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The research domain about the selection and design methodology of battery
topology structures for energy storage systems, grounded in practical application
scenarios, remains significantly underexplored. Furthermore, a substantial gap
exists in the current state of research, where the majority of studies lack a
comprehensive analysis of losses and reliability associated with reconfigurable
battery topology structures. This paper quantitatively analyzes existing MOSFET-
based topologies from three key dimensions: losses, costs, and reliability. The
study aims to discern the impact of different topology structures and energy
storage systems with redundant units on these three dimensions. Subsequently,
while ensuring the adaptability of the topology structure, we propose a novel
reconfigurable battery system topology suitable for DC microgrids, accompanied
by its corresponding control strategy. Through comparative analysis with three
typical topology structures, this topology structure has been validated to exhibit
certain advantages in terms of losses, reliability, and costs. Lastly, the feasibility of
the introduced topology structure is demonstrated through simulation using
MATLAB/Simulink. Simulation results indicate that the proposed topology
structure not only provides precise control of charge and discharge currents
but also demonstrates excellent battery balancing capabilities.
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1 Introduction

In the era of the energy internet, the utilization of large-scale Battery Energy Storage
Systems (BESS) is experiencing a notable upsurge in prevalence. Correspondingly, the
associated concerns regarding the efficiency and safety aspects of BESS have garnered
considerable attention within the research sphere (Chen et al., 2022). In the operational
context of real-world battery systems, safety issues such as internal short circuits and thermal
runaway are prone to activation due to the existing constraints associated with the current
state of development in electrical, thermal, and safety management system technologies
(Wen et al., 2012; Chen et al., 2018; Yang et al., 2020). Consequently, the widespread
adoption of battery energy storage systems faces certain limitations concerning their safety
and reliability.

Conventional battery energy storage systems frequently employ a fixed series and
parallel configuration to fulfill intricate utilization demands and attain elevated voltage
and power levels. Nevertheless, owing to inherent disparities among individual batteries, the
challenge of battery inconsistency frequently arises within battery energy storage systems.
This can potentially give rise to issues like overcharging, over-discharging, and the

OPEN ACCESS

EDITED BY

Di Wu,
North China Electric Power University,
China

REVIEWED BY

Jingwei Liu,
North China Electric Power University,
China
Yangfan Song,
North China Electric Power University,
China

*CORRESPONDENCE

Jin Zhu,
zhujin@mail.iee.ac.cn

RECEIVED 22 September 2023
ACCEPTED 31 October 2023
PUBLISHED 15 November 2023

CITATION

Yang X, Liu Z, Zhu J, Liu P and Wei T
(2023), Loss and reliability analysis of
various solid-state battery
reconfiguration topologies.
Front. Energy Res. 11:1298694.
doi: 10.3389/fenrg.2023.1298694

COPYRIGHT

© 2023 Yang, Liu, Zhu, Liu andWei. This is
an open-access article distributed under
the terms of the Creative Commons
Attribution License (CC BY). The use,
distribution or reproduction in other
forums is permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original publication
in this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Energy Research frontiersin.org01

TYPE Original Research
PUBLISHED 15 November 2023
DOI 10.3389/fenrg.2023.1298694

https://www.frontiersin.org/articles/10.3389/fenrg.2023.1298694/full
https://www.frontiersin.org/articles/10.3389/fenrg.2023.1298694/full
https://www.frontiersin.org/articles/10.3389/fenrg.2023.1298694/full
https://crossmark.crossref.org/dialog/?doi=10.3389/fenrg.2023.1298694&domain=pdf&date_stamp=2023-11-15
mailto:zhujin@mail.iee.ac.cn
mailto:zhujin@mail.iee.ac.cn
https://doi.org/10.3389/fenrg.2023.1298694
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org/journals/energy-research#editorial-board
https://www.frontiersin.org/journals/energy-research#editorial-board
https://doi.org/10.3389/fenrg.2023.1298694


accumulation of thermal effects within batteries (Han et al., 2019). In
order to tackle the challenges inherent in conventional setups, the
exploration of reconfigurable battery network technology within
battery energy storage systems has captured noteworthy interest
among researchers. (Ci et al., 2016; He et al., 2018; Lin et al., 2018;
Yang et al., 2022; Tashakor et al., 2023). A digitally controlled energy
exchange system employing a reconfigurable battery network
structure can dynamically adjust the switch array to achieve
various relationships, including series, parallel, and hybrid
combinations. (Ci et al., 2007). this structure allows for the
connection of batteries with lower State of Charge (SOC) during
the charging phase and batteries with higher SOC during
discharging, presenting a practical solution to address battery
imbalances. Moreover, in cases of battery anomalies such as short
circuits, the system swiftly isolates the problematic battery. This
action serves to mitigate the underutilization attributed to the
“bucket effect” phenomenon and averts severe incidents like
thermal runaway. As a result, this approach not only extends
battery lifespan but also elevates operational safety, thereby
fortifying overall system reliability. While traditional battery
topologies exhibit lower control complexity compared to
dynamically reconfigurable battery topologies, they often lack
flexibility and adaptability. A comparison of some key
characteristics is presented in Table 1.

Currently, existing battery topology structures can be
categorized into two types: series-parallel and parallel-series
configurations. Each of these structures presents distinct
advantages and drawbacks, along with corresponding suitability
for specific application scenarios. The series-parallel
configuration, by connecting energy storage units in series,
facilitates achieving higher output voltages, making it suitable for
applications requiring elevated voltage levels. An advantage lies in its
ability to balance the charge and discharge among energy storage
units through series connections, thereby mitigating issues of cell
mismatch. However, series strings comprising cells with lower
voltages can affect the system’s dynamic performance due to
short-circuiting and cell degradation concerns. Additionally,
variations between battery strings during the charge and
discharge phases can lead to imbalanced currents among the
serially connected modules. For the parallel-series configuration,
achieved by connecting energy storage units in parallel, a higher
output current can be obtained, making it suitable for applications
requiring elevated current levels. One advantage is the potential for a
certain degree of “self-balancing” among batteries connected in
parallel, where charge can flow from higher-voltage batteries to
lower-voltage ones. However, during the battery series operation,

this phenomenon can result in continuous charging and discharging
of the batteries, leading to energy waste and heat generation,
ultimately shortening the battery’s operational lifespan.
Furthermore, due to the parallel connection, if one energy
storage unit fails, the other units can continue to operate
normally, thus enhancing the system’s reliability. This
configuration also presents certain drawbacks. For instance,
significant currents may flow out from batteries with lower
parallel resistance, accelerating their deterioration. Moreover, if
the State of Charge (SOC) of one parallel-connected battery
approaches zero, it could potentially lead to a short circuit within
the same group of batteries. In summary, the series-parallel
configuration is suitable for scenarios demanding high-voltage
output and enhanced scalability. On the other hand, the parallel-
series configuration is well-suited for applications requiring high-
current output and elevated reliability. In reference (Moo et al.,
2008), the battery configuration of a series-parallel connection
demonstrates automated charge balancing, enhancing the
flexibility of battery capacity provisioning in the system.
However, this configuration incurs elevated installation costs and
exhibits relatively lower overall power conversion efficiency. In
reference (Kim et al., 2012a), a battery switching circuit topology
for an m × n cell battery array with a parallel-series arrangement is
introduced. In this arrangement,m groups of batteries are connected
in series to provide higher voltage, while n groups of batteries are
connected in parallel to yield higher current capacity. In this
topology, individual battery cells are governed by a single switch.
In the event of an issue affecting an entire parallel-connected battery
row, an auxiliary switch opens, allowing the system to continue
functioning normally. Within this configuration, batteries can
dynamically reconfigure themselves in series or parallel during
operation to achieve the desired voltage and current levels.
Furthermore, this setup enables the rectification of single or
multiple battery failures and facilitates battery balancing.

References (Manenti et al., 2011; Kim et al., 2011; Kim et al.,
2012b; He et al., 2016; Quraan et al., 2017; Gan et al., 2019; Tashakor
et al., 2021) have equipped individual battery cells within a series
configuration with two switches, allowing for the determination of
whether the specific battery cell is operational or not. This structure
enhancement fault tolerance and safety. References (Gunlu, 2017;
He et al., 2017; Kersten et al., 2020; Kuder et al., 2020; Zheng et al.,
2021) propose utilizing three switches to facilitate four distinct
operational modes for batteries: series, parallel, bypass, and a
hybrid mode (series-parallel-bypass). This configuration enables
swift isolation of faulty battery cells, thereby enhancing the
system’s fault tolerance capabilities. While enhancing operational

TABLE 1 Comparison of the characteristics of traditional battery topologies and dynamically reconfigurable battery topologies.

Characteristic Traditional battery topologies Dynamically reconfigurable battery topologies

Overcoming the “bucket effect” × √

Battery balancing × √

Fault isolation and tolerance × √

Flexible adjustment of the output battery × √

Harmonize batteries of different ages and chemistries × √
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efficiency, it also possesses flexible scalability attributes. References
(Ci et al., 2007; Ci et al., 2012; He et al., 2013) have implemented a
configuration with four switches for each battery cell to alter the
connectivity, thereby increasing battery operational time. Moreover,
reconfigurable battery arrays exhibit improved performance under
low voltage and low discharge current conditions. In reference (Kim
and Shin, 2009), each battery is equipped with six switches to
facilitate the adaptable operation of the battery system. While
this configuration enhances the system’s fault tolerance
capabilities, the substantial number of switches in practical
implementation notably compromises system reliability and
increases its volume. Several typical topologies in energy storage
systems are shown in Figure 1.

The majority of the aforementioned literature either considers
ideal switch configurations or relies on mechanical relays for the
topology of battery energy storage systems. However, mechanical
relays exhibit arcing phenomena when interrupting high-current
circuits, leading to a reduced lifespan of relay contacts. As a result,
low-cost and high-efficiency power MOSFETs have garnered
significant attention from researchers as potential switches in
unit-switching circuits. Power MOSFETs not only facilitate
bidirectional current conduction but also exhibit minimal

resistance when in the on-state, rendering conduction losses
negligible. In the battery topology configurations of energy
storage systems, the switching frequency of the switches is low,
often necessitating a significant amount of time to modify the state
of a battery switch (Kim et al., 2012a). Therefore, employing
MOSFETs can substantially reduce conduction losses within the
circuit. The performance comparison between mechanical switches
and MOSFETs is illustrated in Table 2. References (Kim et al., 2011;
Kim et al., 2012a; Quraan et al., 2017) equip each battery cell with

FIGURE 1
Several typical topology structures. (A) Two switches. (B) Three switches. (C) Four switches. (D) Five switches.

TABLE 2 Comparison between mechanical switchs and MOSFETs

Performance index Mechanical switch MOSFET

Switching Speed Slow Fast

Reliability Moderate High

Switching Frequency Low High

Size and Weight Bulky Compact

Service Life Moderate Long

Cost Moderate Low
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two MOSFETs, resulting in relatively straightforward control.
However, current flows through the parallel diodes, leading to
increased losses. Additionally, this topology cannot fully
disconnect the main branch. References (Gunlu, 2017; Kuder
et al., 2020) utilize three MOSFETs to control the connection
and disconnection of individual battery cells. This configuration
empowers battery units to adaptively alter their connection mode
based on varying loads. Moreover, with threeMOSFETs per module,
the economy of the system is ensured while ensuring secure and
reliable operation. In Reference (Manenti et al., 2011), four
MOSFETs are employed. The N-channel MOSFETs ensure low
conduction losses during conduction, while the P-channel
MOSFETs guarantee the ability to withstand higher currents
when bypassing the battery. Compared to the topology with two
MOSFETs, this configuration enables a complete disconnection of
individual battery cells. However, for higher-power loads, the
complexity of the layout notably increases, which results in
poorer economic feasibility.

Generally speaking, a structure involving two MOSFETs is
relatively straightforward, requiring minimal complexity in control.
This configuration is suitable for small-scale energy storage systems
that primarily necessitate simple series or parallel connections without
extensive topological variations, such as residential energy storage
systems. A configuration involving three MOSFETs enables more
intricate topological arrangements, such as series-parallel hybrid
structures. This configuration is suitable for scenarios requiring
multiple operational modes to meet flexibility demands or for
medium-sized energy storage systems, as seen in industrial
applications. Configurations employing four or more MOSFETs are
well-suited for large-scale energy storage systems requiring elevated
flexibility and intricate topological arrangements, or scenarios

demanding advanced battery management and optimization. For
instance, in substantial energy storage systems, the need might arise
for simultaneous parallel and series connections of multiple battery
units to meet specific power and energy requirements. However,
within specific application contexts, a higher number of MOSFETs
entail increased complexity in control andmanagement, elevated costs,
greater power consumption, and a heightened probability of failures.
Typically, the selection and design of energy storage system topologies
involve considerations of various factors, including performance
requirements, cost, reliability, safety, efficiency, system complexity,
flexibility, and capacity adjustment capabilities. In applications such as
satellites and spacecraft, energy storage systems are challenging to
maintain. Therefore, the selection and design of battery topologies
prioritize reliability and safety over complexity, cost, flexibility, and
other factors. In power grid applications, there are higher requirements
for performance, cost, efficiency, and safety, with relatively lower
demands on reliability and flexibility. Therefore, selecting the
appropriate topology structure in practical applications requires a
careful consideration of these factors to achieve the best system
performance while meeting economic requirements.

Currently, research in the field of selecting and designing battery
topology structures for energy storage systems based on practical
application scenarios remains largely unexplored. Additionally, most
energy storage system applications lack comprehensive analyses
concerning the losses and reliability associated with reconfigurable
battery topology structures. This paper conducts quantitative and
scenario-adaptive analyses of existing reconfigurable battery
topologies, presenting a topology structure suitable for direct current
microgrid applications. Subsequently, the feasibility of the proposed
topology structure is validated in MATLAB/Simulink. Moreover, a
comparative assessment against several classical topologies is

FIGURE 2
Several typical topology structures. (A) Two MOSFETs. (B) Three MOSFETs. (C) Four MOSFETs.
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performed, demonstrating the advantages of the proposed topology in
terms of losses and reliability. The main contributions of this paper can
be summarized in the following three aspects.

(1) An analysis of existing MOSFET-based reconfigurable topologies
is conducted from the perspectives of advantages, disadvantages,
losses, reliability, and suitability for various scenarios.

(2) A reconfigurable battery topology tailored for DC microgrids is
proposed. This architecture exhibits distinct advantages in
terms of conduction losses, reliability, and cost-effectiveness.

(3) Corresponding control strategies for the proposed battery
topology are introduced, and the feasibility of this structure is
validated through simulations conducted in MATLAB/Simulink.

The remaining sections of this paper are as follows. Section Ⅱ
provides a comparative analysis of losses, reliability, and costs
among various MOSFET-based topology structures. In Section Ⅲ,
the proposed topology structure and its accompanying control
strategies are elucidated. Section Ⅳ substantiates the feasibility
and advantages of the proposed topology through a case study.
Lastly, Section Ⅴ encapsulates the conclusions drawn from the work
presented in this paper.

2 Power consumption & reliability
analysis

Losses and reliability are crucial metrics for evaluating the
performance of an energy storage system. For the same
application scenario, there exist various choices for selecting the
topology structure. Due to the drawbacks associated with structures
employing four or more MOSFETs, including complexities in
control, costs, power consumption, reliability, and subsequent
maintenance, this paper opts for the inclusion of classical
topology structures employing 2 MOSFETs, 3 MOSFETs, and
4 MOSFETs. A comparative analysis is conducted between these
structures in terms of power consumption and reliability. Several
topology structures are depicted in Figure 2. As the series connection
mode is a shared element among these three structures, this paper
exclusively focuses on analyzing losses and reliability within the
series operation mode. Furthermore, for analytical convenience, it is
assumed that all scenarios consist of a series of N battery cells.

2.1 Loss analysis

As depicted in Figure 2A, the battery topology structure entails the
deployment of one MOSFET for switch operation and an additional
MOSFET for bypass functionality per battery. Furthermore, in

instances where a battery string is connected into the circuit, an
additional pair of MOSFETs is requisite to achieve bidirectional
disconnection of the battery string. The topology structure
illustrated in Figure 2B can achieve flexible battery series, parallel,
and hybrid configurations using three MOSFETs. In this discussion,
only the series configuration is considered, where each battery is
connected in series using a single MOSFET. Figure 2C employs a
scheme in which twoMOSFETs function as a single switch. In the case
of battery series connection, two MOSFETs are required to achieve
switch operation, while the remaining two MOSFETs are tasked with
bypass functionality. Assuming that the conduction loss of the
MOSFET is denoted as l1, and its parasitic diode conduction loss
is represented as l2, typically l2 > l1. The cost of each MOSFET is
denoted as c. Considering the low switching frequency of the
reconfigured battery pack, losses during the switching process are
omitted from consideration. A comparison of the number of
MOSFETs and losses for the three different structures is presented
in Table 3; Figure 3. It can be observed that losses and costs increase
with the expansion of the energy storage system scale. Within the
same application scenario, losses and costs exhibit a positive
correlation with the number of MOSFETs employed in the
adopted topology structure.

2.2 Reliability analysis

In scenarios requiring the series connection of a large number of
individual battery cells, the reliability of an energy storage system
tends to decrease due to the “bucket effect” among batteries.
However, the aforementioned topology structures, by effectively
bypassing faulty battery cells without impacting system operation,
can significantly enhance the system’s reliability.

Assuming that the components and system lifetimes follow an
exponential distribution, the failure rate λ of an individual
component at time t is related to the reliability by the following
formula (Song and Wang, 2013; Ronanki and Williamson, 2019):

R t( ) � e−λt (1)
Where R(t) represents the reliability of an individual

component. The reliability model of the energy storage system
can be regarded as a series structure, depicted in the diagram

TABLE 3 MOSFET number and loss analysis of different topologies.

Topology Number Loss

Two MOSFETs 2n nl1

Three MOSFETs 3n nl1

Four MOSFETs 4n 2nl1

FIGURE 3
MOSFET number and loss analysis of different topologies.
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shown in Figure 4. The reliability calculation formula for the series
structure is given by:

RS t( ) � ∏n

_l�1Ri t( ) (2)

In this calculation, only the battery and MOSFET are
considered. Therefore, the reliability of the energy storage system
is given by:

RS t( ) � RBAT t( ) × RMOS t( ) (3)
RS(t), RBAT(t) and RMOS(t) respectively denote the reliability of the
energy storage system, all batteries, and MOSFETs. As indicated by
Eq 3, the operational failure rate of the energy storage system is:

λs � λBAT + λMOS (4)
λs, λBAT and λMOS respectively represent the operational failure rates
of the energy storage system, all batteries, and MOSFETs.

Battery Operational Failure Rate Estimation Model:

λB � λbπEπQ (5)
Where λB represents the operational failure rate of a battery,

measured in units of 10−6/h; λb stands for the baseline failure rate; πE

denotes the environmental coefficient; and πQ signifies the quality
grade.

Projected Operational Failure Rate Model for Silicon Field-
Effect Transistors:

λM � λbπEπQπAπCπKπr (6)
Where λM represents the operational failure rate of the silicon

field-effect transistor, measured in units of 10−6/h; πA is the
application coefficient; πC is the structural coefficient; πK is the
type coefficient; and πr is the rated power coefficient.

Taking into consideration that energy storage systems
typically consist of redundant modules, the reliability
assessment of an energy storage system comprises two
distinct components. The first component pertains to the
MOSFETs, assuming the reliability of a single MOSFET is
RM. This part can be considered as a series model. The
second component involves a series-connected battery pack
with redundant battery cells. Assuming the reliability of each
individual battery cell is Rbat. Often, a k/n(G) standby
redundancy scheme is employed among individual battery
cells, also referred to as an n − k voting system. This implies
that if k or more out of n battery modules can function properly,
the system is considered to be operational. When the number of
battery faults in a branch exceeds (n − k), the branch is
considered unusable. The reliability model calculation
formula is as follows (Griffith, 2004):

Rn,i t( ) � ∑
n

i�k Ci
nR

ⅈ t( ) 1 − R t( )( )n−i( ) (7)

Hence, the reliability model with redundant battery topology is
shown in Figure 5.

This study conducts a reliability analysis of the three energy
storage systems depicted in Figure 2. The parameters utilized for
the analysis are detailed in Table 4. Taking a scenario with
20 series-connected batteries as an example, the reliabilities for
2 MOSFETs, 3 MOSFETs, and 4 MOSFETs are 0.8778, 0.8725, and
0.8673, respectively. With the inclusion of one redundant unit, the
reliabilities become 0.9808, 0.9746, and 0.9685, and with two
redundant units, they become 0.9866, 0.9801, and 0.9737. As
the number of series-connected batteries increases to 60, the
reliabilities become 0.6763, 0.6643, and 0.6524, respectively.
From this, it can be deduced that as the number of series-
connected batteries increases, the reliability of the energy
storage system decreases. Furthermore, when equating the
number of batteries in different topology structures, the
system’s reliability degrades as more MOSFETs are utilized. In
energy storage systems, adding redundant units is a common
practice, serving to enhance fault tolerance, capacity expansion
capability, and charge balancing capacity. The addition of a single
battery cell in an energy storage system significantly improves
system reliability. However, as the number of redundant cells
increases, the improvement in system reliability becomes
marginal. Figure 6 provides a detailed insight into the impact of

FIGURE 4
Reliability model for series configuration.

FIGURE 5
Reliability model for energy storage systemwith redundant units.

TABLE 4 Work failure rate calculation parameters.

Parameter Value

Electric Stress Ratio S 0.2

Temperature 55°C

λb 0.151× 10−6

πE 1.0

πQ 0.2

πA 0.7

πC 1

πK 1

πr 5.5
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different topology structures, varying numbers of series-connected
batteries, and the presence of redundant batteries on reliability.
Nevertheless, in real-world engineering applications, adding
redundant units also increases system size, weight, and
additional costs. Hence, selecting the appropriate number of
redundant units based on practical application scenarios is of
paramount importance.

3 The proposed topology

This paper takes into account the current research gap in the
selection and design methodology of battery topology structures for
energy storage systems in practical application scenarios. In
conjunction with the demand for high energy conversion efficiency
and reliability within real-world application contexts, a novel topology
structure is proposed. As illustrated in Figure 7, the proposed
configuration, exemplified with three battery modules, primarily
comprises two components: the battery module and the battery
switching circuit. The distinguishing feature of this topology resides
in its ability to enhance energy conversion efficiency and reliability
while preserving structural flexibility. Furthermore, it achieves a
reduction in the quantity of MOSFETs employed within the energy
storage system and alleviates the complexity of control circuits.

3.1 Switching networks

Compared to traditional mechanical switches, MOSFETs offer
advantages such as faster response times, smaller form factors,
enhanced reliability, lower costs, and reduced power
consumption. Therefore, the proposed topology employs power
MOSFETs as the switching elements within the network,
capitalizing on their benefits. As illustrated in Figure 7, only 6 N-
channel MOSFETs are required for the configuration of 3 battery
modules. In the case of utilizing 2 battery modules for output, one
battery module remains redundant. In this scenario, the redundancy
among the 3 battery modules facilitates rapid balancing between
them via control of the 6 MOSFETs. This approach effectively
mitigates the risks of overcharging and over-discharging in
battery modules, thereby enhancing their operational lifespan and
utilization duration.

3.2 Working principle

Within this topology, there is the flexibility to choose between
outputting a single battery module, two battery modules, or all three
battery modules independently. Furthermore, a hybrid
configuration of parallel connection of two modules followed by

FIGURE 6
Comparison of reliability among different topology structures. (A) Two MOSFETs. (B) Three MOSFETs. (C) Four MOSFETs.

Frontiers in Energy Research frontiersin.org07

Yang et al. 10.3389/fenrg.2023.1298694

https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2023.1298694


a series connection of one module is also attainable. Consequently,
there are a total of seven operational modes as depicted in Figure 8.

3.3 Control strategy

The proposed topology structure in this study enables control over
charging and discharging currents to accommodate diverse power
requirements, thereby facilitating the realization of self-balancing
capabilities for the batteries. Figure 9 illustrates the control strategy
of the proposed topology structure, which is primarily divided into two
components: output current control and battery balancing control. In
this topology, the engagement of individual battery cells is regulated by
controlling the opening and closing of MOSFETs.

3.3.1 Current control
Selecting different numbers of battery cells for engagement

results in varying positive and negative voltage differentials with
the DC microgrid side. When dynamically changing the number of
engaged battery cells, the voltage across the inductor of the energy
storage system becomes the difference between the system’s output
and the DC microgrid-side voltage. By comparing the collected
current value with the reference current value, the number of battery
cells to be engaged is determined. Subsequently, a series of positive
pulse signals are employed to control the MOSFETs, thereby
connecting or disconnecting the corresponding battery cells. This
process stabilizes the current in proximity to the desired value.

3.3.2 Self-balancing capability
The self-balancing capability is one of the dynamic advantages of the

reconfigurable battery system. If all individual battery cells exhibit similar

voltages, the selection of batteries can be arbitrary. However, when
significant voltage discrepancies exist among battery cells, a strategy can
be employed during discharge to prioritize batteries with higher voltages
and during charging to prioritize those with lower voltages. By
dynamically selecting battery cells based on the desired count for
engagement, the system achieves a self-balancing functionality.

4 Case study

In order to validate the feasibility of the proposed
topological configuration for flexible operation, a system with
three battery modules was simulated using MATLAB/Simulink.
Table 5 furnishes the principal parameters of this energy storage
system.

4.1 Various operational modes

The capability to adjust the magnitude of the output voltage
stands as a significant feature of reconfigurable battery systems. For
systems with lower voltage levels, leveraging this reconfigurability
characteristic can obviate the need for DC-DC converters. This not
only fulfills load requirements but also enhances economic
efficiency. Figure 10 illustrates the voltage variation of the
proposed topology under different operational modes.

In the simulation, each mode is sustained for approximately
1 s. During the interval of 2–3 s, the circuit operates in a fully
series-connected mode, where the output voltage equals the sum of
the voltages of the three individual battery cells. The output for the
other modes is depicted in Figure 10. From the simulation output
results, it becomes apparent that the current topology structure
possesses the capability to output a single module. However, this
might engender an imbalance among the individual battery cells.
Given that the scope of this paper encompasses a DC microgrid
application scenario, where it suffices to output two or three
modules to maintain voltage fluctuations in proximity to the
grid-side voltage, the proposed topology structure can be
deemed feasible.

4.2 Controllable Charging and discharging
currents

Figure 11 displays the current output waveform of the energy
storage system employing this topology configuration, along with
the corresponding voltage variation across the inductor
terminals. During the simulation, the reference currents for
optimal charging and discharging vary. The number of battery
cells to be engaged and the specific battery cells to be utilized are
determined based on the difference between the current circuit
current and the reference current, along with the voltage
disparities between individual battery cells. With changes in
the reference current, the energy storage system adeptly
adjusts the number of engaged battery cells, achieving the
desired current value in less than 10 ms. Figure 12 illustrates
the disparity between the output current and the reference
current, with its maximum error significantly below 0.01%.

FIGURE 7
The proposed topology structure.
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Figure 13 depicts the variation in system output voltage and
current during the initial switching process. As the output
current transitions from 5A to 10A, each sampling period
generates a series of PWM waves with different duty cycles
based on the disparity between the current at the moment and

the reference current value. Initially, the system’s output current
is significantly below the desired level, prompting the activation
of three batteries to expedite the current’s attainment to 10A.
Upon achieving the desired current, the system responds by
reducing the number of batteries if the current exceeds the set

FIGURE 8
The operational principle of the topology structure. (A) When S11 and S32 are closed while S12, S21, S22, and S31 are open, the circuit becomes
equivalent to the output of battery module 2. (B) With S21 and S22 closed, while S11, S12, S31, and S32 are open, the circuit becomes equivalent to a series
output of battery module 1 and battery module 3. (C) With S12 and S32 closed, while S11, S21, S22, and S31 are open, the circuit becomes equivalent to a
series output of battery module 1 and battery module 2. (D) With S11 and S31 closed, while S12, S21, S22, and S32 are open, the circuit becomes
equivalent to a series output of battery module 2 and battery module 3. (E) When S12 and S31 are closed, while S11, S21, S22, and S32 are open, the circuit
becomes equivalent to a series output of all three battery modules. (F) When S11, S21, S22, and S31 are closed, while S12 and S32 are open, the circuit is
equivalent to a configuration where battery modules 1 and 2 are in parallel, followed by series connection with battery module 3 for output. (G)When S12,
S21, S22, and S32 are closed, while S11 and S31 are open, the circuit is equivalent to a configurationwhere batterymodules 2 and 3 are in parallel, followed by
series connection with battery module 1 for output.
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threshold or increasing the battery count if the current falls below
the target, thereby maintaining the voltage and current outputs
within a certain range. In Figure 14, the range of current
fluctuations before and after the first switching process is
illustrated, demonstrating that the current can stabilize near
the desired value. The primary factors influencing current
error are the switching frequency and the value of the
inductance in series with the battery stack in the energy
storage system. Whether a battery is connected to the circuit
is controlled by the switches. Therefore, when the inductance
value remains constant, higher switching frequencies lead to

more precise control and reduced error. Inductance exhibits a
characteristic of impeding rapid changes in current.
Consequently, under constant switching frequency conditions,
larger inductance values result in slower current changes, less
noticeable current fluctuations, and reduced error. The errors
under different switching frequencies and inductance values are
detailed in Table 6.

4.3 Self-balancing capability

Self-balancing capability stands as an additional advantage of this
topology configuration. During the regular operation of the energy
storage system, by gathering voltage data from each battery cell, the
system enables higher-voltage cells to discharge first during the
discharge phase, and lower-voltage cells to charge first during the
charging phase, thereby achieving a balancing effect. This practice
contributes to the prolongation of the energy storage system’s
operational lifespan. Figure 15 validates the balancing functionality
of this topology configuration. In the simulated energy storage system,
individual battery cells possess varying initial SOC, with a maximum
disparity of 10%. The convergence rate at the initial moment is rapid;
however, as SOC converges towards the average level and voltage
differences between battery cells diminish, the convergence rate
gradually slows down. At the end of the simulation, the error
between individual battery cells is less than 1%.

FIGURE 9
The proposed control strategy.

FIGURE 10
Outputs of different operational modes. (A) Different operational modes; (B) Simulation output.

TABLE 5 Parameters of the simulated system.

Parameter Value

Fully Charged Battery Module Voltage 59.6 V

Rated Capacity 150Ah

Maximum Current 65.2A

Inductance 10 mH

DC voltage source 150 V
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4.4 Comparison of losses and reliability

Taking n series-connected batteries as an example, a comparison
is made between the topology structure proposed in this paper and the
three topology structures mentioned in Section Ⅱ. Based on the
conclusions drawn from Section Ⅱ, it is evident that the proposed
topology structure requires 2nMOSFETs, offering high reliability and
lower costs. When selecting the same number of batteries for output,

the number of MOSFETs in the main current path of the proposed
structure is 2n, whereas the other three structures require a minimum
of 3n MOSFETs in the current path. The reduction in the number of
MOSFETs in the current path amounts to approximately 1/3, which
implies a decrease of about 33% in the conduction losses within the
battery string. It is apparent that the proposed topology structure
holds certain advantages in terms of losses, reliability, and cost.
Therefore, it can be considered to possess a structural advantage.

FIGURE 11
Variation of controllable charging and discharging currents and voltage across the inductor.

FIGURE 12
Percentage error in current.
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FIGURE 13
The current and voltage variations during the first-second switching process.

FIGURE 14
The change in current during the first switching. (A) 0–1s; (B) 1–2s.

TABLE 6 The impact of different switching frequencies and inductance values on the error.

Quantify Variable The maximum current error (A)

Inductance value: 10mh Switching frequency: 5 KHz 0.280

Switching frequency: 6 KHz 0.215

Switching frequency: 9 KHz 0.142

Switching frequency: 18 KHz 0.070

Switching frequency: 35 KHz 0.035

Switching frequency: 9 KHz Inductance value: 1mh 1.793

Inductance value: 2mh 0.710

Inductance value: 4mh 0.353

Inductance value: 6mh 0.225

Inductance value: 8mh 0.178

Inductance value: 10mh 0.142

Frontiers in Energy Research frontiersin.org12

Yang et al. 10.3389/fenrg.2023.1298694

https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2023.1298694


5 Conclusion

In the context of practical scenarios, the research domain
concerning the selection and design methodology of battery
topology structures for energy storage systems remains largely
unexplored, and a lack of analysis regarding topology structure
reliability and losses is evident in the majority of studies. This
paper initiates by conducting an in-depth analysis of
reconfigurable battery topology structure types. Subsequently, a
quantitative assessment is performed on current MOSFET-based
topologies. Following this, a dynamic reconfigurable battery
topology structure suitable for DC microgrids is introduced, along
with its corresponding control strategy. Finally, the feasibility of the
proposed topology structure is validated through simulations in
Simulink. The experimental results demonstrate that this topology
structure can swiftly and stably control charge and discharge currents,
reaching and maintaining the reference current value within 10 ms
with an error margin not exceeding 0.01%. Moreover, the SOC
balancing effect ensures that the difference between individual
battery cells is kept below 1%. Comparative analysis further
confirms the structural advantages of the proposed topology.
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Nomenclature

BESS Battery Energy Storage Systems

SOC State of Charge

l1 The conduction loss of the MOSFET

l2 MOSFET parasitic diode conduction loss

c The cost of each MOSFET

RS The reliability of the energy storage system

RBAT Reliability of all batteries in the energy storage system

RMOS Reliability of all MOSFETs in the energy storage system

Rbat The reliability of a single battery cell

RM The reliability of a single MOSFET

λs The operational failure rate of the energy storage system

λBAT The operational failure rate of all batteries in the energy storage system

λMOS The operational failure rate of all MOSFETs in the energy storage system

λB The operational failure rate of a battery

λM The operational failure rate of the silicon field-effect transistor

λb The baseline failure rate

πE The environmental coefficient

πQ The quality grade

πA The application coefficient

πC The structural coefficient

πK The type coefficient

πr The rated power coefficient

S Electric Stress Ratio
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