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State of health (SoH) imbalance causes capacity waste and cycle life reduction
of the battery-based energy storage systems (BESS), which demands SoH
balancing control of the parallel-connected packs and the series-connected
cells of the BESS. This study proposed a multi-layer SoH balancing control
to extend the cycle life of the BESS. For the series-connected battery cells,
active equalization circuits based on the fly-back converter are used to
exchange energy between cells and control the depth of discharge (DoD)
of cells to achieve the SoH balance. For the parallel-connected packs, SoH
is equalized by distributing the output power based on the SoH balancing
principle and the minimum power distribution constraints of packs caused
by the bidirectional balancing current among the series-connected cells are
considered. Because the proposed method achieves the SoH balancing by
utilizing the active equalization circuits to transfer the energy between the
cells with different SoH, it can achieve higher capacity and energy utilization
efficiency and lower heat release compared with the passive equalization
typology that dissipates the energy. The effectiveness of the proposed method
is verified by a case study based on a 3-packs-15-cells BESS. Simulation
results show that this method can prolong the cycle life of BESS by about
52.9% compared with the active SoC balancing method using the same fly-
back converter and 18.3% with a passive multi-layer SoH balancing method,
respectively.
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1 Introduction

With lithium-ion batteries being used extensively in both
electric vehicles (EVs) and battery-based energy storage systems
(BESS), cascade utilization of batteries is proposed to reduce
cost and increase the capacity utilization of batteries. As the
widespread application of EVs and BESS has brought huge
requirements for lithium-ion batteries, cascade utilization of
batteries is proposed to decrease carbon emission, reduce
cost, and increase the capacity utilization of batteries. As
the popular battery application, the EVs are recommended
to retire the battery pack when its state of health (SoH) is
reduced to 80% by manufacturers (Neubauer and Pesaran, 2011)
to guarantee performance and adequate mileage. BESS for
frequency regulation application also require high SoH of
batteries because of the frequent and deep charge/discharge
cycles (Zhang et al, 2020), so the batteries will be replaced
when their SoH is even relatively healthy. However, the retired
batteries from these applications remain sufficient capacity for
the less-demanding energy storage service (Mukherjee and
Strickland, 2015), such as the load-shifting BESS or the energy
arbitrage BESS. The recycling of batteries is regarded as the
second life of the battery and beneficial to the investors
(Olsson et al., 2018).

Both the state of health (SoH) and the state of charge (SoC) of
batteries in BESS should be considered and measured during the
batteries management (Pattipati et al., 2011; Yangetal,, 2021).
The SoC regulation, which aims to keep the SoC of all
batteries consistent, is applied for the short-term operation
to fulfill the maximum energy release and prevent the
overcharge/overdischarge condition of each battery cell during
the process (Dogger et al., 2011; Lu et al., 2014). Meanwhile, the
SoH regulation is appropriate for long-term operation to prolong
the cycle life of the BESS (Tran and Khambadkone, 2013),
which is expected to attain similar SoH values for all batteries.
Therefore, it can avoid capacity waste when the minority
battery cells or packs reach the lowest SoH level but others
can still offer normal energy throughput. The SoH imbalance
is inevitable during the reassembly due to the retired batteries
come from different operating conditions with different initial
SoH (Chowdhury et al., 2019).

In practice, BESS usually consist of parallel-connected
battery packs, while the packs are composed of series-connected
battery cells. Thus, regulation techniques have to consider
parallel and series layers as their operation conditions are
disparate. For battery packs in parallel, droop control is quite
common in SoC regulation control by modifying a suitable
droop coefficient for the different charge/discharge currents to
accomplish the SoC balance (Belal et al., 2019; Bi et al., 2020).
Huang et al. (2015) presented an energy-sharing SoC balancing
control scheme based on a distributed BESS architecture. Cao
and Abu Qahougq (2021) proposed a hierarchical SoC balancing
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control method, which can control the SoC at both the cell
level and the module level while simultaneously maintaining
bus voltage regulation at the battery system or pack output.
For battery cells in series, the equalization circuit is regarded
as the most straightforward solution for SoC balancing as
it can change the output current of each series-connected
cell. The passive or active equalization circuits are usually
used to balance the SoC of series-connected battery cells in
a pack. They are also referred to as dissipation and non-
dissipation equalization circuits, respectively. Cao et al. (2008);
Daowd etal. (2011) reviewed and compared several state-of-
the-art equalization topologies to show the characteristics of
different equalization circuits. Koseoglou et al. (2020) proposed
a high-effective cell equalization method using MOSFET
and a shunt resistor to balance the cells. The dissipation
equalization topology is applied in this method. For non-
dissipation topologies, Azad et al. (2020) presented a novel active
balancing topology using a single LC series resonant circuit and
a single capacitor. An optimal cell-to-cell balancing topology
is proposed to improve the balancing speed of equalization
circuits (Ouyang et al., 2018). The fly-back converter topology
has higher balancing efficiency compared with the inductor
or capacitor and a more straightforward structure than those
novel improving topologies (Lee et al., 2017). Overall, most SoC
balancing methods aim to realize the same depth of discharge
(DoD) for cells by controlling the output of each battery to
maintain the SoC balance. In contrast, SoH balancing method
requires a different DoD for each battery, which leads to disparate
capacity degradation for batteries with different initial SoH and
finally balances the SoH of all batteries. Because of the same
control principle, the SoC balancing methods can be referenced
for SoH balancing control.

Several works have discussed BESS’s cycle life degradation
during operation, either among cells in battery packs or battery
packs in the system. A pack-level SoH balancing control
method applied to the modular multilevel converter-based
battery energy storage system (MMC-BESS) is proposed by
Lietal (2018) as controlling the DC circulating current and
fundamental frequency circulating current to realize the power
distribution between each sub-module. Chowdhury et al. (2019)
presented an integrated SoH balancing method for lithium-
ion batteries with a simplified topology connected through a
DC/DC converter. Output distribution is a common method
to balance the SoH of parallel-connected batteries, which can
be implemented by offering different currents for each battery.
However, it is not applicable for battery cells in series as all
cells have the same series current. The SoH imbalance among
series-connected cells in the battery pack also leads to the low
equivalent SoH of the battery pack, which is even lower than
the SoH of the poorest cell in that pack. Therefore, equalization
circuit techniques are the appropriate method to balance the
SoH of cells in series. For series-connected cells, Ma et al. (2018)
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presented an enhanced SoH balancing control by using passive
equalization topology based on shunt resistors to achieve the
SoH balancing for cells in MMC-BESS. This method can increase
the equivalent SoH of battery packs to the SoH of the poorest
cell in that battery pack due to utilizing the passive equalization
technique. In addition, Probstl et al. (2018) presented an SoH-
aware active cell balancing strategy using an inductor-based
active cell balancing architecture to transfer the energy from
cells with higher SoH to the low SoH neighbors. This method
can increase the equivalent SoH of the battery pack to the
average SoH of all cells in that pack. However, the SoH balancing
efficiency is not high because the energy transfer efficiency of
the inductor is limited. Ziegler et al. (2018) believed that active
equalization has no negative ageing on cells and can accomplish
a longer cycle time compared with passive equalization. A long-
term testing for all single cells in the system is carried out
to verify his viewpoint. Furthermore, Bouchhima et al. (2018)
proposed a novel multi-cell lithium-ion storage system called a
self-reconfigurable battery” to enhance the lifetime of BESS.
However, few studies have investigated the SoH balancing for
the parallel layer and series layer simultaneously in the BESS. For
BESS, the SoH balancing is not a simple combination of SoH
balancing in series and SoH balancing in parallel as the status
of each battery pack and cell during the operation is coupled
dynamically and needs coordinated control. Khasawneh and
Illindala (2014) presented three possible directions to balance
the cycle life of all batteries in the microgrid. Ma et al. (2020)
presented a multi-layer SoH equalization scheme that can
balance the SoH for all cells in BESS. The parallel-connected
battery packs are equalized based on the SoH balancing scheme
(Ma et al., 2018). The passive equalization circuit with the shunt
resistor is applied to balance each cell among battery packs by
dissipating the redundant energy from the cells with higher SoH.
This scheme can equalize all cells in BESS. It also increases
the equivalent SoH of each battery pack to the SoH value of
the poorest cell among that pack, as the equivalent SoH of a
battery pack is normally lower than this value without balancing
methods. In this study, a modified multi-layer SoH balancing
control is proposed for BESS which is already installed or
planning to install the active equalization circuits for battery
management. The principle and characteristics of passive and
active equalization topologies have been analyzed. Compared
with the passive multi-layer SoH balancing method mentioned
in the study by Ma et al. (2020), the proposed method considered
the constraints brought by the bidirectional balancing current
for cells in series. The determination of all balancing parameters
is modified to appropriate the active balancing among cells.
The power distribution between parallel-connected packs is
also modified by considering the constraints obtained by the
balancing parameters in the series layer. The proposed method
has been verified by simulation in a 3-packs-15-cells BESS model.
The traditional SoC equalization methods and a multi-layer
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SoH equalization scheme (Ma et al., 2020) have been carried out
under the same conditions to compare the result. The proposed
method can balance the SoH of all cells in BESS and further
extend the cycle life of the system. The main contributions can
be summarized as follows:

e This study proposes a multi-layer SoH balancing control
method for BESS to extend the cycle life based on the active
equalization circuits

e The proposed method utilizes the fly-back converter
equalizer to achieve less power dissipation with higher
balancing efficiency during the balancing control process

e The control scheme considers the bidirectional balancing
current in the active equalization circuits and proposes a
determination method for balancing current in the cell
equalizer

e Compared with the traditional active SoC equalization
method and the multi-layer SoH equalization scheme
with passive equalization circuits, the proposed method
can improve the cycle life by 52.9% and 18.3%,
respectively

This article has been organized as follows: Section 2
introduces the imbalance among batteries and the application
of battery equalization topologies for SoH balancing control.
The control structure, the proposed control method, and the
detailed formula derivation are explained in Section 3. Based on
a 3-packs-15-cells BESS model in MATLAB/Simulink, Section 4
demonstrates the simulation result of the proposed balancing
method. A comparison is also carried out by comparing the result
of several state-of-the-art balancing methods. At last, the result
of this study is concluded and future research is discussed in
Section 5.

2 Battery imbalance and
equalization

2.1 SoH modeling

In general, the SoH is usually defined as the capacity
degradation of batteries, which is interpreted as the maximum
available capacity to its initial nominal capacity during the study
of energy storage system control. The definition of SoH in terms
of capacity degradation is expressed as follows:

SoH = %, (1)

rated

where Q.. and Q,.; are the available maximum capacity and
the nominal capacity, respectively.
estimation  (Shahriari  and

Full ~charge capacity

Farrokhi, 2013) is the common method to estimate the SoH
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of batteries but requires a long-term experiment. To find
out an easily accessed measurement variable for the SoH
estimation, Dogger et al. (2011) studied the relationship between
battery capacity degradation and life cycles and identified it
as a linearized or quasi-linearized curve, which provides the
possibility to estimate the SoH by the life cycle (Tran and
Khambadkone, 2013). Meanwhile, the relationship between
the life cycle and DoD has been carried out by eliminating
the temperature difference during the battery ageing process
(Dallinger, 2012). Although the battery ageing progress is a
complex process that can be affected by operating temperature,
current rate, DoD, or their combination (Hu etal, 2016),
the temperature difference could be eliminated because the
commercial or industrial BESS general has installed heat
dissipation apparatus to avoid over-heat or high-temperature
difference. Thus, the relationship between SoH and DoD can be
obtained as

acu

C
=SoH (0) - —=—, (2)
a-DoD™

where Cpp is the life cycles left before the SoH drop to

C
SoH (t) =

total

=SoH (0) -

total

0, Cppra is the total life cycles, C,,, is the accumulated life
cycles, and SoH(0) is the initial SoH value. The a and b are
parameters obtained from the fitting curve of the battery’s

., are all obtained

ageing (Lietal, 2018). Cips Cyoppy and C
under the same DoD, which stands for the percentage of
the practical released amount of charge compared with total
capacity (Shahriari and Farrokhi, 2013) and can be defined by
the coulomb counting method, similar to the SoC, as follows
(Meissner and Richter, 2003):

Quease J,lddt

Quar 3600 Q0

and i, represent the released energy of the battery

DoD = (3)

where Q
and the discharge current during the operation, respectively.

release

According to the above mentioned Eqs 2, 3, it can be assumed
that the SoH is related to the discharge current i;, making the
SoH balancing control for BESS possible.

2.2 Battery imbalance

Generally, the BESS consists of several high voltage battery
packs connected in parallel to attain a large capacity. The battery
cells are series-connected to constitute a battery pack with high
voltage, as shown in Figure 1. However, most battery balancing
control methods usually regard the battery pack of series-
connected cells as a single “high voltage battery” (Li et al., 2018)
because the operation of cells in series cannot be controlled
separately with the traditional structure, which means the
working states of every single cell are ignored.

The ideal operation condition for series-connected cells
is shown in Figure 2A, where all cells can reach the same
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BESS
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Packm_—é

~

i

N

Pack

i
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FIGURE 1
Simple BESS structure.

charging/discharging status simultaneously. The length of the
battery represents the available capacity and the colored rectangle
indicates the remaining power.

However, due to the inevitable error during the battery
manufacturing process, such as the different initial capacity
of internal resistance, each cell's charging/discharging status
(SoC/DoD) is usually different. Different discharging statuses
(DoD) will lead to different ageing speeds based on the Eq. 2.
Even for the brand new batteries, the imbalance will become
pronounced in long-term operation, and the condition of the
batteries retired from EVs can be worse. Figure 2B shows
one of the worst situations where all cells have different SoH
and unequal initial SoC. For all cells in series, the charging
process will be stopped when cell-1 is fully charged. The
discharging process will only continue before cell-3 is completely
discharged because the battery management system (BMS) will
avoid the overcharge/overdischarge condition for all cells. This
situation will cause capacity and energy waste during each
operation and the further widening of imbalance as the capacity
of cells with lower SoH will degrade faster and the ageing
process of cells with higher SoH will become slower (Cao et al.,
2008).

2.3 Equalization circuits for battery in
series

Thus, the straightforward solution is to use the traditional
cell SoC equalization methods with balancing circuits, such
as passive or active balancing circuits (Cao etal., 2008;

Daowd etal, 2011), to enlarge the available capacity.
Figure 3 demonstrates two conventional equalization
circuits.

Figure 3A shows the shunt resistor topology for the passive
equalization, which balances the series-connected cells’ energy
by dissipating the redundant energy through the resistor.
So, the passive equalization methods are also referred to
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A Fully charged Complete discharged
cor [ —— | —
+ +
cor -
B Fully charged Complete discharged
+ +
[0 Wasted capacity [ Wasted energy
FIGURE 2

[llustration of the performance of series-connected cells in battery pack under (A) ideal status and (B) real status.

PLPLP

FIGURE 3

Two typical cell equalization topologies by using (A) shunt resistor for passive equalization and (B) fly-back converter for active equalization.

as the dissipation equalization methods. However, the active
equalization circuits balance the series-connected cells by
transferring the energy from the healthier cells to the poorer cells.
Figure 3B demonstrates the typical fly-back converter topology
for active equalization.

Based on the balancing circuits, the operation current for
all cells in series can be controlled individually by offering a
different balancing current i, for each cell, shown in Figure 4.
Because the current flow i, in series is equal for each cell, the
practical discharge current i ; for cell-i can be straightly modified

Frontiers in Energy Research

by changing the balancing current i, ; for cell-i, which means the
balancing circuits can control the DoD/SoC of each cell in series
according to Eqs 2, 3.

The balancing performance of passive equalization circuits
is illustrated in Figure 5A where the blue rectangle represents
the remaining energy in the cells. The red rectangle expresses the
power dissipated by the shunt resistor and the white rectangle
referred to the effective output. Although this method can
achieve similar depth of discharge (as A, B, and C) for each cell,
the effective output or effective capacity of each cell can only
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FIGURE 4
Principle of equalization circuits for cells in series.

reach the poorest cell’s value (shown as cell-3). The equivalent
SoH of the battery pack equals the SoH of the poorest cell (cell-3)
(Ma et al., 2020).

On the other hand, Figure5B shows the operation
performance of active equalization circuits. Because the poorer
cell (cell-3) can receive additional energy transferred from
the healthier cell (cell-1/cell-2), the SoC of each cell can be
balanced (a2, b2, and c2 are equal) and the poorer cell can
output less energy during the operation. The active equalization
method can make full use of the capacity of each cell and
the effective output of each cell can rise to the available
maximum value itself. The equivalent SoH of the battery pack
is equal to the average value of the SoH of all cells (Ma et al.,
2020).

Hence, in theory, the equivalent SoH of the battery pack with
different equalization circuits can be summarized as follows:

{ S0H e = S0H cop i (passive)

1 . (4)
SoH g = - ZSoHce” (active)
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2.4 Application of the equalization circuit
in SoH equalization

Because the equalization circuits can control the DoD of
each cell in series individually, it is possible to realize the SoH
equalization for cells by utilizing the relationship between SoH
and DoD mentioned in the Eq. 2. Unlike the SoC balancing
method, the SoH balancing method requires the DoD of each
cell to be varied to achieve the different SoH decreases. Assuming
two batteries (i and j) with different initial SoH, their instant SoH
value can be addressed as

C, i
SoH; (t) = SoH; (0) - —=*
a-DoD;? o
Coon] (i#7). (5)
SoH; (t) = SoH; (0) - ——
a~DoDj_b

Setting the C, the SoH value of two

acu,i

equal to the Cy, s
batteries can be balanced by offering different DoD.

Ma et al. (2020) have already proposed a multi-layer SoH
balancing method applied for the BESS with the passive
equalization circuits (shunt resistors topology). However, the
BESS cycle life extending of passive equalization circuits is
not as good as the active equalization circuits due to its
dissipation characteristics. Using Figure 4 as the reference for
current direction, during the discharge process, although the
passive equalization circuits can boost the practical discharging
current i, for cells with higher SoH by increasing the balancing
current i,, to achieve the SoH equalization, it cannot reduce
the actual discharging current for cells with lower SoH
because the balancing current cannot be negative, which means
the lowest discharging current cannot be lower than the
series current i.. Because the poorest battery determines the
retirement of BESS, the passive equalization can achieve the
SoH balancing but hardly further extend the cycle life of the
system.

On the other hand, active equalization circuits could
overcome this issue as the balancing current of active
equalization topologies is bidirectional, which means the i,
can be negative and the practical discharge current i; for cells
with lower SoH can be decreased to

(6)

ld,min =l + Ihal,min’

where i, .., is the maximum balancing current of the
equalization circuits in the opposite direction. According to
the Eqs 2, 3, a lower discharge current will lead to a slower
ageing process, which reflects the ability of active equalization
topologies for BESS cycle life extending.

For the multi-layer SoH balancing control scheme, active
equalization circuits own the ability to balance the SoH of cells

frontiersin.org


https://doi.org/10.3389/fenrg.2022.966422
https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org/journals/energy-research#articles

Li et al. 10.3389/fenrg.2022.966422
A Fully charged Operating Complete discharged
+ + +
@ Remaining energy al <bl <el A=B=C
W Dissipated energy
O Effective output
B Fully charged Operating Complete discharged
conr- I — T .
+ ! + +
@ Remaining energy ) a2=b2=c2 ) )
O Effective output
FIGURE 5

[llustration of the performance of series-connected cells in a battery pack with (A) passive balancing circuits and (B) active balancing circuits.

in BESS and satisfactory performance in BESS life extending.
Although it is difficult to trade-off between the benefit of BESS
life extension and the extra cost of active equalization circuits
installation, it is still worthwhile to propose a modified multi-
layer SoH balancing method for those BESS who have already
installed or plan to install the active equalization circuits. Thus,
the fly-back converter balancing circuits (shown in Figure 3B)
are chosen as the cells’ equalization topology in this research.

3 Multi-layer SoH balancing control

3.1 BESS operation scheme

Based on the relationship between SoH and DoD and the
characteristics of the cell equalization circuits, the modified
multi-layer SoH balancing control method for BESS with
active equalization circuits are proposed. The general BESS
block structure with active equalization circuits is shown in
Figure 6, where a 3-packs-15-cells BESS is applied as an
example to briefly demonstrate the control structure and
logic.

This BESS consists of three battery packs in parallel and each
battery pack includes five cells connected in series. As the total
power demand is confirmed, the BMS will first distribute the
power output to three parallel-connected battery packs based on
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FIGURE 6
3-packs-15-cells BESS block structure with multi-layer SoH
balancing control.

the equivalent SoH of each pack. After the reference output of
each pack is distributed, the BMS will balance the cells among
each battery pack using the secondary SoH balancing control
method. The detailed control method and formula derivation will
be introduced as follows.
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The BESS should satisfy the following constraints during
the operation to avoid dangerous conditions and significantly
accelerated ageing.

DoD < DoDy,,,,.;
SoH > SoH ;.14 , (7)
SoC,,i, <S0C< S0C,,,,.

where DoD limitation DoDy;,,;, is 0.8 and SoH retired level

min and SoC, . are

S0H,44ieq 15 0.4. The SoC operation range SoC
0.1 and 0.9, respectively.

3.2 SoH balancing control for
parallel-connected battery packs (pack
level)

Different DoD could be simply achieved for parallel-
connected battery packs by offering different reference power for
each pack. According to the Eq. 5, once the DoD of the pack
with the highest SoH value is set as the maximum DoD (0.8), the
DoD for other packs could be easily calculated by determining

the accumulated life cycle C,,, o,
C

a

« for battery packs. The value of
cuypack should not be less than the minimum value, which can
be calculated as

SOHim',best - SoH

DoDP.—DoD"

max min,worst

ini,worst . (8)

>

C

acu,min,pack —

where C « is the minimum value of the accumulated life

acu, min,pac

cycle to achieve the SoH balance for battery packs. SoH,,; ;.o
and SoH;

ini,wors

condition and worst condition (highest SoH and lowest SoH),

; are the SoH value of the battery pack with best

respectively. DoD, ;. o is the minimum DoD for battery pack
with the lowest SoH value. Because the balancing current is

bidirectional in the active equalization circuits, the DoD,;, o5

should satisfy the following constraints to avoid circulating
currents in packs.

l:d,min,worst >0 , (9)
i >0

c,min,worst =

where i 05 18 the minimum practical charging current for
cells in that battery pack, which has opposite direction with
Combining with Eq. 6, it can be obtained as the

ld, min,worst*

constraints for DoD by regarding the series current i

min,worst
as applied current iy, 0> Which can be calculated as follows:

s,worst

d (DODmin,warst)
app,worst — T x SoH,

X 3600 % Q

l ini,worst

(10)

rated*
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Once the Cy,, poci is determined, the DoD, of other battery
packs can be obtained based on the Eq. 5, which is described as

b
DODpack = DODmax - (SOHini,best
1
a b
— SoH,,. k (1 1)
e ) Cacu,pack

For battery packs connected in parallel, SoH balancing
control can be achieved by offering a different reference output
to each battery pack. The normalized DoDs are proportional
to the average output power of corresponding battery packs
during each charging and discharging cycle. Li et al. (2018) has
proposed a power distribution method appropriate for SoH
balancing control of parallel-connected battery packs. According
to the normalized DoDs, the output power per battery pack can
be calculated as

DoD;
Ppack,i = Ptuml ‘SN > (12)
Zi:lDOD"

where Py, ; is the power demand allocated to the ith battery pack

ack,i
and P, is the total output power.

3.3 SoH balancing control for
series-connected battery cells (cell level)

Once each battery pack’s power demand is determined, the
applied current for each battery pack can be easily expressed as

*

. Ppack
fapp = —> (13)
vpack
where P;mck and v, represent the power reference of battery

packs calculated by the SoH balancing among battery packs
and the pacK’s real-time terminal voltage, respectively. After the
applied current for each battery pack is calculated, the next step
is the SoH balancing control among cells in the relevant battery
pack.

Generally, both the passive and active equalization circuits
can be utilized to realize the SoH balance among cells by properly
controlling their DoD. In brief, different DoDs of cells could
cause different degradative rates. Thus, for example, the SoH of all
cells in a series can be equalized by offering larger DoDs to cells
with higher SoHs and smaller DoDs to cells with lower SoHs.

Choosing the cells in i, pack as an example, setting the DoD
value of the healthiest cell as the maximum value DoD; . (0.8),
the normalized DoD of other cells can be obtained using a similar
calculation like the Eq. 11. For the jy, cell in i, pack, the DoD;;
can be calculated as follows:

DoD, ;= [DoDl_’ — (SoH

i,max ini,i,max

1

a b
_ SoHim’i)j) C—] . (14)

acu,i
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However, it is quite different between cells’ connection in a
pack and packs’ connection in the BESS. Although the minimum

accumulated cycle life C,

acumini €an be calculated by the similar

equation as in the study by Dogger et al. (2011), the minimum
DoD (DoD,,,;,, ,orst.;) for the cell in pack-i with the lowest SoH
value should be determined by the different equation.

Setting the maximum available DoD (as DoD,,,,, ;) in pack-
i as the DoD of the healthiest cell. The balancing current
I, is set to the maximum value with the same direction
appi) for the

healthiest cell and with the opposite direction of applied charging

of applied charging and discharging currents (i

and discharging current for the poorest cell within balancing
current limitation (I, 0 OF Ipgr i) to get the smallest DoD
for the poorest cell (DoD
to Figure 3B. According to the same charging/discharging time,

worst.i)- 1he direction of current refers

Eqs 15, 16 can be obtained as follows:

Qmax,best,i : (ic,i + Ibal,max) .

DODworst,c,i = . I DODmax,i’ (15)
Qmax,worst,i : (lc,i + hal,min)
Qmax best,i * (idi + Ihal min)
DODworxt,d,i = A : DODmax,i’ (16)
Qmax,worst,i . (ld,i + Ibal,max)
where Q4. pes;i a0d Q01 worsr.i ar€ the capacity of the healthiest

cells and the poorest cells in pack-i, respectively, which are
already calculated by the SoH estimation process. i ; and i, ; are

the applied charging and discharging currents (i,,,;) in the series

branch of the i,, battery pack, calculated by Hua‘:fg etal. (2015).
DoD,,.;.; and DoD refer to the DoD of the poorest cell
in pack-i when charging/discharging obtained by solving the
Eqgs 15, 16. The DoD,

to maintain the same DoD during charging and discharging

worst,d,i

minworst,i 15 addressed as the larger one

operation. Then the minimum accumulated cycle life C,,, i,

can be obtained by Eq. 8. The setting value of C,, ; should be

acu,i
equal to or larger than C,_,, ;.. ;-

Next, the balancing current for each cell can be calculated
for charging and discharging, respectively. During the charging
process, fly-back converters separate the charging current (I, . >
0) of poor cells to lower their charging power and send back
extra charging current (I, . < 0) to healthier cells to make them
charged deeper. The balancing current of the healthiest cell is
set to the maximum value with the same direction of applied
charging current as Iy ,;, to achieve the deepest charging.
Replacing the charging parameters of the cell with the lowest SoH
value to the parameters of the j,, cell in pack-i in the Eq. 15, the
reference balancing current I;ml’c,i’j of the jy, cell in pack-i during
the charging process is obtained as follows:

*

Ibal,c,i,j = Ibal,min - (ic,i + Ibul,min)

( Qiaxij - DoDj; )
x{l-—m8M8M8Mm —
Qmax,best,i -DoD

max,i

(17)
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Similarly, when discharging, the cells with the smaller SoH
will receive extra power (I, ; < 0) from the fly-back converter to
slow down its discharging and the cells with higher SoH will be
required to send extra power (I, ; > 0) to the fly-back converter
to achieve deeper discharge. The balancing current of the poorest
cell is set to the maximum value with the opposite direction of
applied discharging current as I, to accomplish the most
shallow discharge. Replacing the discharging parameters of the
cell with the highest SoH value to the parameters of the j, cell in
_of

bal,d,i,j
the j,, cell in pack-i during discharging process can be calculated

*

pack-iin the Eq. 16, so the reference balancing current I

as follows:

Ibal,d,i,j = Ibal,min + (id,i + Ibal,min)

Qiaxij - DoD;;

_ 1)
( Qmux,worst,i : DODworst,i

Generally, the efficiency of the typical fly-back converter
is 0.80-0.9. A research (Boeke, 2007) has pointed out that the
efficiency of the fly-back converter can achieve 96% during the

(18)

experimental test. Although many advanced topologies have
been proposed in recent research with higher efficiency, the
proposed method is appropriate for these topologies if the energy
transfer principle is similar. Considering that the selected fly-
back converter topology is just an example of the active balancing
circuits, the energy transfer efficiency is set a little bit higher,
as 1, = 0.95 and 7, = 0.9, to reflect the energy loss through
the active balancing circuits during the operation. 7, and 7,
represent the energy transfer efficiency of the equalization circuit
on the primary and secondary sides. Based on the efficiency, the
effective charging/discharging current of the cells in series could
be obtained as follows:

Lgij=iai+ Lparaij + Tbardio (19)
where I;;; is the effective discharging current of the j,, cell in
pack-i. I, 4, is the total equivalent discharging balancing current
on the secondary side of the active equalization circuit, which can
be calculated as follows:

n I :

P Z bal,d,i,neg

Tyarai = o (Up Zlbal,d,i,pos = ) (20)
S S

Ul

% is the ratio of the transformer in the fly-back converter.

Ibal’d’i;m and Iy g e, Teflect the positive and negative balancing
current during the discharging process. The direction of the
balancing current refers to Figure 4.

The effective charging current can be calculated by a similar
method, as follows:

Ic,i,j = ic,i + Ibal,c,i,j + Ibal,c,i’ 21

where I ;;

i. I, is the total equivalent charging balancing current on the

is the effective charging current of the j, cell in pack-
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FIGURE 7

Overall control structure diagram of the multi-layer SoH balancing control with active equalization circuits.

secondary side of the fly-back converter, which can be calculated

as

I, bal,c,i

n
P
= — E I . +
n, ’7p bal,c,i,pos

Z Ibal,c,i,neg
s

(22)

Tyacipos @ Tygicine reflect the positive and negative

balancing current during the charging process. The direction is

the same as the discharging

current.

Because of the inevitable power loss during the power

transmission, all cells in a pack will be charged less and
discharged more than the reference value. Therefore, the power
supplement is required during the charging process to avoid out-
of-limit SoC value caused by mismatched charging/discharging.

The supplement charging current I can be obtained as

i, sup
follows:

Ic,i,sup = Ibal,d,i + Ibal,c,i' (23)

It should be noticed that the “cell” in this section does not
necessarily represent every battery cells in a BESS. Instead, it
means the series-connected minimum controllable unit in the
system as some systems are not able to control every single cells
but the series-connected packs.
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3.4 Overall control structure

The overall control structure and logic are illustrated in
Figure 7.

From the figure, ® to ® show the control logic and order
of the multi-layer SoH balancing control method, which can
be briefly summarized as follows. The SoH estimation process
obtained the SoH of each cell in BESS at first; then,

(® Based on the SoH of each cell in battery packs, the primary
SoH balancing control will calculate the equivalent SoH of
each pack according to the equalization circuits used in the
BESS as Eq. 4

(® The normalized DoD of each battery pack then be calculated

due to the equivalent battery pack SoH and C casEq. 11

acu,pac

® According to the normalized DoD, the total power demand
will be distributed to each battery pack, as Eq. 12.

To this step, the calculation of the primary SoH balancing
control is finished. The secondary SoH balancing control then
proceeds to refer to the reference power of each battery pack.
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TABLE 1 Simulation parameters.

Item Value
Pack number 3
Amount of series-connected cells per pack 5

Battery cell type Lithium-ion
Nominal capacity of cell 12 Ah
Nominal voltage of cell 37V
Parameters of degradation, a, b 694,0.795
Power demand 150 W
Maximum balancing current 2A
Minimum balancing current -2A
Ratio of transformer in fly-back converter 1:5

i

Energy transfer efficiency 7, 0.95
Energy transfer efficiency 7, 0.9

TABLE 2 Equivalent initial SoH for battery packs with active
balancing circuit.

Pack 1 2 3
SoH,, 0.85 0.8 0.75
Power distribution 62.53 49.79 37.68

TABLE 3 Initial states and SoH equalization parameters for each
cell.

Cell 1 2 3 4 5
SoH,,; 0.85 0.80 0.75 0.70 0.65
SoCy; 0.9 0.9 0.9 0.9 0.9
DoD 0.80 0.6369 0.4821 0.3396 0.2037
LA 1.80 051 -0.56 -1.42 2

L JA 2 -0.64 0.49 1.39 2

bal,c

® Based on the reference power distributed by primary SoH
balancing control, the applied charging and discharging

current i,,, will be calculated at first as Eq. 13.
® Different from primary balancing control, the C,,, .,

be calculated due to the SoH of cells and equalization circuits,
as Eqs 15, 16, 8.

; heeds to

©® Then the normalized DoD of each cell is calculated referring
to the SoH of cells and the obtained C,, .y as Eq. 14.

@ Next, the balancing current of each cell can be calculated as

Eqs 17, 18.

The final step is to send the control signal from
the controller to the power electronic device and realize the
balancing control. During the operation, the measurement
device collects the operation data from each power electronic
device to monitor each battery cell’s terminal voltage and
operating current. After each cycle, the information will be
organized to calculate and update the SoH of each cell as
an Eq. 2.
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FIGURE 8

Cell-level balancing performance of (A) proposed method, (B)
passive SoC balancing control, (C) active SoC balancing control,
(D) and SoH equalization control with passive balancing circuits.
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Sol-lI equalization with active balancing circuit (Pack-level)
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FIGURE 9

Pack-level balancing performance of (A) the proposed method,
(B) passive SoC balancing control, (C) active SoC balancing
control, and (D) SoH equalization control with passive balancing
circuits.
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In practical applications, errors exist in SoH estimation
and the accurate SoH values of cells are difficult to monitor
during the online operation, which brings challenges for the
balancing control. However, the proposed method only requires
the accurate SoH value at the beginning before the first cycle
and the end after the system reaches the retired level. For the
first condition, offline SoH determination is not difficult and
there are already many commercial solutions. For the second
condition, the SoH determination is decided by the protection
system, which means it will affect the total cycle time for all
control methods. Because this error is inevitable and caused by
the system, it can be ignored when comparing different control
methods.

During the operation, the proposed method only requires
the relative deviation of SoH between each cell in a pack to
estimate whether the pack is balanced or not. Thus, instead of
an accurate SoH value, an approximate value calculated by the
available measurement will be applied to determine the status of
the batteries. The calculation of the approximate SoH is shown

follows:
A
ot -8 o
DoD - Qrateq
where SoH,,,, is the approximate SoH and Q,,, is the nominal

capacity. AQ and DoD are the released energy and the depth of
discharge in the time duration. The status measurement device
can obtain both these two values.

4 Simulation and comparison

4.1 Simulation condition

A simulation model of the 3-packs-15-cells BESS with
the fly-back converter equalization circuits is built in
MATLAB/Simulink. Due to the balancing current ratio (ratio
of the equalizing current to the operating current) can effectively
enhance the performance of balancing (Louetal,2017); a
single battery cell (nominal voltage 3.7 V) is selected as the
minimum unit in this simulation. The prototype of the fly-back
converter equalization circuits is the same as Figure 3B and
the parameters of BESS and equalization circuits are listed in
Table 1. In addition, the BESS structure is shown in Figure 6
and the overall control structure is shown in Figure 7, which is
applied in simulation.

In Simulink, the Lithium-ion batteries are simulated using
the battery block from the library ElectronicDrive/ ExtraSources.
The initial SoH and initial SoC of each cell are set manually at the
beginning of the simulation. They will automatically change after
each charging/discharging cycle with equalization control during
the simulation process. With the active equalization circuits,

frontiersin.org


https://doi.org/10.3389/fenrg.2022.966422
https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org/journals/energy-research#articles

Lietal.

TABLE 4 Comparison of the previous methods and the proposed
method.

10.3389/fenrg.2022.966422

Balancing method Effective Improvement of the Total energy
cycle times proposed method stored and released
Passive SoC balancing 393 +75.8% 49.125 kWh
Active SoC balancing 452 +52.9% 56.5 kWh
Multi-layer SoH equalization (passive equalization circuits) 584 +18.3% 73.0 kWh
Proposed multi-layer SoH balancing(active equalization circuits) 691 - 86.375 kWh

SoH,,, can be promoted to the level of its average value of all
cells in the pack. The power distribution and the equivalent SoH
values for three battery packs are shown in Table 2.

The 3-packs-15-cells BESS is applied to supply 150 W power
for 50 min. According to the Eqs 11, 12, the distributed output
power of pack-3 can be calculated. For cells in pack-3, the
parameter C,, is calculated as 171 based on the Eqgs 8, 13, 15,
16 with the setting simulation condition. The maximum DoD of
the simulation is chosen as 80% to avoid overdischarge. Only the
values of each cell in pack-3 are shown in Table 3. Thus, with the
initial SoH shown in Table 3 and the chosen DoD,,,, as 80%, the
DoD and balancing current of cells undercharging/discharging
conditions in pack-3 during the first cycle can be calculated
according to the SoH equalization Eqs 14, 17, 18, and listed in
Table 3.

4.2 BESS cycle time comparison

During each discharging cycle, the total demanding power is
150 W with a time duration of 50 min. Then, all battery cells are
recharged to the initial SoC levels (set as 0.9) and the number of
the life cycle is accumulated. The SoH is estimated and recorded
after each life cycle. Once the unbalance of SoH between cells
reaches the acceptable value, the control strategy will transfer to
SoC balancing control to maintain the acceptable SoH difference
until the cell is retired. This principle is also appropriate for pack-
level SoH balancing control.
the
performance of the active equalization circuit-based multi-layer

According to simulation result, the balancing
SoH balancing control of cells in pack-3 is shown in Figure 8A
and Figure 9B. All cells in BESS can operate 691 times before
one of them attach the retiring level. Thus, the 3-packs-15-cells
BESS are considered to cycle 691 times under the multi-layer
active SoH balancing control.

As a comparison, Figures 8B, 9B, Figures 8C, 9C, and
Figures 8D, 9D show the ageing phenomenon of packs in BESS

and cells in pack-3 under passive SoC balancing control, active
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SoC balancing control, and multi-layer SoH equalization control
with passive balancing circuits, respectively.

Although there are other SoH balancing methods, the multi-
layer method has a better performance than those single-layer
methods. Thus, only the performance of the multi-layer SoH
balancing method is compared. The effective cycle times before
BESS retired of these methods are 393, 452, and 584, respectively.
Thus, the proposed multi-layer SoH balancing control with
active equalization circuits can increase about 75.8, 52.9, and
18.3% life cycle compared with the three methods previously
mentioned for the mentioned condition. The total energy stored
and released of the BESS under different control methods has
also been calculated as a quantitative reference for energy storage
and supply. The comparison can also be observed in Table 4.
Therefore, the proposed balancing method can well equalize the
SoH of all cells and all packs and significantly prolong cycle times
compared with the state-of-the-art battery balancing method.

4.3 SoC curve and other conditions

As the active multi-layer SoH balancing control method is
used to replace the active SoC balancing method, while the
cycle time of the BESS is extended, the SoC value of each cell
should also satisfy the limitation of the SoC balancing method,
as shown in the Eq. 7. The SoC curve of all cells in pack-3
was measured during the operation. Figure 10A shows the SoC
variation during the whole operation. The SoC level of all cells is
slowly decreased due to the error between the effective charging
current and the effective discharging current. Thus, the SoC of
all cells is charged to the initial level by applying an additional
charging process when the cells are determined as ‘balanced’

Another two cases are investigated to show the performance
of the active multi-layer SoH balancing method with different
energy transfer efficiency, as usually, the efficiency of fly-
back converter efficiency is between 0.80 and 0.9. The
energy transfer efficiency is set as 7, = 0.9, 5, = 0.85 and
1, = 0.85, 1, = 0.8, respectively. The SoC curve is shown in
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FIGURE 10
SoC curve of cells in pack-3 during the operation with (A) 7, =
0.95and 5, = 0.9; (B) 1, = 0.9 and 5, = 0.85; and (C) 5, = 0.85
and 5 = 0.8.

Figures 10B,C. The total cycle time has been decreased to 682
and 674, which means the energy transfer efficiency of the
active equalization circuit will slightly affect the effective cycle
times. Notice that the SoC level decreases slower in Figure 10B
mainly because the setting supplement charging current is
closer to the practical error between charging/discharging
current than the other two cases under the determined
accuracy.
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FIGURE 11

SoC curve of cells in pack-3 during the operation with (A) 1, =
0.95 and 7, = 0.9, initial SoC 80-60; (B) 1, = 0.95 and 5, = 0.9,
initial SoC 80-60, multi additional charge; and (C) 5, = 0.85 and
ns = 0.8, initial SoC 60-80, multi additional charge.

Meanwhile, three more cases are studied to focus on the
SoC curves of the proposed method with different initial SoC
values. Figure 11A shows the case that the initial SoC values of
cells 1-5 are 80-60 with the efficiency #, = 0.95 and 7, = 0.9.
Figure 11B demonstrates another power supplement scheme
where several additional charging operations are applied every
150 cycles before the cells are determined as ‘balanced’ This
scheme can avoid the out-of-limit SoC condition before the cells
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are balanced, especially if the balancing process among cells takes
alonger cycle time. A case with poor conditions is carried out as
shown in Figure 11C that the initial SoC of cells 1-5 are 60-80,
with an active equalization circuit efficiency as 7, = 0.85 and
7, = 0.8. The SoC value keeps the limitation by applying the same
scheme as in Figure 11B.

These results prove that the proposed active multi-layer SoH
balancing control method can extend the effective cycle times of
BESS while satisfying the SoC limitation of the SoC balancing
method.

5 Conclusion

This study proposes a modified multi-layer SoH balancing
control method for BESS with active equalization circuits to
achieve the SoH balancing among cells. The fly-back converter
equalization technique and the power distribution balancing
method are coordinated to balance the SoH of all batteries
at parallel-level and series-level simultaneously. In the parallel
layer, the SoH is balanced by controlling the output current
of battery packs. The power distribution is determined by
the initial equivalent SoH of each pack. In the series layer,
the series-connected battery cells among each pack will be
equalized individually by offering disparate balancing currents
with the fly-back converter equalization technique. The result
verifies the effectiveness of the proposed method. It can
improve the cycle life by 52.9% compared to traditional active
SoC balancing control. Compared with the existing multi-
layer SoH equalization scheme, the proposed method can
extend the cycle by about 18.3%. Meanwhile, the proposed
method can satisfy the SoC limitation during the whole
process.

In summary, the primary principle of SoH balancing control
is that the SoH among batteries can be balanced by offering
different DoD for batteries with different SoH. The simulation
has already demonstrated the effectiveness of the proposed
method in allocating different output/DoD for different batteries,
balancing the SoH of all cells in a BESS, and prolonging the cycle
time of the whole system. The proposed method has the potential
to be applied to the BESS with lower output power with regular
operation, such as the BESS used for market arbitrage. However,
there are some challenges to the proposed method. The range of
application is not wide enough as the active equalization circuits
are not as cheap as passive equalization circuits. Meanwhile,
the practical application’s effectiveness is not as good as the
simulation because the parameter measurement has some errors.
The performance of the proposed method will be reduced when
the system misses or gets a wrong equalization point. All these
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issues will be discussed and resolved by applying the hardware

experiment.
Further research will contain the hardware or hardware-

in-loop experiment to verify the effectiveness of the proposed
method in a hardware environment. The different initial
conditions will be considered. In addition, a discussion is
proposed as the performance of cycle life extending will be
better if all balancing current is determined individually. Thus, an
optimal issue will be carried out by setting all balancing currents
as the decision variables to verify the discussion and find the
optimal value of balancing parameters in the future study. On
the other hand, the cost and benefit of the fly-back converter
topology will also be investigated to find an optimized trade-off
between the raised cost caused by the active topology and the
increased benefit brought by the extended cycle time.
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