optimization as the tertiary level to improve
the EMS (which is the secondary level), the authors from [11]
argue that this optimization, operating alongside SoC equal-
ization, is a developing area. Another emerging topic is the
handling of second-life BESS (2-BESS) units repurposed for
applications in MGs [38]. This review also addresses studies
related to power converters that accommodate 2-BESS units
and the parameters required for their operation within the SoC
equalization methodology in MGs.

Almost all review articles found in the literature are limited
to ESU, characteristics, drawbacks, and benefits for MG appli-
cations [39]. In addition, the work in [4] and [12] are restricted
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to control strategies for ESS; however, they provide a brief
overview of BESS units and SoC equalization. In [12], the
explanation of ESS units regarding communication—
centralized, decentralized, and multiagent—is provided,
but only a subsection considering SoC-based droop control
is elaborated on. In contrast, Saadi et al. [4] focused on
SoC-based droop control and power converter topologies
but does not take into account centralized SoC-based droop
control, optimization performance under SoC equalization,
nonlinear functions based on S-shaped functions, and
other approaches that achieve SoC equalization, such as
reflected ampere-hour (RAh) capacity, fuzzy inference
system (FIS) without droop control, proportional power
sharing, and adaptive current sharing. In addition, neither
review elaborates on the perspective of dividing BESS units
in operation into cluster agents, which can be considered
an emerging topic regarding BESS units, along with the
perspective of incorporating 2-BESS in EMS.

Therefore, this article strives for providing information
about the deployment of BESS units in MGs, focusing on
the implementation of EMS with SoC equalization, as well
as discussing the strategies adopted to enhance the coordina-
tion task and system reliability, such as the power converters
topology and optimization as tertiary level.

The rest of this article is organized as follows. Section II
focuses on the BESS model and SoC estimation as they relate
to the EMS. Moreover, Section III provides an overview of
the EMS designed for BESS units, including challenges and
possible solutions. Then, Section IV presents an overview
of centralized control, including the centralized SoC-based
droop, while Section V provides information about decentral-
ized control, along with common SoC-based droop without
communication, non-linear functions for employing EMS,
FIS, and optimal algorithms. Following this, Section VI re-
views multiagent system control, including the consensus
approach and diffusion algorithm. Section VII focuses on
hybrid-type systems, while Section VIII explains how the
topology of power converters can enhance the EMS for BESS
units. Moreover, Section IX focuses on optimization as ter-
tiary control, and Section X discusses how to handle 2-BESS
units to operate in MGs and achieve SoC equalization. Finally,
Section XI concludes this article.

Il. PRELIMINARIES

A. BESS MODEL

Several models of BESS units have been discussed to define
their performance, such as electrochemical model, electric
circuit model, and neural networks model [40]. Thus, the EMS
from [40], [41], [42], and [43], considered a first-order circuit
model, with the output voltage vy, defined as follows:

. . t
vpgss = OCV — iggss?i — iBESS?1 |:1 — exp <— C )}

with OCV being the open circuit voltage, ip,c the BESS cur-
rent, 7; the internal resistance, r;Cy representing the BESS
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relaxation process, and ¢ the time. In addition, the Belal
et al. [44] considered the equivalent electric model proposed
in [45].

Finally, considering MGs and the higher level application
of EMS and SoC equalization, the nonlinearities of BESS
units could be neglected since a large number of researchers
are focusing on studying SoC dynamics under EMS and SoC
equalization.

B. SOC ESTIMATION

There are several methods for SoC estimation in the literature,
according to [46], [47], and [48]. Usually, when they discuss
SoC balancing for MGs, the most common methodology is
the Coulomb counting method, as follows:

t
SoC(t) = SoC(ty) + ! / igess(t)dt 2)
Coat to
where SoC(t) is the SoC at time 7, SoC(ty) is the initial SoC
at the reference time fy, Cpa is the nominal capacity of the
battery, iggss(7) is the current at time 7.

This method assumes that the initial SoC, SoC(zy), is
known (for lab-scale prototypes, an arbitrary value is usually
chosen), and that the current is accurately measured over time.
Since this methodology is the simplest for SoC estimation and
it is easy to implement, papers on EMS often focus on the
dynamics of parameters related to SoC equalization, such as
current from BESS units and other sources, power on loads,
and voltage levels. Thus, when the study is about EMS, some
authors reference other papers that address SoC estimation
and discuss its accuracy.

As the review focuses on EMS regarding SoC balanc-
ing, most of the literature considers the Coulomb counting
method. However, BESS units exhibit nonlinearities that can
impact the accuracy of SoC estimation. Consequently, some
authors compare the dynamics obtained from experimental
results using hardware-based approaches with those from soft-
ware that accounts for BESS nonlinearities, such as PSIM,
MATLAB/Simulink, and PSCAD [17], [28], [49]. Others di-
rectly validate the approach using hardware-in-the-loop (HIL)
systems that consider BESS nonlinearities, such as Typhoon
HIL [11], [50], OPAL-RT [19], [31], [51], and RTDS Tech-
nologies, real-time digital simulator [16], [26], [52].

lIl. ENERGY MANAGEMENT SYSTEM
An EMS is essential for managing renewable energy sources
and BESS units in MGs. It coordinates power flow and sus-
tains system stability through load demand monitoring and
SoC equalization for BESS units [53]. Consequently, it man-
ages dc-link voltage or ac-link bus operations. The controllers
present in the MG face the challenge of managing and equal-
izing the SoCs of BESS units with the supervision of injected
or absorbed current from the dc-link/ac-link, considering ad-
ditional sources, such as FC and photovoltaic (PV) panels.
The equalization approach should supply more power to
BESS units with low SoC while reducing power absorption
from units with high SoC. Conversely, during power demand
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SoC balancing
r{  SoC-based droop |  SoC-based droop - consensus based on
droop control
|| proportional non-linear | consensus-based
power sharing function control
centralized | | adaptive current- decentralized reflected ampere- multi-agent ] adaptive power
control sharing control hour capacity system control allocation algorithm
. . dynamic diffusion
- H  FIS methodol - .
optimal algorithm methodology alogrithm
SoC feedback
control

Flowchart of existing methodologies for SoC balancing.

from the dc-link or ac-link, BESS units with high SoC can
provide more power than those with lower SoC. Hence, such
a process of charging/discharging leads to the convergence of
SoC in BESS units.

The EMS provides efficient coordination among all BESS
units and other sources, such as FC and PV panels, whether
in a centralized, decentralized manner, or through multiagent
system control. It maintains balance in the SoC of BESS units
while supplying power to the load connected to the dc-link
or ac-link. Thus, the EMS for BESS ensures the balance of
SoC in the MG, allowing BESS units to operate with similar
charging currents. Since the SoC changes slowly due to BESS
capacity, the EMS also handles power and current manage-
ment effectively.

A. COMPARATIVE SUMMARY: MAIN APPROACHES FROM
THE LITERATURE

From the literature, a wide range of methodologies for SoC
balancing has been proposed in MGs, as indicated in Fig. 1
and discussed in this study. Therefore, Tables 1, 4, and 8
present a comparative summary of methodologies for MGs,
encompassing centralized, decentralized, and multiagent sys-
tem communication. In this context, the aforementioned tables
compare the type of MG (dc, ac, or ac/dc), the topology of
power converters composing the MG, the EMS-based type,
whether the EMS also operates with voltage or frequency
regulation, whether it combines ultracapacitors (UCs) and su-
percapacitors (SCs) into the MG, and whether it operates at
islanded or grid-connected mode. In addition, Tables 2, 5, 9,
and 10 provide the strengths and drawbacks of the approaches.
Thus, in the following sections the approaches are described
in more details.

According to [12], the centralized strategy can be imple-
mented for secondary and tertiary control levels. Thus,
the operation of all sources is managed through continu-
ous communication among them, providing a comprehensive
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Comparative Summary: Centralized Methodologies

Centralized
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ac [21], [24], [68]
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Topology of
power converters
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[62], [63], [64], [65], [66], [67], [68],
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with UCs/SCs X [13]. [24]. [65]. [66]
v [91, [201, [49], [54], [55], [56], [571, [58],
Islanded Mode [59], [60], [61], [62], [13], [21], [24],
[63], [64], [65], [67], [68], [69]
X [66]
v [66], [69]
Grid Connected X [201, [49], [541, [55], [56], [57], [58],

[59]. 1601, [13], [21], [24], [61], [62],
[63], [64], [65], [67], [68]

perception of the entire MG and ensuring that the BESS func-
tions within an acceptable range, as indicated by Fig. 2.

In this context, as the centralized control is dependent on
a central control unit, this disadvantage is a single point that
can impact all coordination among sources when facing a mal-
function, compromising the flexibility and reliability of the
system [70]. Thus, centralized control is suitable for sources
that are in close proximity to each other because it requires
high-bandwidth communication links. This section covers
approaches with centralized communication, with Tables 1
and 2 presenting a comparative summary of the literature
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TABLE 2. Comparative Summary: Strengths and Drawbacks of Centralized Methodologies

Strategy Strengths Drawbacks
This strategy demands a complex and expensive central
. . - network to exchange information among BESS units, which can
Power sharing among BESS units considering X . . . o .
[9] . Lo result in a single point of failure. In addition, considerable PI
the effect of resistance line in the MGs . P X
controllers are applied, resulting in a high order of the system,
which can impact stability analysis.
The strategy also operates with failure and considers This strategy delmands a complex and exp ensive central .
[54] . . . R network to exchange information among BESS units for calculating
different capacities of BESS units and line impedance . . . . .
SoC and average current, which can result in a single point of failure.
. This strategy demands a complex and expensive central network to exchange
(53] Employment of droop parameter weights by SoC information among BESS units, which can result in a single point of failure.
The virtual inertia strategy demands a challenging and complex
[20], The equalization is achieved thanks to the incorporation implementation. Moreover, while the method is suitable for high-frequency
[56], [57], [58] of the SoC into a virtual dc machine control converters, providing inertia for a stable dc-link in low switching
frequency converters presents a significant difficulty.
The inconsistency of line impedance is not taken into account.
[49] The droop parameter is based on exponential This method can cause dc-link voltage deviation and can only identify
function, allowing faster equalization SoC differences in the later stages of SoC balancing, leading
to slower SoC convergence.
The droop parameter is adjusted by FIS,
[59] and the voltage recovery control can The implementation into other dc MGs could be complex.
correct the error in the dc-link voltage.
The virtual resistance varies depending on whether the current
[60] The virtual resistance is based on an arc tangent function, is charging or discharging and whether the SoC of the ¢th BESS unit is
which helps to accelerate SoC balancing. higher or lower than the average value. Thus, there are four different
virtual resistances.
. . . o L The droop parameter varies depending on whether the current is charging or
[61] This approac:n:js :;liee‘t,g 2Zg$a[::v(:§: iltStr;t\’:]l:ron deviations discharging and whether the SoC of the ith BESS unit is higher or lower
putp i than the average value. Thus, there are four different virtual resistances.
A sample and holder are introduced for the droop control Thls strategy relies on aAcommqmcat‘lon system, making it
. . . impractical for geographically dispersed MGs. Moreover, it
[62] to be modified in accordance with the . : hich costs 4 § 8 ficiency ¢ i
Joad sharing error and SoC error at cach sample period mvolveis Algh costs And complexity, low efficiency and :\?dldbl]lty,
limited flexibility, and lacks plug-and-play capability.
This strategy relies on a communication system, making it impractical
Lo . R - for geographically dispersed MGs. Moreover, it involves high
63] Itis suitable to balance BESS units with different capacities costs and complexity, low efficiency and scalability, limited flexibility, and lacks
plug-and-play capability.
[64] A reduced-order generalized integrator can suppress The SoCavg should be calculated in central control, creating a single
output voltage unbalance and Sth and 7th harmonics. point of failure.
This strategy relies on a communication system, making it impractical
211, [68] The approach can be integrated into active generators, for geographically dispersed MGs. Moreover, it involves high
’ allowing the BESS units to reduce the intermittency of the RES | costs and complexity, low efficiency and scalability, limited flexibility, and lacks
plug-and-play capability.
The droop parameter is based on exponential function, . . .
[24] X o The droop control cause variations in the frequency.
allowing faster equalization
L . . . . Because communication is centralized,
[69] SoC equalization is achieved, in both sides of the grid extensive deployment in MGs is not practical.
65] An adaptive current distribution coefficient is Due to the arbitrary parameters, the
designed to adjust the current reference according to SoC implementation into another approach may be complex.
[13] GA enables the SoC balancing and reduction of power Implementing three optimizations within an EMS introduces
delivered/absorbed complexity and demands substantial computational effort.
[66] The EMS takes into account lh? parameter limits of The SoC equalization may not be effective in some scenarios.
the BESS units.
[67] The optimal algorithm d_oes not require significant The current from BESS units is oscillatory.
computational effort.

review, including the main characteristics, strengths, and
drawbacks.

A. CENTRALIZED SOC-BASED DROOP

The most common strategy for SoC balance in an EMS
implemented for MGs is the SoC-based droop, which is de-
rived from the traditional droop with the coefficient modified
based on SoC information. Although the droop control is a
decentralized strategy, the central information must typically
receive the SoC data from all BESS units present in the MG
to manage the operation of all sources concerning EMS and
primary control. Generally, the SoC-based droop is derived
from (3) for dc MGs

3)

with v, as the dc-link voltage, v, as the dc-link voltage
reference, r; as the virtual resistance, ksoc as a droop fac-
tor, which functions based on the SoC information from

Vo = Vref — ¥qksoCIBESS_out

VOLUME 5, 2024

all BESS units, taking the common average value from
all SoC measurements, and iggss_our representing the out-
put current from the dc/dc converter. Furthermore, Table 3
presents an overview of the equations from the EMS, high-
lighting some examples based on (3) and modifications
thereof.

For the scenario involving dc MGs, the SoC equalization
method, as proposed by [9], is centralized. This is because the
equivalent droop coefficient is determined by a proportional—
integral (PI) controller based on the SoC and DoD for the ith
BESS unit, as well as the average value across all BESS units.
Similarly, Kewei et al. [54] proposed a polynomial function
dependent on the SoC and current from each BESS unit, as
well as the average value among all units. This function is
then added to the traditional droop control, making it possible
for the EMS to achieve SoC equalization due to the additional
term, which includes the SoC of the ith BESS unit and the
average value among all units.
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Comparison of EMS for DC MGs—Centralized SoC-Based Droop

Strategy EMS Equations

I (ksoc + Plsoc(s)(SoCavg — SoC;)) Pp
Vrer — (ksoc + Plsoc(s)(DoDavg — DoD;)) Pp,

(54] Vo = Uref = KsoCUBESS_out + 1+

<4+ 307 (a(SoCi — SoCavg) — b(iBESS_out — iBESS_avg))

155] Vo = Uref — T'dKSoCIBESS out

Vo = VUref — TaksoCIBESS_out s

[49] with kso = {exp[fp(SOCl — SoCavg)],

if Pg >0

el if Pg <0

if iBEss_out > 0
exp[p(SoC; — SoCavg)],  if iBESS_out < 0
Vo = Uref — KSoCIBESS_out s

With kgye — 4 Fminy if [SoC; — SoCavg| > 2.5%
Bl S9C =\ S0Cqpakmax + Akprs, if [S0C; — SoCava| < 2.5%
S0Cayg —S0C;

Vo = Uref — Td?BESS_outs
70 + T B kye,  if S0C; > SoCavg and iBESS_out > 0

7o + R ke, if SoC; < SoCavg and ippss_out > 0

70 + P ke, if SoC; > SoCavg and ippss_out < 0

7o+ hmin ke, if S0C; < SoCavg and iEss_out < 0
with kare = arctan(—p(SoC; — SoCavyg))

and

[60] with rg =

Vo (V)
charging mode

discharging mode
ksoc1>ksoc2

ksoci ksoc3<ksoca

kSoC2

kSoC3
kSoC4

lBESS out (A)

lBESS 0ut3

IBESS out2 BESS outl LBESS out4

Example of SoC-based droop.

" arctan (ﬁ)sc"f) ,
if SoC; > SoCavg and igEss_out > 0
if SoC; < SoCavg and igEss_out > 0
, if SoC; < SoCayg and iggss_out < 0
if SoC; < SoCavg and iBEsS_out < 0

Vo = Vpef — (kn + KA + ksoc (SoCi — SoCavg)) IBESS_out

with ky (M _ !BESS.avg
b “bat_avg

Vo = Vret — kiPp,  with k; = ko + magh
kmax—ko
/2
[61] A oz tpin,
with mg = § 40

T
km-m ko

[62]

Vo = Uref — "‘d'LBESSly
1 — (SoC; — SoC, —_—
163] with 1y — (SoC; wve) T
1 — (SoCavg — SoCz)m,

if igpss > 0

if igpss < 0

| Control Center |
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Centralized control.

In addition, the approach outlined in [55] is considered
centralized because it employs a central controller to define
the droop parameter based on SoC in order to modify the
droop control and achieve SoC equalization. As proposed
in [20], [56], [57], and [58], a centralized control for dc MGs
using an SoC-based virtual dc machine can balance the SoC
among BESS units, with the works in [20], [56], and [57] also
compensating the dc-link with secondary voltage control. In
this method, the virtual dc machine can virtually modify the
virtual armature resistance when there is a SoC variation. In

968
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Central
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Common SoC-based droop control with central controller for dc
MG.

addition, an SoC-based droop with a weight factor defined
by an exponential function dependent on SoC from the ith
BESS unit and the average SoC from all units is elaborated
in [49]. Tian et al. [S9] proposed a SoC-based droop modified
by a FIS. In this method, the inputs of the FIS are parameters
dependent on the average SoC and the power released by the
BESS units.

Moreover, the authors in [60] and [61] proposed a virtual
resistance based on the arc tangent function, which depends
on SoC of the ith BESS unit and the average SoC of all units.
In addition, in [62], with the employment of a sample and
holder, the SoC-based droop parameter is adjusted based on
the load sharing error and SoC error (the difference between
the average value and the value from the ith BESS unit) at
each sampling error. Furthermore, Fig. 3 demonstrates an ex-
ample of a SoC-based control, with a ksoc being a parameter
which depends on SoC from the BESS unit according to it
corresponded current iggss_out [63], while Fig. 4 illustrates a
common centralized controller for SoC-based droop control in
a dc MG. Finally, Chen et al. [64] calculated a value Aif =
n(SoC; — SoC,yg) that is added to the current reference from
the converter to balance the SoC of the BESS units.
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FIGURE 5. Common SoC-based droop control with central controller for ac
MG.

With regards to ac MGs, as indicated in [21] and [68], the
centralized SoC-based droop approach is derived from the
behavior given as follows:

® = et — MgksocPr 4

with @ defined as the output frequency, ws as the rated
frequency, m, as the droop coefficient, kgoc as the SoC-based
droop parameter (which depends on the SoC information from
all BESS units), and Pp as the output power from the ith BESS
unit.

Regarding certain methods from the literature in ac
MGs, Fig. 5 illustrates a common EMS for ac MGs, with
f(SoC, ...) representing a function defining the droop pa-
rameter. The EMS could be centralized, decentralized, or
multiagent depending on the approach that processes the
SoC and other information within the EMS. For example,
the authors in [21] and [68] proposed a centralized control
by applying a weight factor similar to (4), which is directly
proportional to the BESS unit. Furthermore, Ye et al. [24]
achieved SoC equalization with the SoC-based parameter
being an exponential function dependent on SoC for the
ith BESS unit and the average value among all units, as
follows:
mq

fzfref_c

bat

Pg exp(—k(SoC; — SoCayg)) ®)

where k is a constant, Cpy is the BESS unit’s capacity, SOCyyg
is the average SoC of all BESS units, f is the output frequency
(Hz), and fi¢¢ is the output frequency reference.

Finally, in the case of SoC-based droop in a centralized
manner for MGs, a specific parameter should essentially
depend on SoC. These parameters include the droop coeffi-
cient, virtual resistance, and voltage reference. Most of the
presented strategies depend on the average value of SoCs.
Although this strategy is simple to implement, a single point
of failure in the communication of SoC could impact the
SoC balance. This could lead to charging or discharging the
BESS units unreliably, causing SoC imbalances and conse-
quently requesting power from BESS units that are more
discharged.
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B. PROPORTIONAL AND ADAPTIVE POWER SHARING

In this approach, Brandao et al. [69] elaborated on an EMS in
a hybrid ac/dc MG, which incorporates BESS units on both
sides. The EMS, whose central controller is based on low-
bandwidth communication, is designed to facilitate power
exchange between the MG buses and the grid. Consequently,
proportional power sharing is achieved among the BESS units,
operating at a constant SoC in both subgrids. The power
charging can be defined as P,.f according to (6) for BESS units
charging and (7) for discharging mode

Pret = P_min(—S0Cayg) (1 + (S0Cayg — SOC)p) (6)
Pret = Pp_maxS0Cayg (1 — (SoCayg — SOC)p) (7

with Pg_. and Pp representing the interval of power within
which the BESS units operate.

Considering the EMS from [69], it operates as a single
controllable entity to provide SoC equalization. However,
because time-based signals are used to regulate power flow
from various sources, these signals should be synchronized
simultaneously.

In [65], an adaptive current-sharing parameter control is
used as a function of the SoC from the ith BESS unit and the
average SoC from all units. This is determined by the current
iggss; from the ith BESS unit, which has SoC;, in a MG with
N BESS units

P(S0C;—SoCavg)
IBESS_total N —SoC i —SoCavg) *
j;;l(sgcavg —S0C})

IBESS_total m .

j=1ks

if charging mode

IBESSi =
if discharging mode

®)
where iggss (otal 18 the total current value from the BESS units,
and p and k; are constant parameters. As the value of SoC can
dynamically adjust the parameter based on current sharing,
SoC balancing can be performed. Compared to droop control,
this approach can mitigate problems related to voltage drops
on the dc-link and accelerate SoC equalization. However,
Qiao et al. [65] operated with arbitrary parameters that could
impact the implementation of this EMS in another approach.

C. OPTIMIZATION APPLIED TO BALANCING THE SOC

From the literature, an approach proposed by Ricardo
et al. [13] involved operating a MG with genetic algorithms
(GA) to ensure balanced SoC for BESS units, while Hosseini
et al. [66] proposed a charging station that applies a time-
step based optimization to balance the BESS units among
the electric vehicles. These techniques are able to achieve
BESS unit equalization along with EMS in the MG, which
can reduce voltage and frequency variations originating from
conventional droop.

In this context, the optimization process obtains parameters
from the MG and then provides the optimal current for each
BESS unit operate. The process involves the following three
steps of optimization in [13].

1) Choosing the SoC and the current from the ith BESS

units to minimize the objective function in order
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FIGURE 6. Decentralized control.

to achieve SoC equalization with a predefined SoC
(SoCy), as follows:

Cbat(SOCi — SOCf)

IBESSi

€))

min
iBEssi» SoC;
2) The objective function involves EMS and SoC equaliza-
tion to minimize the power delivered/absorbed by the
grid (Pgiq), with the maximum value supported being
Porid_max, as follows:

2
. ( P, grid )
min | ———
IBESSi P, grid_max

3) Overcoming the limitations from the second optimiza-
tion without applying a minimum limit for SoC vari-
ation in the constraints, as shown in (11), with k; and
keria being coefficient factors

min (ksksoc |Ps| + kerid |Perial) -

IBESSi

(10)

(1)

In addition, applying optimization in the aforementioned
approaches could prevent voltage and frequency deviations
in droop control. However, the implementation is complex
and involves excessive computational effort due to the use of
multiple optimizations as part of the EMS. Thus, Pawitan and
Kim [67] proposed an optimal charging/discharging EMS for
BESS units in a dc MG that includes SoC equalization through
quadratic programming, which does not require high com-
putational complexity. However, the current from the BESS
units exhibited an oscillatory behavior, which can compro-
mise power quality and stability, and increase losses in the
dc MG operation.

V. DECENTRALIZED CONTROL

Decentralized control is responsible for processing decisions
based on local information, providing a solution to the draw-
backs of centralized strategies. Thus, the sources in the MG
can provide load sharing through power converters without
requiring communication among each other, as shown in
Fig. 6 [17], [18]. Droop control is the most common method
for EMS in MGs without implementation of communication
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TABLE 4. Comparative Summary: Decentralized Methodologies

Decentralized
[18], [25], [26], [44], [501, [71], [72],
de [731, [741, [751, [14], [43], [76], [77],

(78], [79], (111, [17], [29], [35], [80],
[81], [82], [83], [84], [85]

MG Type
ac [28], [861, [871, [881, [891, [901, [91],
[92]
ac/dc [93]

[18], [25], [26]. [50], [71], [72], [73],
[43], [44], [741, [751, [76], [14], [29],
[771, 1781, [791, [80], [17], [28], [81],
[82], [83], [84], [85], [86], [87], [88],
(891, [90], [91], [92], [93]
[11], [35]

Topology of Conventional

power converters

Redundancy-based

[18], [25], [26]. [50], [71], [72], [73],

[43], [44], [74]. [75], [76], [77], [78],

[14], [28], [29], [79], [80], [86], [87],
[88], [89], [90], [91], [92], [93]

SoC-based droop

Nonlinear function based [81]
EMS Type sigmoid function [T, 1171, 1351
RAh-based [82], [83]
FIS [84]
SoC feedback control [85]
[18], [25], [261, [501, [72], [77], [78],
v [14], [79], [86], [87], [89],

Voltage or/and [82], [83], [85], [92]

frequency [44], [71], [73], [74], [75],
regulation X [28], [29], [43], [76], [80],
[11], [17], [35], [81], [84], [93]
v -
[18], [25], [26], [501, [71], [72], [73],
Combination X [14], [43], [44], [74], [75], [76], [77],

with UCs/SCs (781, [791. [28], [29], [80], [86], [87],
[88], [89]. [90]. [91]. [11], [17], [35].

[811, [82], [83], [84], [85], [92], [93]

[91. [18], [25]. [26], [50], [14], [43].
v [44], (711, [72], [73], [74], [75], [76],
[771, 1791, [801. [11], [17], [28], [29],
[351, [81], [82]. [83], [84], [85], [86],
[871, [88], [89], [90], [91], [92], [93]

Islanded Mode

Grid Connected

XX

[78]

links. In this context, when the droop control for BESS units
considers SoC equalization and processes only the informa-
tion from the local BESS units, this SoC-based droop is
categorized as decentralized control [73]. In addition, there
are other approaches that are not based on droop control but
still fall under the decentralized control perspective, including
the design of a nonlinear function (for example, sigmoid func-
tions) and FIS [17], [84]. This section focuses on approaches
utilizing decentralized communication, with Tables 4 and 5
offering a comparative overview of the literature, highlighting
key characteristics, advantages, and limitations.

A. DECENTRALIZED SOC-BASED DROOP

For SoC-based droop as decentralized control, essentially, the
EMS is similar to the strategy derived from centralized con-
trol, with the difference that the parameter influenced by SoC
is dependent only on the local BESS units, without requiring
information about other units or the average SoC from all of
them, as indicated in Fig. 7.

In the context of dc MGs, Table 6 presents a comparison of
various approaches to decentralized SoC-based droop. Diaz
et al. [18] elaborated the virtual resistance (r;) defined by a
FIS, while a filter-based droop control for SoC equalization is
elaborated in [25], with a dc-link voltage recovery that is not
impacted by the line resistance among power converters.
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TABLE 5. Comparative Summary: Strengths and Drawbacks of Decentralized Methodologies

which allows for the mitigation of line impedance effects

Strategy Strengths Drawbacks
. . . e ) i Due to the lack of exchanged information, achieving precise
[18] FIS can manage multiple objectives simultaneously. power scheduling for each unit may be challenging.
L . The overall performance may be impacted by the application of a
[25] The SoC balancing is based on a high-pass filter, high-pass filter algorithm. In addition, it cannot balance a

large number of BESS units with different capacities.

A double-quadrant droop is proposed based on
[26] the n-th order of SoC. In addition, the voltage recovery
is based on multiagent system

Determining the appropriate value of 7 can be challenging, as it must balance
the trade-off between SoC convergence speed and dc-link voltage deviation.

Current-source based equalization, with the

Due to the lack of network communication, the decentralized strategy

(501 virtual resistance based on the nth order of SoC may lead to excessive active power compensation.
[71] The droop coefficient is modified linearly based on SoC The SoC balancing is not effectively achieved.
[72] The droop coefficient is modified linearly based on SoC Due to the arbitrary parameters, the

implementation into another approach may be complex.

[44], [73]. [74], [75] | A double-quadrant droop is proposed based on the nth order of SoC

The power compensation is inadequate, the control accuracy is low, and there
are issues with quality and voltage deviation.

(43], [76] The virtual resistance is based on a function dependent on SoC

It has dc-link voltage variation and inaccurate power sharing

[77] The FIS added an ac signal to the droop control

It has dc-link voltage variation, inaccurate power
sharing and the SoC balancing is not effectively achieved

A correction term is added to the voltage reference as
[78] a function of the nth order of SoC. In addition,
a dual active bridge connects the MG to the grid

It has inaccurate power sharing.

The approach considers communication failure

(141 and is implemented for dc shipboard MG

It has inaccurate power sharing, and complexity in tuning droop parameters

The droop is based on power rating, with a

This methodology is not completely decentralized and requires central control.

(791 droop coefficient being based on the nth order of SoC As a result, a single point of failure can impact overall control performance.
The droop control is based on micro-tuning e e . Lo . . .
[80] resistance, which allows the reduction of line resistance effects It has inaccurate power sharing, and complexity in tuning droop parameters
[29] The f;goir[’g I;:il;iaﬁ;‘fst]ﬁniﬁzﬁga]ly‘ It has dc-link voltage variation and the SoC convergence speed is slow
[86], [87] FIS implements the droop control parameter based on SoC Itis not applicable on a large scale

and it could be complex to apply to another MG.

The term introduced in the droop is inversely
[28] proportional to the capacity of BESS, enabling balancing among
different capacities

It lacks flexibility, and frequency regulation is not considered.

The term introduced in SoC-based droop is

This methodology is not completely decentralized and requires central control.

low-voltage and large-scale voltage among BESS units

In addition, Xu et al. [26] proposed a double-quadrant
SoC consistent adaptive droop control in cooperation with
multiagent control that obtains the dc-link referential voltage
and BESS units capacities to compensate for voltage changes
through the droop control, while the authors in [44], [73], [74],
and [75] indicate an autonomous EMS to balance the SoC
among BESS units with a droop factor proportional to the nth
order of SoC in the charging mode and inversely proportional
to the nth order in the discharging mode, with n increasing
the speed of the SoC balance operation, as indicated in Ta-
ble 6. Also in the approach designed by Belal et al. [44], the
relative capacity of BESS unit is introduced into the droop fac-
tor, achieving SoC equalization of BESS units with different
capacities.

In [50], the SoC-based droop is current-source based, i.e.,
the EMS is changed in order to provide the current reference
instead of voltage reference, as proposed in many conven-
tional approaches. Regarding this matter, the power-sharing
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(88] obtained through a PI controller As a result, a single point of failure can impact overall control performance.
89 Applies reactive power sharing in the ac MG It can cause a large frequency offset and fails when the capacities of BESS units are different.
90 A function based on SoC modifies the droop coefficient There is a complexity in tuning droop parameters
91 The EMS operates with selective charging/discharging priority. The BESS unit curve cannot ensure SoC balance.
92] The SoC-based droop is modified thanks to a polynomial There is a complexity in tuning droop parameters
function based on SoC and power from the BESS unit S a compiexity uning P para ’
[93] SoC-balancing in dc and ac subg‘ndsna]ong with power The SoC balancing is not effectively achieved.
sharing between subgrids
The approach works with different conditions to determine the current reference,
[81] SoC balancing without droop control which can lead to complexity when implementing it in other systems.
Moreover, it is not continuously differentiable, impacting the stability analysis.
[17] The Sigmoid function San ‘smooth the E.MS There is a voltage deviation on dc-link
and also comp orbs load tr
1821, [83] Tl?<? operation can fillso occur during fa\‘.llt rAide—t.hmu‘g.h The method.ology is not suitable V{hen
’ conditions, converter failure, and communication link failure operated with no load on the dc-link.
(84] The FIS is employed without droop control It could be complex to extend to another dc MG.
and also compensates/absorbs load transi Moreover the SoC balance accuracy of the strategy is low
[85] The SoC is implemented in a PI controller to achieve equalization As thc. SO.C cqptrol operates with average ValuF:s. .
a communication failure can disrupt the SoC equalization.
[35] Battery-to-battery equalization is employed to enhance the EMS Itis not anSlbl; I&:?z;ﬁi‘i:fyr;i;«é? lslléfelent capacities
(1] The optimization can enhance the EMS It is not possible to apply BESS units with different capacities
and reduce the overall cost from the sources in the redundancy-based de MG
94] The structure provides integration among A failure in communication results in a BESS unit fault,

which in turn causes a problem with SoC equalization.

maintains accuracy with the voltage regulation in the MG.
Thus, the voltage-source-based reference from (3) is modified
to provide (12), which determines the current reference (iyef)
for the BESS units

Uref — Vo

12)

Iref =
Td

To clarify the difference between an example of voltage
source-based droop (the most common SoC-based droop de-
veloped) and the current-source-based droop, it is necessary
to consider the control diagram in Fig. 8. As indicated, the
methodology of voltage-source-based droop defines the term
for the voltage PI control followed by a current PI control,
while the current-source-based droop considers only the cur-

rent PI control.
Considering a common approach for decentralized SoC-
based droop the parameter kgoc is also a factor dependent on
SoC, which can vary according to different researches. Thus,
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TABLE 6. Comparison of EMS for DC MGs - Decentralized SoC-Based Droop

Strategy EMS Equations Strategy EMS Equations
(18] Vo = VUret — IBESSITd 25] Vo = Uret = Kisoc(S0Crer — S0C;) — 7
with r, obtained by FIS with Av = PI(s) (et — v0) =55
Uret — ksocSOC!' Pp  for charging mode Clatmox oo SoC' P for charging mode
[261. [731, (741, [75] vy = { et T Moot T or e IEng (44] S0t T prelEng
Vref for discharging mode - Pp for discharging mode
=
d
Vo + gc(SoC — SoChy, if SoC,ye < SoC .
) (9 (k( ng) ) g . SI(IJ% for chargmg mode
[50] with vrer = { v, if SoCpyin < SoC < SoC,y, [71] | vo = Vet — ksocPp,  With ksoc = 1 SC o dischared d
Uret_min if SoC < SoCyi g “Or Clsclarging moce
with 0. = g
i o(S0Chavgt)%iprss  for charging mode
[72] Uy = Upef — %PB [43] - — o(S0Chavgt) Yippss  for discharging mode
with S0C,yg = 050G
14
Vo = Uref — ksocChel (1 4 ASoCops ) iprss, for charging mode )
- . ] Vo = Vref — TaksoCIBESS_out
Vo = Uref — KsocCrel (1 - > ) ipgss, for discharging mode with Fee — exp [—kexp) s if ipEss ont > 0
[76] with ASoCop; = SoC; — SoCops, 4 €T 2 oxp [, if iBEss on < 0
ASOC‘:;:: SoC(nuu-, — SoCpini with Feygy = mmocy —SoC%,,)
el =
N\ - ; Vo = Uref — TdlBESS,
Uret — KsoC ( SoC; ) Pp  for charging mode ! o e ’ o
[79] vp=q e, o i [80] with s — 4 s &P ((S0Cavg —S0Cy)) ,  if iss > 0
Uret — KsoC ( sU(':‘:‘x) Pp  for discharging mode d %cxp (n(DoDyyy — DoD,)). if ippss < 0
[29] Vo = Vret + ksocSOC; — TaipEss
SoC; voltage-source based
EMS Vyef oy p ; PWM
T methodology dr; ref I
.. Al »| PI O
cqualization 20, OBl
Vref LBESS out
(a
current-source based
Vo . PWM
methodology |Vrer, O—»l L irif m
equalization || + Tal - !
IBESS out
(b)

FIGURE 7. Common SoC-based droop control without communication link
for dc MG.

droop coefficient from [71], [72] is modified linearly based on
the SoC of each BESS unit,

In the method proposed in [43], there is no weight factor;
instead, the virtual resistance is defined according to SoC.
Thus, the virtual resistance changes while the BESS unit is
charging/discharging in order to achieve the same level among
all SoCs. Conversely, the approach from [76] considered the
weight factor (ksoc), showing similarities with the approach
from [43], as shown in Table 6. Eydi and Ghazi [77] injected
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FIGURE 8. Comparison between voltage-source-based droop and
current-source-based droop.

an ac signal containing the information about the SoC from
the BESS units, with the ac frequency obtained by the FIS
using the SoC and current from the BESS units as input,
while Yuan et al. [78] added a correction term to the voltage
reference as a function of SoC".

Furthermore, in [14], when communication is normal, SoC
equalization uses a droop approach with control coefficient
determined by a distributed algorithm. Then, when any fail-
ures occur, the system switches to decentralized control to
obtain the coefficient necessary to achieve balance among
SoCs. Hence, such an approach can enhance reliability and
redundancy for dc shipboard applications. In their study,
Hoang and Lee [79] proposed a droop virtual power rating
as a function of SoC to achieve equalization and maintain the
dc-link voltage without deviation.

In addition, Mi et al. [80] elaborated on an SoC-based droop
control system applying the microtuning virtual resistance. In
this approach, the influence of line resistance is mitigated,
along with the deviation in the dc-link voltage. Finally, the
EMS designed by Xia et al. [29] developed an SoC-based
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TABLE 7. Comparison of EMS for Ac MGs - Decentralized SoC-Based Droop

Strategy EMS Equations Strategy EMS Equations
— md .
[86], [87] W = Wyt — MgksocPp  With kgec obtained by FIS [28] f ‘ﬁi;l m;j\;}l(dlzoc f;:ig(i coﬁ::efnS[OC)’
f = frc[ - (]’;:if[:j;:i: + 5SOC)(PB - Prc[)»
[88] with ds,c obtained by PI controller from [89] f = fret — ks P — ksoc(1 — SoC)
the ¢—th SoC and the average value of all SoCs
fref = fn + 6f19st + 6f(:harging + (sfp()wer + 7"’(1(P)ref - PB)
[90] = {frc[ + mg(SoC — 1) Pyax — maSoCPg, if Pz >0 [91] with d fiest  being frequency restoration,
’ Sret +ma(SoC — 1) Pyax — ma(SoC — 2)SoCPg, if Pg < 0 0 feharging  being frequency from the charging controller and
0 fpower  being frequency from the power limit
[92] :fref = fm:dx - md[aPB + /3(1 - SOC)L
with m4 being a constant, « > 0 and 5 > 0

droop in which the coefficient changes the inclination, and an-
other parameter is added to the voltage reference to dislocate
the droop line longitudinally. Consequently, the SoC balance
is enhanced due to the flexibility in changing the voltage and
the droop inclination.

Focusing on ac MGs, Table 7 presents a comparison among
different strategies for SoC equalization. The authors in [86]
and [87] proposed a decentralized SoC equalization method
for the islanded mode, which also provided coordination
for the existing renewable energy sources. In this case, the
droop control adjusts the frequency, with the parameter SoC-
dependent being obtained by a FIS, differing for charging and
discharging modes. Furthermore, the authors in [28], [88],
and [89] achieved SoC balancing within the droop control
by introducing a term dependent on SoC, while the authors
in [90] and [91] shifted the droop curve along the vertical axis
according to a function based on SoC.

The term from [28] is inversely proportional to the BESS
units’ capacity (Cpy), providing equalization among units
with different capacities, while the term from [88] is obtained
by a PI controller based on the SoC. Moreover, Chen et al. [92]
introduced a polynomial term dependent on SoC and power
from the ith BESS unit to modify the SoC-based droop and
achieve equalization among all units.

In the context of a hybrid ac/dc MG, in [93], a SoC-based
droop is used to achieve equalization on both sides of the
subgrids by modifying the droop factor, as shown in (3) for
the dc side and (4) for the ac side.

Finally, regarding SoC-based droop control for decen-
tralized communication, there are a significant number of
approaches that attempt different methods to modify vir-
tual resistance or introduce additional factors to facilitate
SoC equalization. These approaches could have simple
implementations; however, they could also introduce volt-
age/frequency deviations, and designers should be cautious
because droop control is not continuously differentiable,
which impacts the operational limits of MGs.

B. DESIGNING A NONLINEAR FUNCTION TO

ACHIEVE EQUALIZATION

In addition to the classical SoC equalization strategy that is
based on droop control, it is possible to implement an EMS
among BESS units through the employment of a nonlinear
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FIGURE 9. Example of Sigmoid function, with i, given in p.u.

function without droop control. A simple example is pro-
posed in [81], wherein the voltage difference from the dc-link
and the measured value is modified by a nonlinear function,
along with the SoC from the BESS unit, to define the current
reference.

In addition, a Sigmoid function, classified as S-shaped
function, is proposed in [17], as indicated by Fig. 9, which
operates on a current-source basis, in which the current ref-
erence for BESS units is processed by the nonlinear function
defined in (13), in which Ipy raeq represents the rated BESS
current, p is the sigmoidal slope, and Av, is the voltage range
across the dc-link

2

Vo—Vpef—Avg 7SOC)[)

-1
1+€( Avg

13)

iref =1 bat_rated

As a result, the current behavior is smoother in comparison
to the classical droop control, and the function is continuously
differentiable. Therefore, stability analysis can be proven by
employing a Lyapunov’s function. In addition, if the voltage
limit from the dc-link matches that of a droop control, then,
in a MG, the Sigmoid function can be designed for the BESS
units, while the droop control can coordinate another source,
such as PV arrays and FCs. For the application of nonlinear
functions and S-shaped functions into EMS operation for SoC
equalization, it could introduce a smoother response. This
could be an alternative to droop control, which is not con-
tinuously differentiable and may cause operational issues for
the MG under the limits of droop control. Conversely, voltage
deviation is present during operation.
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FIGURE 10. Proposed strategy from [82] and [83].

C. EQUALIZATION BASED ON RAH CAPACITY

For this SoC equalization perspective, the authors in [82]
and [83] proposed an approach that does not require droop
implementation, as shown in the strategy in Fig. 10, with
SoC, being the virtual additional SoCs to regulate v, within
operational limits). Thus, the technique considers the product
between “SoC-SoC.” and Ah rating to obtain the parameter
known as RAh capacity for each BESS unit. First, the total
reflected capacity from the system is obtained and divided by
the current reference by the first local controller to produce
the reference time for each BESS unit’s charge/discharge.

In sequence, this reference time is processed by the second
local controller, then, the RAh for the BESS unit is divided
by this reference time (7f) to provide the reference current
for each BESS unit. Later, this current reference is processed
by a PI controller. All the information is transmitted via
low-bandwidth communication. Finally, this strategy can also
facilitate voltage recovery and maintain resilience during a
failure in the communication link, being an alternative for
droop control.

D. FIS METHODOLOGY

This approach differs from the application that defines the
virtual resistance using FIS. In this case, the parameters
from each BESS unit and its power converter are processed
through FIS, which then provides the current reference for
each BESS unit. This coordination helps the MG achieve SoC
equalization.

As suggested in [84], the FIS is a decentralized control
that takes inputs, such as SoC from the ith BESS unit and
information about the dc-link voltage to determined the cur-
rent reference (current-source-based approach). The rules of
the FIS determine the equalization, as indicated in the exper-
imental results from [84]. In this context, Fig. 11 illustrates a
comparison between the methodology presented in [18] [see
Fig. 11(a)] and that in [84] [see Fig. 11(b)], including the dif-
ferences in control structure between the approaches. Aiming
at this approach, it could be beneficial for MGs that require
only a current-source-based equalization focusing on current
sharing. However, there is a voltage deviation that should be
taken into account during operation.

974

voltage droop

Ve iref P\JIYLILLVI
soC | X !/\! +?_—'
I

BESS out

(b)

FIGURE 11. Comparison among FIS-based control for SoC equalization
(a) with SoC-based droop and (b) without droop control.
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FIGURE 12. Multiagent system.

E. SOC FEEDBACK CONTROL

In [85], SoC equalization can be integrated into a PI controller,
where the error is computed as the difference between the SoC
of the BESS unit and the average SoC, generating a voltage
term, described as follows:

Vref = Vo + AUsoc + Avjink (14)
with Avgyc defined as
Avgoc = (S0C — S0Cayg )(Plsoc(s)). (15)

It is worth noting that the SoC is obtained through low
bandwidth communication. In addition, the authors imple-
ment voltage restoration using a PI controller to produce a
voltage correction term (Aujink). Subsequently, both terms
are incorporated into the voltage reference control. This ap-
proach could be an alternative to droop control and voltage
regulation. However, the SoC control should operate with the
average SoC; thus, any communication failure can impact SoC
balancing.

VI. MULTIAGENT SYSTEM CONTROL

Multiagent control is a strategy that does not require commu-
nication among sources. As indicated by Fig. 12, all decisions
are made locally with information from neighbor-to-neighbor

VOLUME 5, 2024



IEEE Open Journal of the
Industrial Electronics Society

to pursue a specific objective [19]. Due to the information
neighbor-to-neighbor, multiagent systems can also be robust
as the centralized control and avoid insufficient information
from decentralized control. Since multiagent control operates
without central communication, this can overcome the draw-
back of centralized control [4]. Thus, multiagent control is an
approach that has been applied to combine decentralization
with communication among other units.

For a multiagent system, the consensus algorithm refers to
a protocol for achieving a common objective, especially in
MGs, where multiple autonomous sources need to reach an
agreement or make coordinated decisions (e.g., average con-
sensus and leader-tracking) [12]. As a result, for BESS units,
multiagent control entails making decisions to achieve SoC
equalization, along with secondary voltage control and hetero-
geneous coordination for ESUs. In addition, various strategies
have been proposed as consensus algorithms altogether with
sliding mode control, the adaptive power allocation algo-
rithm and droop control [16], [122]. This section discusses
the approaches that utilize centralized communication, with
Tables 8, 9, and 10 providing a comparative overview of
the literature, highlighting key characteristics, strengths, and
weaknesses.

A. GRAPH THEORY

Graph theory is a strategy that can be used to design dis-
tributed algorithms for agents to communicate and coordinate
their actions effectively [116]. Thus, the methodology can
ensure that all agents reach an agreement in decision-making.
The graph that represents the communication network of
a MG composed by n BESS units is defined as G =
{V, &, A}, where each BESS is a node in the set YV =
{BESSI, ..., BESSn} that communicates via the links & C
V x V. The adjacency matrix is A = [a;;] € R¥*V, being
a;j =1 if BESS units i and j communicates, and a;; =0
otherwise. The set N;={j | (v;,v;) € €} represents the
neighbors of the ith BESS, with the number of neighbors
given by the matrix D = diag{d;;} € RV*N, where d;; =
2 jeN; Gij-

In an undirected graph, if nodes i and j are neighbors, then
node i sends its information to node j, and vice versa. How-
ever, in a directed graph, it is not necessary for the information
to flow in both directions; that is, a;; does not necessarily
equal aj;. For an undirected graph, the Laplacian matrix is
defined as

L=[lj]eRNVN=D-A (16)
and a common multiagent consensus is represented by
Vi) =Y aijlyit) — v (Ol + 5(1), i=1,2,..,N.
JEN;
a7

In (17), the state variables of node i and j are y;(¢) and
y;j(t), respectively, while the local input is x;(t). Then, the
global dynamics of the consensus algorithm can be repre-
sented as (18), with the state variable and local input being
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TABLE 8. Comparative Summary: Multiagent Methodologies

Multi-Agent

MG Type

[95], [96]. [97]. [98]. [99]. [100], [101],
[102], [103], [104], [105], [106], [22],
[27], [37]. [51]. [107]. [108], [109], [110],

de [111], (1121, 18], [16], [19], [31], [113],
[114], [115]), [116], [117], [118], [119],
[120], [121], [122], [123], [124], [125]
[3], [6], [41], [42], [52], [126], [127],
[128], [129], [130], [131], [132], [133],

ac [134], [135], [136], [137], [138], [139],
[140], [141], [142], [143], [144], [145],

[146], [147], [148]
dc NGs [149]

Topology of
power converters

conventional

[22], [27], [371, [95], [97]. [98]. [99].
[100], [101], [102], [103], [104], [105],
[106], [107], [108], [109], [111], [16],
[51], [112], [113], [114], [147], [148],
[31, [6], [19], [115], [116], [126], [127],
[128], [129], [117], [118], [119], [120],
[1301, [131], [132], [133], [134], [135],
[137), [138], [121], [125], [149], [41],
[42], [122], [124], [139], [140], [141],
[142], [143], [144]

dc electric spring

[96], [110]

PV and BESS are
connected through an

inverter to form [136]
a distributed
PV-BESS system
Cascaded multiport [31]

EMS Type

Consensus based

[951. [96], [97]., (98], [99], [100], [101],
[22], [27], [37], [102], [103], [104], [105],
[106], [107], [108], [109], [110], [111], [112],

on droop [16]. [19]. [51], [113] [114], [115], [3]. [6].
[116], [126], [127), [128]. [129], [130], [131],
[132], [133], [134], [135], [136], [148], [52].
[137], [138], [146], [147]
Consensus [31], (1171, [118], [119], [120], [121] [125],

based control

[139]. [149], [41], [42], [140], [141], [142],
[143], [144], [145]

Adaptive power
allocation algorithm

[8]. [122], [123]

dynamic diffusion
algorithm
based on distributed
unified controller

[124]

voltage or/and
frequency
regulation

[95], [96]. [97]. [98], [99]. [100], [101],
[102], [104], [106]. [107], [22]. [37], [51].
[108], [109], [110], [111], [112], [16], [19],
[113], [114], [115], [116], [126], [147], [148],
[3]. [6], [127], [128], [129]. [130], [131],
[132], [31], [117], [133], [134], [135], [136],
[137], [142], [52]. [121], [124], [144], [145],
[146], [149]

[27], [103], [105], [118], [119], [120], [139],
[42], [138], [140], [141],
[8], [122], [123], [125], [143]

combination
with UCs/SCs

[97], [102], [108],
[109], [112], [117], [121]

1951, [96], [98], [99], [100], [22], [101],

[104], [106], [107], [110], [37], [51], [111],

[16], [19], [103], [113], [114], [115], [147],

[148], [3], [6]. [116], [126], [127], [128],

[129], [130], [131], [132], [133], [134], [135],

[136], [31], [41], [137], [138], [142], [149],
[52], [124], [125], [145], [146]

Islanded Mode

1951, 1961, 1971, [98], [99], [100], [101], [102],
[103], [104], [121], [22], [27], [37], [51], [105],
[106], [107], [108], [109], [110], [111], [112],
[16], [19], [113], [114], [115], [116], [126], [147],
[148], [3], [6], [127], [128], [129], [130], [131],
[132], [133], [134], [135], [136], [137], [31], [117],
[119], [138], [8], [120], [123], [125], [140], [149],
[52], [124], [145], [146]

[42], [118], [139], [141],
[41], [122], [143], [144]

Grid Connected

[42], [97], [118], [121], [139], [141],
[41], [122], [142], [143], [144]

[22], [27], [95], [96], [98], [99], [100], [101],
[102], [103], [104], [105], [106], [107], [108],
[109], [110], [111], [16], [37], [51], [112],
[113], [114], [115], [3], [6], [19], [116], [126],
[127], [128], [129], [130], [147], [148], [131],
[132], [133], [134], [135], [136], [31], [117],
[119], [137], [138], [120], [125], [140], [149]
[81, [521, [123], [124], [145), [146]
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TABLE 9. Comparative Summary: Strengths and Drawbacks of Multi-Agent Methodologies (Part 1)

Strategy Strengths Drawbacks
95] A factor is introduced into the droop control to adjust the SoC Since there are multiple controllers, coordination is required to
equalization speed achieve SoC equalization, current sharing, and voltage recovery.
[96] The dc electric spring can isolate critical loads from non-critical ones The SoC balance speed is slow, an('i multlple controll.ers inerease
the system order, compromising stable operation.
[97] The EMS coordinates the Multiple controllers increase the system order, compromising
power sharing between BESS and SC stable operation.
[98] A model-free iPI control is responsible for the primary control The strategy is only suitable for islanded MGs
A directed-graph-based observer is developed to obtain
[99], [127] the current from BESS units more accurate in comparison During charging or dis.charging mode, Fhe BESS unitg haye
’ to the conventional to be fully charged or discharged to achieve SoC equalization.
adaptive observer
; s desiol -
[100] T&i;eps p r;)vfll;hl bﬂﬁz;lf;idc\z:tl: Otlh;efee(‘i;ufi;rze;tio(;p zg‘etégn There is a complexity when implementing it in other systems
Two parameters are designed to improve the SoC convergence The influence of communjcalion delay is not cqnsidered.
[101] L Moreover, the SoC balance is based on droop design and thus
speed and precision " - L
still has the limitations of droop control.
[102] The BESS units delivery power to the low frequency component of During charging or discharging mode, the BESS units have
loads, while the UCs fed the high frequency component to be fully charged or discharged to achieve SoC equalization.
[103] It accounts for communication delay apd information transmitted It only considers BESS units with similar capacitics.
over a weak communication network.
[104] An 13%;?221 C;ls(; if:g(:asl; :iheeve;(())};e::(: :i(;l?\?i:;t t:)hfhs(;\(/ién al The influence of communication delay is not considered.
[105] The consensus strategy is based on pinning mode, which allocates During charging or discharging mode, the BESS units have to be
power among BESS units fully charged or discharged to achieve SoC equalization.
A double-quadrant SoC based droop control obtains the information The line impedance is not taken into account. As a result, the
[106] f
rom a consensus protocol average output voltage may not reach the rated value of the MG.
[27] The consensus strategy is designed to adjust the output power of The dc-link voltage increases with loading increase. Moreover,
BESS units according to their SoCs the strategy can become complex when scaled up
[107] Two convergence parameters are introduced in a nonsmooth coordination It operates with fixed control parameters, resulting in either
among different time scales, achieving fast recovery performance. redundant or inadequate robustness.
The fixed-time controller must be combined with parallel distributed
[22] The fixed-time secondary controller is robust and suitable for BESS units control. In addition, it is complex and demands substantial

computational effort for applications.

[108], [109]

The BESS units delivery power to the low frequency component
of loads, while the UCs fed the high frequency component

Different line resistances may reduce the average power sharing
among BESS units, resulting in decreased performance
of SoC balancing

The consensus strategy implements equal priority and control into all

The SoC balance speed is slow, and multiple controllers increase the system

impedances

[110] . : y ising st: At
power converters order, compromising stable operation.
. . . The linear consensus protocols employ an undesirable trade-off
[111] The modified voltage referenge may resg]t in less impact compared between the rate of SoC balancing and the utilization of the
to gain scheduling BESS ¢ .
urrent capacities.
[37] A parameter dynamically adjusts the function to accelerate the SoC Communication delay could be a challenge in designing a
equalization speed multi-objective cooperative controller.
[112] A virtual capacitive control methodology coordinates the power Different line resistances may reduce the average power sharing among
among UCs and BESS units BESS units, resulting in decreased performance of SoC balancing
(51] A Sigmoid function incorporating an SOC balancing adjustment It has high cost, complex implementation, and communication
factor enables both the accuracy and speed of SOC equalization dependency.
[16] Sliding mode control operates the distributed average current The equalization speed is slower when the SoC difference among
and secondary current control BESS units is small.
[113] The approach mtegr(;tle(:;n ;S{;lzlgl—:ggﬁsshdmg mode surface It is only suitable for de system
[114] The approach exhibits tolerance capability for delays in Controller failures could occur if the initial state is not
BESS communication available within the settling time of the designed controller.
[115] The approach can decrease the communication burden. The BESS units’ current presents a noisy aspect.
[19] The approach is based on a ranfjon} packet lo‘ss model, incorporating There is a complex structure and significant communication variables.
communication failures
A voltage shift obtained by a PI controller is responsible for There are multiple secondary F:omrollers, whlch'mcrease the
[116] o system order. Consequently, this could compromise the stable
modifying the droop control ?
operation of the MG.
[126] A leader-follower ?:;‘Z’C‘l‘l’igih’:;lstg%f“e;ufl‘l’fgg:)?heme is proposed It is applied in the scenario of optimal scheduling with a long time scale.
[128] The approach exhibits tolerance capability for delays in BESS Highly sensitive to system parameter variation when
communication the MGs scale up.
3] The EMS designs an adaptive frequency droop based on During charging or discharging mode, the BESS units have
virtual power to be fully charged or discharged to achieve SoC equalization.
After the SoC equalization, the frequencies from the
6] The approach designs frequency scheduling to regulate DG are recovered, which may result in frequency
active power fluctuation when there is a large load variation
during the SoC equalization process.
The approach is designed for low voltage MGs, taking
[129] into account the effect of highly resistive line the SoC balancing is not effectively achieved

defined as y = [y1, y2, - -

SynlTand x = [x1, x2, ..., xy]T

Yit) = =Ly () + X@). (18)

In this context, (17) can satisfy the limit defined by
lim;_, 50 |yj(t) — yi(t)| =0 when the graph still contains
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a directed spanning tree in the case of a communication
failure event. Finally, it is crucial to take into account the
convergence speed and communication cost regard-
ing the topology of communication between BESS
units [70].
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TABLE 10. Comparative Summary: Strengths and Drawbacks of Multiagent Methodologies (Part 2)

Strategy Strengths Drawbacks
[130] The approach has the capability to handle delays and The SoC equalization is achieved through charging/discharging
- partial communication failures mode detection.
[131] The approach is robust during communication failure. Fault diagnosis is not considered.
It considers the connection and disconnection of any Itis complex to 1ntro§uce into an(?ther approach, and
[132] . . L the BESS units have to discharge to
element, ensuring high scalability. .
equalize the SoC.
The approach is .mbUSt epough to compensate for the SoC synchronization is not studied in charging
[133] unpredictable time-varying power L . .
. mode and it is achieved by tertiary control
generation from sources
[134] It can operate under -changes in the power system, Communication failure is not considered.
power generation, and load demands.
The EMS has communication delay capability and tolerates During charging or discharging _mode, the BESS. units
[135] o have to be fully charged or discharged to achieve
aperiodically sampled data B
SoC equalization.
[136] A fixed-time sliding mode control is designed to The convergence time depends on the initial value
balance the SoC among BESS units of the system rather than on the control parameters.
[137] Due to the eventl-mggered approach, the BESS units It does not consider communication delays.
update their own controls at event times
[138] BESS units with different capacities and the communication The approach depends on small signal analysis, which can
is needed only with aperiodic information. result in significant variations in system parameters.
[117] A dynamic consensus generates the error for the z-th Under communication failure, there will be a voltage
BESS unit to be processed by the PI controller deviation at the dc-link.
The multi-port converter receives the consensus-based It requires a sparse communication network among BESS
[31] control to coordinate PV units for multi-agent communication, resulting in system
and BESS units vulnerabilities such as delays or failures.
The structure is divided into arrays composed of multiple It applies multinle control loops. resulting in the
[118] BESS units and SCs, with the EMS relying on consensus pples ple cor Ps. 8
L complexity of designing the control parameters.
based on model predictive control
The approach is based on two lumped parameters obtained A communication delay is neglected: Moreover, the average
[119] - . > - desired power and SoC are obtained globally rather
from BESS parameters and time-varying values of SoC
than locally.
[120] The approach considered communication failures The current used to charge 1he_ BESS units in charging
mode is not taken into account.
The BESS leader is responsible to maintain the UCs voltage, There is an additional dc-link voltage recovery strategy,
[121] while the followers achieve the SoC equalization by tracking increasing the order of the system and the complexity
the value from the BESS leader of its parameters.
o . L BESS unit elements connected to the dc-link may not provide
A switching consensus control provides SoC equalization among . L :
[149] a stable system due to exceeding power limits during
clustered NGs . . ©
load changes or high voltage fluctuations.
[125] It allows switching ON and OFF of BESS units’ operation. Complexity in implementation across different MGs.
[139] The coordmanpn among agents 1s made possible by the There is a redundant information in the transmission system
application of Riccati control theory
[140] The coordination among agents is made possible by the It has high complexity and demands substantial computational
application LQR-based frequency feedback control effort.
[141] The coordination among agents is made possible by It neglects the impacts of parameter differences
the reactive power sharing strategy in the distributed BESS.
[41], [42] The distributed observer defines the 4e51red power output It neglects the impacts of parameter differences in the distributed BESS.
for each BESS unit
[142] It is reliable against fixed time delays, external disturbances, Nevertheless, this approach involved discharging the BESS units
and uncertainties in the communication links. to achieve SoC balance.
[147] Resilient against faults and cyber attacks It neglects communication delays
[148] It addresses operation under djecil;;tslon attacks and communication The BESS units are discharged to maintain SoC balance.
[143] An application for wind farms in conjunction with BESS units. The complexity in defining the accuracy of the wind distribution.
[144] It could be applied to remote weak grids for short-term It involves a complex communication network, and oscillations
power supply. among power Converters can occur.
[124] It exhibits a faster dynamic response and a smaller mean The results are not elaborated to prove the superiority
square error compared to the consensus strategy. of the consensus protocol.
[122] A cooperative adaptive terminal slldmg mode is implemented The sliding mode controller cannot handle fast transients.
for the BESS units
P - . S e s The convergence rate of the time observer is impacted by the
[8], [123] The estimators provide information with any specified precision initial values and specific parameters of the BESS units.
[52], [145], [146] The BESS units are balanced according to theirs clusters The aggregated parameters are centralized.
The structure provides integration among low-voltage and lncreaS}ng ‘lhe gain of the voltage»shlftmg term speeds up
[150] laree-scale voltage amone BESS units SoC equalization but also causes circulating currents. Therefore,
ges & 2 i reducing the gain may affect the rate of SoC balancing.

B. CONSENSUS STRATEGY BASED ON DROOP CONTROL

FOR DC MG

A multiagent control consensus can be applied in order to
enhance the SoC-based droop. Thus, the EMS is not central-
ized or decentralized, because the information is processed

locally and neighbor-to-neighbor [12], [116], as indicated

in Fig. 13.

Thus, there are several strategies based on droop control

with parameters estimated by consensus. For example, as

indicated in [95], a consensus protocol estimates the global
average of SoC, which is then applied in a SoC-based adaptive
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rqg =

droop controller, as follows:

Vo = Uref — FdIBESS_out

with the virtual resistance r; obtained by

A (1 + (SoCaygi — SoC))™,

22 (1 4 (DoDaygi — DoDy)™

19)

if igess_out > 0

if igess_out < 0

(20)
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FIGURE 13. Common consensus strategy based on droop control for dc
MG.

with ¢; being defined as follows:

Socavgi
|SOCavg,'—SOCi | +Kopli ’
Ol qugi
[DoDygygi—DoD; [+Kopii *

if igess_out > 0

g = 21

if igess_out < 0

with K,y being coefficient factor. Also, in this approach,
the virtual voltage drop is also obtained by the consensus
strategy, which enables the secondary voltage control to com-
pensate for dc-link variation and avoid the influence of line
impedance. Similarly, in [96] and [97], the average estimated
SoC, and voltage from the neighbors are considered. Then,
both consensus protocols are proposed, including voltage reg-
ulation, and SoC regulation, each processed by a PI controller
and subsequently used as a parameter for a droop curve. First,
the algorithm from (22) defined the droop curve

Vo = Vpef + 81 + 82; (22)

with §1; being defined by a PI controller (gains kyy; and k;y;)
with v.r being the output estimated voltage by consensus
from the ith dc/dc converter as follows:

11 = Kpui (Uret — Daer) -+ Kini f (et — D). (23)

Then, §,; was obtained by

N N
82i = kps Y @;j(SoC; — S0C;) + kis Y _ a;j(SoC;j — SoC;)

=1 j=1

(24)
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with SoC; being the estimated value from the local ith BESS
unit and SoC; from neighboring BESS units.

Several works have applied SoC-based droop with consen-
sus strategies, as summarized in Table 8. For instance, Hong
et al. [98] integrated dynamic consensus for current regulation
based on the average BESS unit current, while Xu et al. [99]
introduced a SoC-based droop with a coefficient defined by
the exponent n (SoC").

In [100], [101], [102], and [103], virtual resistance through
agreement in a multiagent system enables SoC equalization by
processing local and neighbor SoC information. The authors
in [104] and [105] utilize consensus-based distributed cooper-
ative control for SoC equalization, with [105] implementing a
pinning node for reference values.

Huang et al. [106] presented a double-quadrant SoC-based
droop control using an SoC observer for average values, while
a hierarchical control structure incorporating dynamic SoC
consensus is outlined in [27]. The strategy in [107] enables a
multiagent system to access global capacity information, en-
hancing droop control through a nonsmooth functional design.

In addition, Zeng et al. [22] employed conventional droop
for load current sharing and voltage secondary control, using
a fixed-time consensus protocol for rapid SoC balancing. The
approach in [108] and [109], termed semiconsensus, operates
hybrid ESUs with decentralized SCs and distributed BESS
communication, adapting the droop controller for real-time
SoC balance and voltage restoration.

The authors in [37], [110], and [111] discussed a con-
sensus strategy with voltage and SoC controllers for droop
control reference, while Huang et al. [51] employed dynamic
average consensus for voltage determination based on av-
erage SoC and BESS power. Finally, Morstyn et al. [16]
combined neighbor communication for SoC and voltage with
distributed average consensus for secondary control, inte-
grating PI controllers for voltage reference in droop control.
Practical applications, such as in [116], demonstrate an EMS
that balances SoC among BESS units, enhancing load-sharing
accuracy and compensating for voltage variations in dc MGs.

Aiming at achieving consensus based on droop control for
SoC equalization, the main benefit is the ability to process
information neighbor-to-neighbor, thus improving resilience
against single points of failure and handling delays effec-
tively. Conversely, increasing the number of nodes can impact
efficiency, and the complexity of the algorithm should be
considered when implementation is desired.

C. RELIABILITY COMMUNICATION FOR DC MGS

Zhang and Hredzak [114] have proposed a finite-time dis-
tributed secondary control for SoC equalization among BESS
units and dc-link voltage recovery. Thus, the approach can op-
erate with communication time delays and has plug-and-play
capability. First, the voltage secondary control and SoC equal-
ization are processed through feedback linearization. Then,
Artstein’s Transformation is designed to transform a system
with delayed control into a differential control equation. Al-
though the aforementioned approach can tolerate different
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delays, the communication latency may impact the perfor-
mance of the controlled approach because the settling time
is dependent on the initial system state, causing failure if
the initial information is not available. In addition, an event-
triggered consensus based on droop is proposed by Huang
etal. [115], suitable for delayed communication. However, the
BESS units’ current presents a noisy aspect.

The finite-time control can guarantee the stability of the dc
MG to provide the voltage reference for the droop control.
Mi et al. [19] proposed a multiagent distributed secondary
control for dc MGs. Thus, the BESS units receive a current-
source-based EMS with a term dependent on SoC reference.
This SoC reference is obtained by a dynamic-tracking data-
compensation consensus strategy, which can operate even in
the presence of communication packet loss. Thus, the adap-
tive current sharing algorithm can achieve SoC balancing and
avoid generating circulating current. In addition, a data-driven
model-free adaptive control can track voltage and current to
improve accuracy in the dc MG. On the other hand, load
sharing based on current ratings is not always desirable for
MGs, which may comprise alternative sources with different
characteristics of generation cost.

D. CONSENSUS STRATEGY BASED ON DROOP CONTROL
FOR AC MG

Regarding applications for ac MGs, Li et al. [128] elaborated
on SoC equalization by applying a PI controller to adjust the
difference between the average SoC among all BESS units
and the SoC for the ith unit in a SoC-based droop scheme, as
follows:

S = fret — ma(Pgi — kps(SoC; — SoCayg)) - - -

— ksikis /(SoCi — S0Cyyg) dt (25)

where kg; depends on a very small threshold (dsqc), as follows:

L,
ksi = {07

Consequently, as the BESS units operate in the MG, the
equalization is achieved. In this approach, the average SoC
is obtained using a dynamic consensus technique, then, the
EMS is defined as multiagent system. Another example of an
algorithm for a multiagent system in ac MGs, is the design
presented in [147], where the control input (u;) for achieving
SoC equalization is defined to implement the wgs for the
droop control

if |[SoC; — Socavg| > dsoc

. (26)
if |SOC,' — SOCavg| < dSoC'

kip
Wref = /uiw + I_MiB
kip

27)

where u;p is designed as in (28), u;,, is the control input for
frequency recovery, and k;p and k;p are constant parameters

N
wp =Y _ aij [kig(SoC; — SoC;) + kig(SoC; — SoC;)] (28)
j=1

with k;; and k;; being the control parameters.
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In addition, the authors in [3], [6], [129], [130], [131], and
[132] achieved SoC equalization, voltage regulation, and fre-
quency regulation in ac MG. In these proposals, the dynamic
average SoC is estimated through a consensus strategy em-
ploying graph theory. Subsequently, this value is processed in
an adaptive frequency droop based on virtual power. Shotor-
bani et al. [133] obtained the average values of frequency,
power, SoC, and voltage through neighbor-to-neighbor com-
munication. Subsequently, SoC balancing, power sharing,
frequency regulation, and voltage regulation are achieved
through droop control.

Furthermore, in [126], a leader—follower finite-time con-
sensus strategy approach is able to manage the BESS units,
with power tracking and SoC equalization guaranteed in
finite-time. First, a virtual leader updates the reference power
and energy states according to frequency control in the
power system. Subsequently, the reference states are received
and transmitted to all BESS units, achieving a consensus
steady-state. Moreover, the finite-time fuzzy sliding mode
cooperative backstepping scheme, based on a directed graph,
improved the voltage tracking operation of the BESS units in
the EV, as indicated in [127]. However, during discharging
mode, the BESS units have to be fully discharged to achieve
SoC equalization. Furthermore, with the rise in cyber attacks,
it is important to consider the resilience of MGs, as indicated
in [147] for ac MGs. Conversely, this approach did not con-
sider communication delay.

In addition, considering communication delays for ac MGs,
the authors in [134] and [135], distributed control for an ac
MG with aperiodic sample data control in [134], while Ros-
tami and Hamzeh [135] focused on managing the active and
reactive power according to the capacity of BESS units and
PV systems. In addition, the approach from [114] is modified
in [136], which is based on fixed-time control strategy for
frequency and voltage regulation. Later, the average SoC is
obtained by a fixed-time observer and is processed through the
Artstein’s transformation, which can guarantee stability with
a time delay. Then, a nonlinear sliding mode is responsible
for providing the SoC equalization by generating a frequency
reference that will be used in a droop control for the voltage
source inverter. However, when considering these approaches,
the time delay needs to be smooth and controlled. In addition,
Afshari et al. [148] accounted for communication delay and
was reliable under deception attacks. Nevertheless, this ap-
proach had the BESS units being discharged to achieve SoC
balance.

Moreover, the authors in [137] and [138] proposed an
event-triggered strategy for controlling ac MGs. Conse-
quently, each BESS unit can update its local control at a
determined event by obtaining local information from its own
and neighboring units. After the trigger condition, there is a
dynamic consensus with an average SoC that provides a power
reference to the droop control. Conversely, the approach
in [137] neglected communication delays, while approach
in [138] is based on small signal analysis, resulting in vari-
ations among system parameters.
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E. CONSENSUS-BASED CONTROL FOR DC MGS

To mitigate the imbalances caused by droop control, some
authors have proposed consensus-based control, as indicated
in [117] for hybrid ESS. This approach involves processing
a state variable defined as a function of the output power,
capacity, and SoC from each BESS unit, as follows:

Pg
Xi= ——— (29)
CoatiFsoci
with Fg,c; defined as follows:
SoC; — 0.4, for dischargin
Fsoci= o0 TERE 30
0.9 — SoC;, for charging.

Then, all state variables for the ith unit are employed to
generate a consensus neighbor-to-neighbor, providing a cur-
rent reference for the BESS unit, which is processed through
a PI controller, as follows:

N

iref = —Gai Y 4ij(Xi — X)) + Gui(vrer — v5) (31
J=1

with Gpy; and Gy; being transfer function from consensus and

voltage controller.

Moreover, a proportional current sharing approach has been
presented in [31], where the current reference for all BESS
units is defined by a PI controller. Subsequently, consensus
control for SoC equalization is responsible for providing the
proportional current for each ith BESS unit.

As indicated in [118], there is an adaptive power alloca-
tion to coordinate SoC equalization among BESS units in a
hybrid ESU array. First of all, the upper layer is based on a
two time-scale optimization to optimize the power of BESS
units and SCs. Then, a weighted discrete consensus algorithm
based on model predictive control is designed to allocate the
power among the BESS units in the lower layer, named as the
distributed control layer. [119], [120] implemented a power
allocation strategy that contained information from the SoC
for the ith BESS unit.

In addition, an event trigger condition with dynamic aver-
age consensus is embedded into the proposal to achieve SoC
equalization. As a result, the transmission signal from each
BESS unit to its neighbors is transmitted only when requested,
leading to a reduction in communication traffic. Furthermore,
Xing et al. [120] also applied reliability to consensus against
communication failure.

A cooperative controller proposed by Morstyn et al. [121]
can coordinate power sharing between the BESS units and UC
in a dc MG. In this approach, the BESS leader regulates the
UC voltage, while the BESS followers track the SoC from the
BESS leader based on neighbor information.

The current reference of each BESS unit is defined by a
local cooperative controller based on the difference between
its corresponding SoC and the average consensus SoC from
neighbors. In addition, as indicated in [125] and [149], a
consensus-based approach defines the SoC of all BESS units
to be used in distributed power sharing. In the proposal [149],
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SoC equalization is achieved among clustered dc nanogrids
(NGs) in an islanded dc MG. BESS unit components con-
nected to the dc-link may cause system instability due to
exceeding power limits during load variations or significant
voltage fluctuations.

F. CONSENSUS-BASED CONTROL FOR AC MGS

In the methodology proposed in [139], a distributed control
for heterogeneous ESS (HESS), composed of BESS units and
building-based ESS with flexible load, can ensure SoC equal-
ization, state of temperature, state of energy, and tracking of
the power objective. Thus, an event-triggered communication
delivers the strategy and control for the HESS. Finally, an
optimal feedback control based on Riccati theory enables
proportional power sharing. Similarly to [139], the approach
in [140] takes into account event-triggered communication
with denial-of-service attacks. This method is also applied
in MGs with HESS, investigating frequency regulation and
enabling power sharing based on linear quadratic regulator
(LQR) control according to SoC and state of temperature.
In addition, the approach in [141] focuses on power sharing
through multi-agent communication, obtaining SoC, active
power, and reactive power to achieve equalization and man-
agement among BESS units.

Furthermore, the authors in [41] and [42] designed dis-
tributed control for SoC balancing in a grid-connected ac MG,
while Raeispour et al. [142] considered an islanded ac MG. In
these proposals, the average SoC and power were achieved
through neighbor-to-neighbor communication to define the
reference power for the ith BESS unit. In addition, Raeispour
et al. [142] also accounted for communication delays and
external disturbances in the EMS.

Finally, an example of application could be the approach
described in [143], which eliminates differences in the SoC
and power among all BESS units in a wind farm by defining a
consensus condition based on SoC and active power. Another
application is proposed in [144], which presented a voltage
and frequency regulation for a system composed of PV, BESS
units, and wind turbines. The SoC balance is maintained by
more than two leaders regulating the BESS units, ensuring
that the containment control keeps the EMS stable even if
one leader in the consensus protocol withdraws from the for-
mation. However, the approach in [144] demands a complex
communication network, increasing the cost, and may also
lead to oscillations among power converters.

G. DYNAMIC DIFFUSION ALGORITHM BASED ON
DISTRIBUTED UNIFIED CONTROLLER
A distributed unified controller has been proposed by [124]
to obtain the voltage reference v.r. Unlike droop control, the
unified control directly introduces a correction term v; without
the need of a virtual resistance.

The vyef is obtained as follows:

Uref = Vo + Vi (32)
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with v; designed as follows:

. Xavgi
v, =« v, — .
Oi

Here, the integrator gain is represented by «, and xayg; and
o; are the average virtual state variables and transition factors
of BESS units, respectively, determined as follows:

(33)

DY RY?
Xavgi = =,
Xi = OV (34)
_ Avvl
0i = p Avmax

The virtual state variable is represented by x;. p is a gain
in the range [0-1] to avoid o; being zero. Avpyax could be
designed as 10% of the rated voltage, and the fictitious voltage

drop Av,, could be determined as follows:
Avy; = Ry;iBEss. (35)

Then, to achieve equalization, the R,; is defined as follows:

1 SoCavgi . .
R m( 5oc, ) Kopti» iBESsi > 0 36)
v — 1 DoDyygi Koo . <0
Com \ DoD; ) foptis  IBESSi

with Koy being the optimized convergence parameter, defined
as follows:

1

Kopi =
P4 1S0Cayei — SOCi| + m

(37
with m being a convergence factor.

1) DYNAMIC DIFFUSION ALGORITHM
As the consensus strategy has two time scales—the first to
collect the average state variable of neighboring nodes and
the second to calculate the average state variables of neighbor-
ing nodes locally—this approach can result in slow estimation
and may lead to instability in the control system. Thus, the
dynamic diffusion strategy is an alternative to distributed aver-
age estimation that overcomes the drawbacks of the consensus
algorithm methodology [151].

First, a time varying quadratic function is determined as
follows:

1
Jhiti] = = k) = rik)|I? (38)

with J being strongly convex and differentiable, r;(k) =
[ Xavgi(k), SOCyyg;] being the initial state variables, and
Xi(k) = [Xavgi(k), S0Cayg;] being the average state of BESS
units at kth iteration.

In sequence the average cost in (39) should be minimized
as follows:

N
() = — Ef[xi(kn (39)
A . Al "
(k) = arg min/ [x(k)] = ravei(k) = =3 ritk)  (40)

i=1
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Algorithm 1: Iterative Update Algorithm.
1: Initialize x;(0) randomly, x;(0) = &;(0)
2:fork=1,2,3,..do

3: 1;[/l(k)—xl(k_ D)+ plritk) — x;(k — 1)]
4 §i(k) = xi(k — 1) + (k) — ik — 1)
5: xi(k) = 3 jen, aij§ (k)

6: if stop criteria is met then

7 break

8: end if

9: end for

with the minimum value of J[x(k)] represented by xin (k) and
the average value of r;(k) being raygi(k). Thus, the algorithm
of dynamic diffusion strategy for each node is defined as
follows.

The adaptive variables for the BESS units at iterations k — 1
and k are represented by 1;(k), where u is a constant step size
(chosen as a small value). &;(k) and & (k) are the intermediate
variables for BESS; and BESS;, respectively, and a;; is ob-
tained as follows:

! ifi # jandi € N;

max(N;,N;)’
ajj = 1 _ZieNjaij’ 1fl=] (41)
0, ifi ¢ N;.

Thus, according to the defined algorithm, the intermediate
variable is transferred to the neighboring BESS units without
the need for another iterative calculation. Later, a new round
of data are processed, ensuring that the methodology operates
with a continuous data flow on a single time scale. However,
the approach described in [124] does not elaborate on a sig-
nificant result to exemplify the superiority of the diffusion
algorithm.

H. ADAPTIVE POWER ALLOCATION ALGORITHM

From a different perspective, the adaptive power allocation
proposed by [122] is evaluated. First, a dynamic average con-
sensus to obtain the estimated SoC is assessed, as defined as
follows:

S0Caygi(k + 1) = SoCi(k) + ¢; >y 9ijk + 1)
19ij(k +1)= 19ij(k) + aij [Socavgj(k) - Socavgi(k)]

(42)
where 9;;(k) is the accumulative SoC error between BESS
unit 7 and j and ¢; is the connection between agents i and j.
Later, the adaptive power allocation algorithm is represented
as follows:

o= CbatiP ref
N G
with Ps being the power reference from BESS unit, and AP;

the adjustment power responsible for achieving SoC equaliza-
tion, defined as follows:
i — SoC
—ag> P

SoC
AP =«
SoCyye

B + AP (43)

(44)
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where o denotes the adjustment factor. In addition, when all
SoCs have the same value, SOC; = SoCyg, it results in AP; =
0.

In sequence, cooperative adaptive terminal sliding mode
designs the controller for each BESS unit. According to [122],
in this method, multiagent control operating along with slid-
ing mode control can enhance the control system.

The proposal by the authors of [8] and [123] elaborates on
an adaptive power allocation for BESS units based on SoC.
First, the average power and average unit state (based on SoC)
are obtained asymptotically by a consensus protocol for each
BESS unit. In the approach from [8], the dynamics SoC is
defined as follows:

1
Chati Vati

Then, the rules to regulate SoC variation during the charg-
ing and discharging processes, as outlined in (46) and (47)
respectively, are as follows:

SoC; = — Proaii- (45)

SOC] SOC2 SOCn
SoC;| SoCs SoC,
= =—.=—"_ 4
1 —SoC; ~ 1—SoC» 1 —SoC,

Later, the power of each BESS unit is defined as in (48) and
(49) for charging and discharging mode, respectively
Chati VbatiSoC;

Pp; = Pp
N _total
> ici CoatiVaiSoC;

ChatiVbati (1 — SoC;)
Z?’:i Coati Vbaii (1 — SoC;)

Later, also in the approach from [8], a finite-time estima-
tion provides the parameters to achieve SoC equalization.
However, the rate at which the time observer converges is
influenced by the initial values and specific parameters of the
BESS units, which limits its applicability.

(48)

Pp; =

(49)

B_total -

I. DISTRIBUTED CLUSTERING ALGORITHM

Distributed clustering enables the division of cluster agents
into specific groups, such as those based on power demands
and capacities for BESS units [145]. Thus, as proposed by
the authors in [145] and [146], these cluster agents can re-
duce line currents and consequently power losses in the MG.
Initially, average parameters are defined and subsequently
separated into clusters. Therefore, after aggregating the BESS
units into groups, balance in the SoC is achieved within each
cluster.

In this context, each cluster accomplishes SoC equalization
through a distributed sliding mode control, which includes
a term added to droop control. Furthermore, the approach
in [52] classifies the clusters according to bulk power demand
by providing a high-frequency component. After the division
into groups, a consensus-based protocol defines a term to keep
the SoC from BESS units balanced that is introduced into
the droop control. In addition, Jena and Padhy et al. [152]
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FIGURE 14. Example of hybrid series-parallel topology.

has introduced cybersecurity into the dc MG clusters under
manipulation attacks. This is a significant topic because the
interconnected system could have an EMS to achieve SoC
equalization among BESS units and maintain consistency
against cyberattacks.

In addition, the clustering algorithm can serve as an ap-
proach to classify distributed energy resources into a virtual
power plant. Finally, classifying the BESS units under opera-
tion into clusters could be an emerging topic. The units could
be divided according to specific parameters, such as SoH and
capacity. In sequence, each group could then follow a different
EMS for SoC equalization designed for each cluster.

Vil. HYBRID-TYPES SYSTEMS

Some approaches involve system configurations composed of
N parallel strings, each formed by series-connected BESS, as
depicted in Fig. 14 [150], where ESU represents the BESS
connected to the H-Bridge topology. Thus, the local EMS
among strings can be implemented differently compared to
the series-connected BESS.

A. LOCAL-CENTRALIZED AND GLOBAL DECENTRALIZED

In [94], the hybrid-type system receives SoC equalization
among BESS in each string by implementing a locally cen-
tralized control, which receives voltage and frequency data
from global communication. This information is then adjusted
locally based on the SoC of each unit in the string. For global
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control, it operates through a decentralized SoC-based droop,
which relies on the SoC of each string.

However, a failure in communication may lead to a fault
in the BESS unit and result in a crash of SoC balancing.
In addition, without effective communication, achieving SoC
equalization through a decentralized method is not possible
due to transmission characteristic incompatibilities between
parallel-type and cascaded-type topologies.

B. LOCAL-DISTRIBUTED AND GLOBAL DECENTRALIZED
Han et al. [150] implemented a SoC equalization method in
a hybrid series-parallel system. Thus, within a local BESS
string, distributed SoC balancing is achieved, utilizing both
local and neighbor-to-neighbor information to define the volt-
age amplitude based on SoC using dynamic consensus. Later,
when considering the strings, the system can be analyzed
as a parallel ac MG, which will employ a SoC-based droop
strategy to balance the BESS among strings.

In addition, a voltage-shifting term is applied to achieve
SoC equalization. However, a term with high gain increases
the SoC equalization speed but generates circulating currents.
Therefore, the gain should be reduced, which can impact the
rate of SoC balancing.

Most SoC equalization approaches are implemented in either
a common dc MG or an ac MG. In a common dc MG,
bidirectional boost converters are tied to a common dc-link.
For an ac MG, boost converters are connected to inverters,
which are then tied to a common ac-link. However, there are
power converter topologies that can enhance the operation
of BESS units, such as redundancy-based power converters,
bidirectional MMCs and cascaded multiport converter and
cascaded-type.

The topology of power converters can also be important
for improving the operation among BESS units, regardless
of whether the strategy is multiagent control, centralized, or
decentralized control.

As defined in [35], redundant modules in a dc/dc converter
can improve its reliability when a fault or maintenance event
occurs. Therefore, if a redundancy-based MG receives an al-
gorithm responsible for balancing the SoC among BESS units,
the overall efficiency of the system can be increased. Fig. 15
shows an example of a redundant topology.

The MMC is a topology capable of controlling BESS units
to enhance power quality, reliability, and fault-tolerance ca-
pability. For instance, an approach to balance BESS units,
as described in [153] and shown in Fig. 16, was applied
in a modular multilevel dc/dc converter using a SoC-based
droop with low-bandwidth communication. In this method,
the droop control is current-source based, operating along-
side a current correction to mitigate the control deviation
caused by droop. In addition, a SoC slope term is intro-
duced, which depends on the average SoC from all BESS
units.

VOLUME 5, 2024

1

—2L
= +
= BESS2

L
L =]
BESS1 -

Example of redundant modules to enhance the SoC balancing.

BESS 1 dc-link
BESS2 j

= __C'o
BESS: !

Example of MMC to interface BESS units.

Moreover, the topology proposed in [36] is a bidirec-
tional MMC with a compact structure, flexible power control,
and fault-tolerant capability, making it ideal for shipboard
applications. Furthermore, the authors in [154], [155], [156],
[157], and [158] employed PI control to balance the SoC in
the MMC-BESS, with the work in [154], [155], and [156]
connected to the ac grid. Another example is the single-phase
cascaded H-bridge multilevel converter proposed in [159],
which elaborates on a gain scheduling-based adaptive SoC
balancing.

In addition, a consensus-based control approach for SoC
equalization, as introduced in [40], is applied in a differen-
tial power processing (DPP) converter to accommodate BESS
units, as shown in Fig. 17 with a front-end converter. Mean-
while, Wang et al. [31] proposed a cascaded multiport (see
Fig. 18) converter that enables the integration of multiple
BESS units in a dc MG. This setup allows the dc/dc converter
to balance the power mismatch between PV generation and
load dissipation in the dc MG.

Furthermore, Shi et al. [15] has proposed a decentralized
SoC balancing method in a cascaded-type ESS. The topology,
indicated in Fig. 19, is suitable for large-scale applications,
with middle-level and high-level voltages, because the semi-
conductor switches can provide low output-voltage harmonic
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distortion. In addition, it provides the capability to operate an
SoC balancing strategy among BESS units without requiring
additional balancing circuits. In this sense, Table 11 presents
the pros and cons of power converter topologies for SoC
equalization among BESS units. Finally, the study of differ-
ent topologies from the conventional structure of a common
ac MG or dc MG could be beneficial. These studies could
increase reliability, implement fault-tolerant capabilities, and
introduce higher voltage levels in the operation of the MG.
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Several methodologies have been studied to optimize the op-
eration of MGs, considering objectives, such as improving
load balance, reducing economic costs, and minimizing en-
ergy losses. Agnoletto et al. [160] proposed an optimization
method based on the e-constraint method for ac MGs. How-
ever, this approach assumes only a single BESS unit pack,
and consequently, SoC equalization is not taken into account.
Similarly, Parisio et al. [161] applied mixed-integer linear
programming to reduce the total cost of MGs, but did not
address SoC equalization. In addition, a GA was developed
for a six-bus dc MG operating under droop control to provide
a cost-effective solution. However, it also did not take SoC
equalization for BESS units into account.

Although optimization is an important strategy for MG
operation, according to [11], there is a lack of consideration
for the optimization process as tertiary level control with SoC
balancing among BESS units as secondary level. Only a few
works have taken optimal parameters for MG operation with
SoC balancing into account. For example, the EMS in [118]
considered real-time power optimization for a hybrid energy
storage array system with SoC equalization. In addition, Fa-
gundes et al. [11] examined an EMS with optimal parameters
to reduce the total operating cost of a redundancy-based dc
MG and balance the SoC among BESS units. Thus, the EMS
uses particle swarm optimization (PSO) to optimize its pa-
rameters from the current reference, as shown in (50) for
an S-shaped function, with the objective function defined to
minimize the operating costs of the alternative sources and
BESS units by modifying the parameter o, and the minimum
dc-link voltage reference vref min

PSO
Gl 2 »
fref = aSlg 1 + g(efactorfsoc)p

term in p.u.

(50)

PSO

Vo—Uref min
Av,

€factor =

These approaches have significant interest in the field of
MGs because they not only involve MG operation to provide
EMS but also entail optimization strategies that can benefit the
overall operational result of the MG by considering the SoC
balancing strategy.

As there are more and more applications for BESS units,
concerns about how to handle them after their useful life
have arisen because a significant number of BESS units are
disposed in landfills without recycling [38]. However, several
studies have indicated that BESS units, after reaching the end
of their useful life, can be used for other applications. Most
of the BESS units that become obsolete are originally from
EV applications and can be reused for utility sector applica-
tions [162].
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TABLE 11. Pros and Cons Regarding SoC Equalization for Different Topologies of Power Converter

Pros

Cons

Traditional Topology Easy implementation of EMS

No fault-tolerant capability

Redundant Modules Easy implementation of EMS,

fault-tolerant capability (BESS unit continues to operate)

BESS units should have similar capacities

Fault-tolerant capability,

MMC high voltage output

Complex implementation of EMS,
usually requires PI for SoC balancing,
when a fault occurs, the submodule with BESS unit is isolated

Cascaded Multiport Converter | Reduced number of converters

No fault-tolerant capability

High voltage output,

Cascaded-Type reliability on communication

No fault-tolerant capability

DPP Converter The power rating is reduced

No fault-tolerant capability

Thus, the term “second-life battery” has emerged to de-
scribe retired BESS units that can be repurposed. According to
the US Advanced Battery Consortium, the end of EV battery
life occurs when there is a decrease of 20% in rated capac-
ity [163]. As a result, the application of second-life batteries
for different purposes could significantly reduce environmen-
tal impact and economic costs.

In addition, several studies have been conducted to estimate
the SoH, which is important for handling second-life batter-
ies [164]. In addition, Cheng et al. [165] presented a study that
considers the degradation of second-life batteries with online
SoH estimation, while Yang et al. [166] estimated second-life
battery capacity.

Moreover, a study regarding the operation of 2-BESS units
in MGs has been conducted in [167], showing that an average
reduction of 60% in maximum peak demand and 39% in peak
energy consumption, with 164.5 kW of PV and 262 kWh
of 2-BESS, was achieved in the MG. Thus, the challenge is
to aggregate 2-BESS units in MGs with fresh BESS units
of different capacities and power limits, i.e., heterogeneous
batteries, to receive an EMS and operate together [168]. In the
approach from [168], the tasks for operating a 2-BESS unit
are described as follows.

1) Reduction of the aggregate power rating from power
converters: it is the sum of the ratings of the individual
power converters, which constitutes the overall elec-
trical power required for normal operation of a power
converter.

2) Reduction of the amount of power converters.

3) Reduction of different types of converters.

4) Increase the overall performance, including power
capability.

Considering 2-BESS units for SoC balancing, there is
limited research on this topic. However, some authors are
beginning to take into account the operation of 2-BESS units
in various power converter structures. Mukherjee and Strick-
land [169] elaborated a study suggesting a MMC to integrate
2-BESS units with different characteristics (voltage level,
maximum capacity, and degradation levels). In addition, the
authors in [170] and [171] proposed a control strategy that
takes into account the SoC and the capacity of 2-BESS units in
a cascaded H-bridge converter. Furthermore, a SoC balancing
strategy in a cascaded H-bridge converter is proposed in [172],
considering active power constraints that could be applied to
2-BESS units operated asymmetrically. Moreover, Mukherjee
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and Strickland [173] proposed a modular boost-multilevel
buck dc/dc converter to interface 2-BESS units to an inverter
dc-link, providing flexible performance to handle different
battery voltages and power levels.

Furthermore, Liang et al. [155] proposed a control method-
ology to regulate power and balance the SoC among different
2-BESS unit capacities interfaced by a MMC, which is a
three-port power converter connected to a dc-link with the
midpoint connected to an ac grid. In this approach, the SoC
balance occurs at three different levels considering the power
converter structure: 1) phase legs, 2) upper and lower arms,
and 3) individual submodules. An essential feature of all SoC
balancing is that the methodology considers the 2-BESS units’
capacity.

Finally, parameter estimation has been conducted, as well
as the design of power converter structures to accommodate
2-BESS units. The application of 2-BESS units in MGs con-
cerning SoC and other parameters to operate in EMSS and SoC
balance presents challenges to be solved and analyzed as a
potential emerging topic.

X1. CONCLUSION

In this article, we propose a review of strategies for EMS
applied to balance the SoC among BESS units. The EMS can
be categorized into centralized control, decentralized control,
and multiagent systems. In this context, the latest approaches
from the literature are discussed, including centralized and
decentralized SoC-based droop methods, with a comparison
of several approaches that obtain the droop factor differently
to weight the SoC. In addition, optimal algorithm can provide
SoC balancing in a centralized approach. Furthermore, the de-
signed of nonlinear function and FIS can achieve BESS units
operating with the same SoC level without communication
among each other.

In addition, the multiagent system addresses a combination
of local information with neighbor-to-neighbor communica-
tion without requiring a central controller, including the most
applied strategy, which is consensus control. This can oper-
ate alongside other strategies, such as sliding mode control
and adaptive power allocation. Given the overview of the
techniques, the SoC balance operation can be centralized,
decentralized, or a multiagent system according to the needs
of the MGs, which is important due to factors, such as size,
number of sources, and BESS units. Moreover, a meticulous
comparison of strategies considering MG type (ac, dc, or
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ac/dc), topology of power converters, voltage/frequency regu-
lation, combination with UCs or SCs, operation as islanded or
grid-connected, strengths and drawbacks, and main equations
from the EMS can address the initiatives that can be enhanced
for further research.

In this article, we also discussed techniques that can
enhance SoC equalization, including a comparison of the
topologies of power converters, the employment of redundant
modules, MMC, cascaded-based converters, and DPP con-
verters and hybrid-type systems. For instance, shipboard MGs
can incorporate redundant modules to improve reliability and
tolerance capability, thereby enhancing the operation among
BESS units. In addition, a distributed clustering strategy is
another significant approach to categorize the agents into spe-
cific groups. Finally, emerging topics, such as optimization,
at the tertiary level alongside SoC equalization and the appli-
cation of 2-BESS units in MGs are gaining attention. These
areas should include the consideration of BESS units operat-
ing with balanced SoC as a potential and interesting research
topic.
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