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ABSTRACT The use of energy storage systems (ESSs) is increasing in the industry as part of global efforts
to reduce carbon emissions. In particular, large-capacity ESSs that adopt lithium-ion batteries, which have
high energy density characteristics, are being used not only in stationary applications but also in mobility
industry fields such as vehicles and ships. However, ESSs with lithium-ion batteries have a high risk of
fire and failure, which reduces the reliability of the system. This paper studies the redundant type ESS
configuration and its fault tolerance control method for enhanced reliability of ESSs to which lithium-ion
batteries are applied. Hence, we present a new control method for improving the cycle life of ESSs. The
effectiveness of the proposed control method is validated using a 10S-1P configuration lithium-ion battery
module, with reference to the operating profile of railway vehicles.

INDEX TERMS ESS, redundant, reliability, railway vehicles.

I. INTRODUCTION
The recent increase in global carbon emission reduction reg-
ulations has driven the industry to reduce fossil energy use,
which is the main driving force behind the growth of the
energy storage system (ESS) market 21]. The automobile
industry is reducing the production of internal combustion
engine cars and increasing the production of electric vehi-
cles adopting ESSs with lithium-ion batteries in order to
reduce fossil fuel usage and increase energy efficiency [2],
[3]. Power grid applications also use an operating method
that uses large ESSs to store electricity at late-night hours
when power demand is relatively low, and the energy is
stored for daytime use when power consumption is high [4].
This is an effective method to reduce energy consumption
by limiting the size of peak power generation in the power
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plant. The application of large-capacity ESSs is essential
in the renewable energy generation system to compensate
for the limitations of new renewable energy with irregular
power generation characteristics. Recently, electric railway
transportation, which previously received propulsion power
through a catenary, is also being developed in the direction
of mounting a large-capacity ESS to increase the use of
regenerative energy [5].
Thus, the field of ESS utilization is expanding, and at the

same time, the capacity of the ESS applied to each industry
is rapidly increasing [6]. The increased capacity of the ESS
can increase the power supply stability and efficiency of
the system to which the ESS is applied, but as the number
of lithium-ion batteries constituting the ESS increases, the
risk of fire or failure of the system increases [7]. Therefore,
research on failure prevention technology is drawing much
attention these days because it can enable the ESS to continue
to operate even in the event of a failure of constituent parts of
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FIGURE 1. Redundant technology for power conversion circuit [9], [10].

FIGURE 2. Fault-reconfiguration method for battery modules [14].

the ESS, such as a lithium-ion battery cell, a battery module,
or a power converter.

One of the failure prevention technologies for the ESS is a
circuit and control method that can respond to a failure in the
power converter of the ESS. In that research, they additionally
configured switches that create a bypass path through which
current can flowwhile blocking the connection of faulty parts
in the event of a failure, as shown in Fig. 1. That method is
based on the assumption that among the components of the
converter, short-life-cycle elements, such as capacitors easily
cause failure. By reconfiguring the circuit in this way, the ESS
can continuously supply the output power even in the event of
a failure. However, there are some limitations to that method.
First, in order for the reconfigured ESS to operate at the rated
output power even after a failure, individual power converters
must be designed with a larger voltage/current margin at the
time of initial design. Second, in general, a lithium-ion battery
is chosen as the component which has the shortest life-cycle

in the ESS. That means that the conventional bypass method
has a limitation in practical utility [8], [9], [10], [11].

A number of studies have been conducted on circuit tech-
nology, as shown in Fig. 2; the control method configures a
new battery pack connection by excluding the failed module
and using only the remaining battery modules in the event of
a battery module failure. The simplest method among those
proposed research is additionally configures a series switch
and a parallel switch in an individual battery module [11],
[12], [13], [14]. This method opens the serial switch con-
nected to the corresponding module to block the flow of
current to the module and closes the parallel switch to bypass
the current of the battery pack when a failure module occurs.

This method has the advantage of simple control, but
the circuit configuration requires a number of additional
switches, and the output voltage of the ESS decreases when
the ESS is operated after bypassing the failure module.
In order to improve these disadvantages, a number of studies
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FIGURE 3. Circuit configuration of battery rack with redundant
characteristic [17].

have been conducted to reduce the number of additionally
used switches [15], [16]. However, even with a simplified
circuit configurationmethod, there is still a disadvantage: The
the battery pack voltage decreases due to a decrease in the
number of battery modules connected in series, which causes
a decrease in the capacity of the ESS.

This paper reviews the battery rack/module configuration
methods that allow the ESS to operate normally without
reducing voltage when a battery module fails. In addition,
we propose a control method that considers the life of the
reconfigured ESS. We analyzed the circuit configuration and
operation mode of the proposed method and experimentally
verified the effect of improving the life expectancy of the ESS
that can be obtained through the proposed control method
using a small-scaled battery cell/module. In particular, design
guidelines are presented and their validity is verified for rail-
way vehicle applications, which have recently been actively
reviewed for application of large-capacity battery systems.
The results show that the proposed method can effectively
improve the life expectancy of ESSs by preventing the over-
charging and over-discharging of battery modules.

II. BASIC OPERATION OF THE REDUNDANT TYPE
MODULE CONFIGURATION
Fig. 3 shows the circuit configuration of an ESS with redun-
dant characteristics [17]. This circuit has a configuration
that adds one redundant module to replace the failed battery
module in the existing battery rack configuration in which
‘N’ battery modules are connected in series. This system
has the advantage that the redundant module can replace any
module among the series configuration modules through con-
nection switch control, while the number of added modules
is minimized. All relay switches, which are from ‘Relay(1)’
to ‘Relay(N+1)’, are open in normal operating conditions

TABLE 1. Switches operation for the reconfiguration.

where there is no failure of the battery module. If a failure is
detected in a specific module among the serially configured
modules, a redundant module replaces the failed module
through relay switch control. When a failure occurs in ‘Mod-
ule_1’, the circuit breaker connected to the module is opened
to isolate the failed battery module. Afterwards, the adjacent
relay switches, ‘Relay(1)’ and ‘Relay(2)’, are closed, and
the path of the current previously entering ‘Module_1’ is
bypassed so that it can be connected to the redundant module.
Table 1 shows the relay switches operation for reconfigu-
ration of a battery rack composed of ‘N’ serial modules.
Fig. 4 (a) and Fig. 4 (b) show the circuit connection when
a failure occurs in ‘Module_1’ and ‘Module_2’, respectively.
This configuration mechanism can be applied to the module
level configuration.

III. CONCEPT OF THE PROPOSED CONTROL METHOD
In the reconfiguration circuit shown in Fig. 4, the failed
battery module is replaced with a redundant module. This cir-
cuit configuration method can be applied equally to modules
composed of a series connection of battery cells. The lifespan
of lithium-based batteries, which are currently widely used as
large-capacity energy storage devices, is divided into cycle
life and calendar life. In the case of ESSs, the cycle life is
a more important factor in determining the overall lifespan
of the system [18]. This is because ESSs are often subjected
to frequent charging and discharging operations. As a result,
even after a failed battery module is replaced, the overall
lifespan of the ESS is still limited by the remaining cycle
life of the battery cells and modules that have already been
used. Therefore, even if the ESS has reached its end of life, the
newly added redundant module may still have some remain-
ing life. However, the overall performance of the ESS will
be reduced, as the redundant module will not be able to fully
compensate for the reduced capacity of the other modules.

This paper proposes a control method that improves the
lifespan of the entire ESS while fully utilizing the expected
lifespan of all battery modules in the ESS configuration
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FIGURE 4. Operation of the circuit in fault state.

FIGURE 5. Equivalent circuit model and internal resistance value of the Li-ion battery.

with redundant characteristics. In particular, the depth of
discharge (DOD), which is the ratio of battery capacity that
is frequently used in charge/discharge operations to the total
battery capacity, and the normal state of charge (SOC) level,
which is associated with the cell voltage level under normal
operating conditions, are the two main design factors in the
proposed control method. For the circuit shown in Fig. 3,
in the battery rack configuration where the battery modules
are connected in series, the current entering the battery rack
flows equally through all battery modules, so the magnitude
of current entering individual battery modules cannot be dif-
ferent. Therefore, the control for changing the DOD level has
limitations for application, and what is needed is a control
method that extends the lifespan of the ESS by differentiating
the nominal SOC level.

Fig. 5 shows the internal resistance values according to
the SOC level of the high-capacity lithium-ion cell (INR-
18650 29E) obtained using the equivalent circuit model
of the battery and the hybrid pulse power characterization
(HPPC) method. As shown in the figure, lithium-based bat-
teries are characterized by different internal resistance values

depending on the SOC level [19]. This resistance causes
power loss during charging and discharging of the battery
that has a direct correlation with heat generation of the bat-
tery. In the case of a battery that stores and releases energy
through chemical reactions, the rate of chemical reactions
varies depending on the temperature. An excessive chemical
reaction rate is the cause of accelerating the aging of the
battery [20], [21]. The results of this study show that it is
possible to control the lifespan of individual battery modules
by controlling the power loss of each batterymodule. Accord-
ing to the Arrhenius equation (1), which shows the correlation
between the rate of chemical reaction and the temperature, the
rate of chemical reaction has a logarithmic linear relationship
with the temperature, which means that the lifespan of the
battery is affected by the operating temperature of the battery.
Therefore, it is possible to apply a control method that extends
the lifespan of an ESS by controlling the amount of heat
generated by each battery cell/module.

r = A× e(
Ea
kT ) (1)
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FIGURE 6. Operation of the proposed control method.

where r is the reaction rate, k is Boltzmann’s constant, A is
the frequency factor, Ea is the activation energy, and T is the
absolute temperature.

IV. CONTROL METHOD FOR MAXIMIZING THE LIFETIME
OF AN ESS
In a battery rack composed of series-connected battery mod-
ules, the link voltage, which is the voltage of the battery
rack, is determined by the sum of the voltages of the battery
modules connected in series. Therefore, even with a control
method that changes the nominal SOC of each battery mod-
ule, the overall link voltage must be maintained. Under this
operating condition, the aging rate of a battery module that is
continuously being used can be slowed down by reducing the
internal power loss of the module after the redundant module
is applied. That means the module needs to operate under the
nominal SOC level with the lowest internal resistance value.
The link voltage should be compensated through modulating
the control voltage of the redundant module. Fig. 6 shows an
example of applying the proposed control method.

In the conventional control method, the nominal voltage of
the battery module is determined by dividing the voltage of
the battery rack by the number of battery modules configured
in series. The voltage value obtained through equation (2)
is applied as the same control command to all battery mod-
ules. On the other hand, in the proposed control method,
the voltages of the battery module and the newly adopted
batterymodule, which is called redundant batterymodule, are
controlled differently. In conventional modules, the nominal
SOC level at which the battery resistance is minimized is
selected, and the control voltage of the redundant battery
module is determined according to Equations (3) and (4).
In Equations (3) and (4), ‘N’ is the number of modules con-
nected in series, and ‘α’ represents the difference between the

initially set nominal SOC voltage (Vmodule) and the battery
module voltage at the SOCwhere the resistance of the battery
cell is minimized.

• Nominal voltage for battery module in conventional
method

Vmodule = Vpack ÷ N (2)

• Nominal voltage for battery module in proposed method

Vmodule_old = Vmodule − α (3)

• Nominal voltage for battery module in proposed method

Vmodule_new = Vmodule + α × (N − 1) (4)

V. DESIGN CONSIDERATIONS OF THE PROPOSED
CONTROL METHOD
The proposed control method adjusts the control voltage
levels of individual battery modules after the detection of a
battery fault. The control voltage of the module that has been
in continuous use, Vmodule_old, is adjusted to correspond to the
SOC level that minimizes internal resistance. A newly added
battery module, the redundant battery module, compensates
for the link voltage level. In this process, the difference
between the previous control voltage level of Vmodule_old and
the altered control voltage level is α. Under ideal conditions,
the magnitude of α can be freely designed. However, in prac-
tical applications, the design range is constrained based on the
usage patterns of batteries specific to each application. For
example, in electric vehicles, where full charging and deep
discharging conditions are frequently represented, the design
range of α is limited.

Generally, lithium-ion batteries have the lowest internal
resistance in the mid-range SOC region as in Fig. 5 (b).
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FIGURE 7. Operating pattern of an ESS in a fuel-cell hybrid railway
propulsion system.

Considering the characteristic that the internal resistance of a
battery is the lowest in the SOC 40∼50% region, setting the
voltage level at SOC 50% as the nominal voltage results in a
battery rack with an energy swing range of +/- 50% based
on SOC 50%. Therefore, it is effective to set the nominal
voltage based on SOC 50% in applications with frequent
charge/discharge operation. However, if the operational pat-
tern involves only discharge operations after a single full
charge, the usable battery capacity can decrease to 50% of
its rated capacity when the nominal voltage set to a SOC
50% level. Therefore, the design of α needs to consider not
only battery lifespan but also usage patterns. We propose an
optimal design method for each of the following two cases:
(1) a battery operation pattern that maintains a consistent
normal SOC level through repeated charge / discharge cycles,
and (2) a usage pattern that continuously shows discharge
operations after a single charge, which results in a gradual
decline of the normal SOC level.

A. CASE 1—SUSTAINING A CONSISTENT NOMINAL SOC
LEVEL
It is not difficult to find an application that maintains a normal
SOC level among applications that use large capacity ESS.
In renewable energy generation systems using solar and wind
power, industrial ESSs that compensate for the unevenness

FIGURE 8. Allowable design range of α in the proposed control method.

FIGURE 9. Operating pattern of an ESS in a tram propulsion system.

of power generation show similar usage patterns. In addition,
in the railway sector, a large-capacity ESS is used to supply
stable power to the motor load during propulsion operation
and store regenerative energy during braking in a propulsion
system using renewable energy as power. Fig. 7 shows the
ESS operation pattern in the fuel cell hybrid railway vehi-
cle propulsion system [22], [23]. The dotted line represents
charge/discharging current and the solid line shows the SOC
level of the ESS in Fig. 7. The ESS applied to these appli-
cations shows that the charge and discharge are repeatedly
manifested in a situation where the SOC is maintained at
a certain level. The ESS applied to these applications is
characterized by a cyclic charge and discharge pattern while
a steady nominal SOC level is maintained.

The nominal SOC level of the modules that operate contin-
uously needs to be changed to the intermediate range where
internal resistance is minimized for improving the cycle life.
However, the nominal SOC level of the newly configured
module Vmodule_new is affected by the nominal voltage of
other battery modules Vmodule_old for link voltage compen-
sation as shown in (4). Equation (5) defines the design range
of α. It is assumed that the magnitude of the SOC change
during battery charge/discharge is uniform, and Vmodule_new
is assumed to be greater than Vmodule_old.

VDOD represents the voltage variation based on DOD,
Vrack represents the total rack voltage, and Vmodule_max
indicates the maximum voltage capacity of the module.
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FIGURE 10. Cycle profile for aging test.

FIGURE 11. The proposed type battery module with a redundant cell.

FIGURE 12. Experimental procedure for cell capacity scanning test.

Fig. 8 provides a schematic representation of this concept.
As depicted in Fig. 8, the available range of α diminishes as
DOD increases, serving as a constraint on setting the nominal
SOC level for an enhanced lifespan.

• Allowable design range of α,

Vmodule_old < Vmodule_new ≤ (Vmodule_max −
VDOD
2

)

➜ 0 < α[V ] ≤
Vmodule_max
N − 1

−
Vrack

N (N − 1)
−

VDOD
2(N − 1)

(5)

B. CASE 2—DECREASING A NOMINAL SOC LEVEL
In battery-powered trams, the ESS is fully charged at the
train depot, and the energy stored in the ESS is utilized
for operation throughout the entire operating cycle without
requiring extra charging until the end of the operating period.
Consequently, the ESS adopted in tram vehicles need to be
designed differently from the ESS designed with ‘Case 1’
scenario. Since the SOC level decreases proportionally to
the vehicle’s operating time, the planned total route length

TABLE 2. 18650-29E cell specification.

TABLE 3. Initial capacity experiment of the cells.

becomes an important factor when designing the capacity of
the ESS. Fig. 9 shows an example of ESS operational patterns
in tram vehicles. The nominal SOC level of the ESS, which is
represented by the solid line in Fig. 9, decreases proportion-
ally to the vehicle’s operating time. The operational profile in
Fig. 9 is organized by removing the amount of power supplied
through fuel cells from the operation profile of the FC-hybrid
propulsion system shown in Fig. 7. For ‘Case 2’ as well, the
design of the control variation range ’α’ follows equation (5),
similarly to ‘Case 1.’ However, in most scenarios where such
operational patterns are applied, the DOD of the battery is
designed to bemaximized tominimize the volume andweight
occupied by the battery pack, thereby utilizing the available
battery capacity to the fullest extent possible. As can be
seen in Fig. 8, the control variation range ’α’ diminishes
significantly as the magnitude of DOD increases, and the
application of the control voltage variation method is limited.

VI. EXPERIMENTAL VERIFICATION
To verify the effect of the proposed reconfiguration ESS
control method on the ESS lifetime increase, a batterymodule
prototype was fabricated and a charging/discharging cycle
experiment of 14,000 cycles was conducted using the hydro-
gen fuel cell hybrid railway vehicle operating pattern shown
in Fig. 10. This experiment applied the voltage settingmethod
at the cell level, which was previously analyzed, instead
of the voltage setting method at the module level. In the
experiment, two types of battery module prototypes with
10Series-1Parallel cell configurations, the conventional type
and the proposed type, were fabricated and the experiment
was conducted. The conventional type was fabricated using
10 cells to make a 10S-1P prototype, and the proposed type
was composed of 11 cells including 1 redundant cell. The
proposed type module includes a relay that changes the cir-
cuit connection configuration along with the redundant cell.
A photograph of the proposed type used in the experiment is
shown in Fig. 11. In the conventional prototype, all serially
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FIGURE 13. Voltage variation of the redundant cell upon the design
range α.

configured cells were designed to operate with the same cell
control voltage, the nominal voltage. In the proposed type, the
experiment was conducted under the same conditions as the
conventional prototype up to 10,000 cycles. At the 10,000-
cycle point, the circuit was reconfigured to use the redundant
cell. After the circuit reconfiguration, the control voltage of
the newly applied redundant cell and the cell that was used
since the beginning were designed to be different.

The experiment used a high-capacity type of lithium-ion
battery cell model, Samsung SDI 18650-29E. The basic spec-
ifications of the battery cells used in the experiment are
listed in Table 2. In addition, to improve the reliability of
the experimental results, we conducted an initial capacity
experiment of the cells (see Fig. 12), and selected cells with
a cell-to-cell capacity deviation of less than 1×10−6 to form
the prototype module as shown in [Table 3].
In order to properly select the ‘‘design range α’’ applied

to the redundant cell, it was necessary to know the voltage
variation range VDOD during a single charge/discharge cycle.
We used the equivalent circuit model of the lithium-ion bat-
tery to estimate the terminal voltage fluctuation range of the
cell. The equivalent circuit was constructed using the 1st-
order RC ladder equivalent circuit model of Fig. 5 (a) and the
internal parameter values of the INR-18650 29E cylindrical
cell were applied. The terminal voltage change of the cell was
simulated by applying the railway vehicle load profile. Fig. 13
shows the results of the terminal voltage change according
to the design range variation. In Fig. 13, the case where the
design range α is 0 is a graph showing the case where the
nominal SOC level of the battery cell that has been used since
the beginning of the cycle and the newly applied redundant
cell are the same. The nominal voltage in this case is 3.79V.
As the α value increases, the nominal voltage of the redundant
cell is set higher than 3.79V, and the nominal voltage of the
cells that have been used so far is set lower than 3.79V.

When the railway vehicle load profile is applied with
α = 0, the maximum cell voltage reaches about 4.11V as
shown in Fig. 13. When α = 0.005, the maximum charging
voltage reaches 4.17V, and when α = 0.01, the maximum

FIGURE 14. Reference performance test procedure.

FIGURE 15. Cycle test result - Cell resistance trends [24].

charging voltage reaches 4.21V. Since themaximum charging
voltage of the INR-18650 29E cell is 4.2V as specified by the
manufacturer, Vcell_max should not exceed 4.2V. Therefore,
α needs to be designed to be less than 0.01 in order to not
exceed the maximum allowable voltage condition of the cell.
In this experiment, the maximum operating voltage condition
of the cell was set to 4.17V considering the safety margin.
As a result, α was designed to be 0.005 to improve the lifetime
of the reconfigured battery module, and the nominal voltage
of the redundant cell was selected as 3.835V and the nominal
voltage of the existing cell was selected as 3.785V.

To verify the change in lifetime characteristics between
the proposed module, which applies the proposed lifetime
improvement control method, and the conventional module,
which is controlled to operate with all cells with the same
nominal voltage, a total of 14,000 cycle tests were performed
to compare the aging trends. A reference performance test
was performed every 2,000 cycles to confirm the change in
cell capacity. The cycle test procedure is composed of three
main steps: capacity test, SOC-OCV test, and load profile
test. This is also called as reference performance test (RPT),
and the detailed test procedure is shown in Fig. 14.

In the capacity test, a 6-hour soaking time was allowed
to stabilize the internal chemical structure of the cell, and
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FIGURE 16. Aging analysis using IC curve [25].

FIGURE 17. The process of battery aging evaluation by Incremental
capacity analysis (ICA) with Gaussian process regression (GPR).

FIGURE 18. IC curve of Cell #10; (a) Without noise filter (b) Eliminating
noise using GPR.

the experiment was conducted through the following steps:
1C-rate discharge to the cut-off voltage / 2 hours of rest
time / 1C-rate full charging / rest. After that, the OCV
level was determined by lowering the SOC level by 5% at
a 1C-rate discharge current to compensate for the change in
the SOC-OCV table due to aging. After the SOC-OCV test,
a 2,000-cycle aging test was performed again using the load
profile.

FIGURE 19. The comparison of decreasing ICA peak with cycle between
conventional module and proposed module; Cell #6 (a) & Cell #8 (b).

Fig. 15 shows the results of the capacity and resistance
value changes over the course of the cycling test. As can
be seen from the experimental results, both the conventional
and proposed modules exhibited a trend of capacity loss and
resistance increase. Notably, the resistance of the proposed
module decreased after the control method was changed at
the 12,000-cycle point.

To provide a clearer comparison of the aging test results,
the incremental capacity analysis (ICA) method, which ana-
lyzes the electrochemical characteristics of batteries based on
electrical signals of voltage/current, was additionally applied.
ICA can be represented as follows by expressing the current
capacity in voltage within a certain voltage range.

dQ
dV n

=
Qn − Qn+1

Vn − Vn+1

VDOD
2(N − 1)

(6)

The aging status of the battery can be classified into three cat-
egories: (1) conductivity loss (CL), (2) loss of active material
(LAM), and (3) loss of lithium inventory (LLI) [25].

(1) Conductivity loss is mainly caused by the loss of the
collector, and since it tends to increase the resistance, the
analysis curve tends to move to the right or left depending
on the charging/discharging operation.

(2) The decrease in active material is mainly caused by
the decomposition of the electrolyte, and it causes a decrease
in capacity or an increase in resistance. This changes the
analysis curve in the direction of decreasing the area of the
curve.
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TABLE 4. The average of ICA peak heights between conventional module
and proposed module.

(3) The decrease in lithium inventory is caused by the col-
lapse of the crystal structure and the dissolution of transition
metals, and it mainly affects the decrease in the peak of the
curve.

In this study, we conducted an ICA analysis using a 1C-rate
charging/discharging current and a 20mV voltage deviation,
as shown in Figure 16. In addition, a noise filtering method
such as Gaussian process regressor (GPR) was applied to
remove noise from the analysis results. The ICA experiment
and analysis procedure are shown in Fig. 17. Fig. 18 shows
the IC curves before and after applying GPR. Fig. 19 shows
the results of analyzing the peak values of the ICA curves
obtained from the experiment. As can be seen in Fig. 19,
when the proposed method was applied at 12,000 cycles, the
slope of the decrease in the peak value size changed. Since
the decrease in the peak value size indicates the aging of the
cell, the analysis results confirmed that the aging tendency
decreases when the proposed method is applied.

In the aging cycle test, the ICA peak value was measured
every 2000 cycles. Table 4 shows the average peak values of
individual cells in the conventional module and the proposed
module. The values in parentheses in Table 4 show the change
in the ICA peak value after each 2,000-cycle aging test.
As shown in the experimental results, the ICA peak values
of both the conventional module and the proposed module
decreased by a similar amount (0.04∼0.07 Ah/V) every 2,000
cycles until 12,000 cycles. However, the proposed module,
which underwent additional testing for 2,000 cycles after
applying the redundant cell configuration method and the
control method that changed the nominal voltage at 12,000
cycles, showed an increase in the ICA peak height value at
14,000 cycles. This increase was due to the proposed mod-
ule’s cells operating in an area with low internal resistance
values by setting the design range α value. Thus, the life of
the cells in the proposed module can be increased compared
to the operating method that maintains the nominal voltage to
be the same as before.

VII. CONCLUSION
This study analyzed the conventional studies on reliability
improvement of large-scale ESS applied to railway vehicles

and the proposed a new redundant configuration and con-
trol method that improves the reliability of the ESS while
minimizing system volume increase. In particular, we pre-
sented a control method that increased the life of ESSs by
controlling the nominal voltage range of newly applied cells
(or modules) and aged cells (or modules) differently. Two test
batterymodules, the conventional type and the proposed type,
were manufactured and 14,000-cycle aging tests were con-
ducted using a railway vehicle operating profile. The aging
trends of the cells were analyzed by applying various battery
aging analysis methods. The analysis results showed that
the proposed control method effectively reduced the rate of
increase in battery internal resistance, a widely accepted indi-
cator of battery aging. Incremental capacity analysis further
validated these results, demonstrating a reduction in aging-
related trends. As a result, we confirmed that the life of the
battery module can be increased when the proposed control
method is applied.

The circuit configuration and the control method proposed
in this paper were studied based on the operating profile of
railway vehicles, but we expected that it can be applied to
various application areas that will require light-weighting of
ESSs. In the future, additional research is needed on the con-
trol voltage setting method that considers the SOC-internal
resistance value table that changes depending on the aging
of the cell to enhance the effectiveness of the control method
proposed in this paper.
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