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ABSTRACT For the various imbalances of series-connected cells, the existing balancing methods has the
disadvantages of limited energy flow direction and unnecessary charge transfer. Based on flyback converter,
this paper proposes a multi-winding input and multi-winding output bi-directional equalization topology.
It can realize any cell (s) to any cell (s) balancing, which has the advantage of flexible balancing energy flow
path. This paper adopts the control strategy of time-sharing participation in equalization according to the
order of the initial state of charge (SOC) of cells, it can solve the problem of unnecessary energy transfer
and simplify the control logic. In addition, it gets rid of the influence of energy loss of the circuit components
on the setting of the fixed equalization end judgment value, whether equalization ends or not depends on
the difference between the discharge cells and the charge cells in this paper, which has the advantage of
random adaptive adjustment. In this paper, the operational principle of the proposed circuit are analyzed
and the equalization strategy is described in detail. A comparison in balancing performance between the
conventional equalization topology based on flyback converter and proposed topology is shown in static
state. To verify the validity of the proposed method, the simulation experiment of four cells series-connected
is carried out, and the simulation results show that the balancing method proposed in this paper has faster
equalization speed and higher equalization energy transfer efficiency.

INDEX TERMS Any cell(s) to any cell(s), balancing method, flyback converter, series-connected cells,
time-sharing.

I. INTRODUCTION
Lithium-ion batteries have the advantages of high power and
energy density, low self-discharge rate, no memory effect,
long life cycle, no pollution, etc. It is widely used in vari-
ous equipment [1], [2], however, the single cell voltage of
lithium-ion battery is low, only 3.6V. In order to meet the
demand of voltage level in practical application, it is usu-
ally necessary to use multiple single cells in series. Due to
the limitation of cells manufacturing process and the influ-
ence of cells operating environment, there are inconsisten-
cies of internal resistance, self-discharge rate, capacity and
other parameters between cells [3]. After multiple cycles of
charge and discharge, the inconsistencies are gradually ampli-
fied. It can lead to overcharge and discharge of individual
cells, which decreases usable capacity, shortens lifetime and
even worse causes safety problems, such as explosion and
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spontaneous combustion [4]. Therefore, it is of great sig-
nificance to study the balancing method of series-connected
cells, which can reduce the inconsistencies, improve the bat-
teries capacity utilization, extend the batteries life cycle and
ensure the safe and efficient operation of the batteries [5].

Currently, balancing methods are mainly divided into two
categories: dissipative balancing and non-dissipative balanc-
ing [6], [7]. The essence of dissipative balancing is to convert
electric energy into heat energy through a bypass resis-
tor, and dissipate the deviation energy between cells [8],
which has the problems of a lot of energy loss and thermal
management. Non-dissipative balancing uses energy storage
elements, such as capacitors, inductors, and transformers
to transfer energy from the strongest cells to the weakest
cells, which has the advantages of low energy loss and high
equalization efficiency [9]. With the development of power
electronics technology and the improvement of energy con-
servation requirements, non-dissipative balancing method
has become a hot research topic at home and abroad [10].
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The following is a classification of non-dissipative balancing
method according to different energy transfer paths.

Cell to pack [11]–[13], the energy of the high-energy cells
is released to the batteries. It can effectively prevent the
overcharge of the high- energy cells. Pack to cell [14], [15]
is to transfer the energy of the batteries to the low-energy
cells, which can avoid the over-discharge of the low-energy
cells. Cell to pack to cell [16]–[19] combines the advantages
of cell to pack and pack to cell, and realizes the bidirectional
balancing between batteries and cell. Although the above
balancing methods can solve the problem of overcharge and
over-discharge of some cells, there is unnecessary charge
transfer, which affects the life of batteries.

Cell to part of the pack [20], part of the pack to cell [21],
Cell to part of the pack to cell [22], compared with the
balancing between cell and batteries, although they solve the
problem of coexistence of charge and discharge of some cells
in equalization, the direction of energy flow is limited. Energy
flows either upstream or downstream of a certain cell. The
equalization speed is directly related to the number of cells
upstream and downstream.

Adjacent cell to cell [23]–[27], when the unbalanced cells
are adjacent to each other, the transfer efficiency is high and
the equalization speed is fast. However, when the unbalanced
cells are far away from each other, the equalization transfer
path is long, the equalization speed is slow and the energy loss
is high. Direct cell-to-cell [28]–[30], which is usually realized
by a common energy storage element, such as capacitor,
inductor and transformer. It can realize the direct balanc-
ing between the highest energy cell and the lowest energy
cell, and obtain higher equalization efficiency. However, this
method can only achieve the balancing between two cells at
the same time, and has complex control logic.

To sum up, the existing equalization methods have certain
limitations in energy transfer between cells. Based on fly-
back converter, this paper proposes a bidirectional balancing
topology with multi-winding input and multi-winding out-
put. Compared with adjacent cell to cell balancing topology,
the energy transfer path is no longer affected by the location
of cells, it can achieve direct balancing between any cells and
solve the problem of long-distance turnover energy between
cells that are far away each other. Comparedwith direct cell to
cell balancing topology, it can achieve the balancing between
multiple pairs of cells at the same time. Compared with cell
to part of the pack to cell balancing topology, balancing
energy flow direction is more flexible and rich. Compared
with cell to pack to cell balancing topology, it solves the
problem that charge and discharge of the same cells coexist
during the equalization process, and improves the life cycle
of the batteries. In this paper, the operational principles of
balancing topology are explained and the equalization strat-
egy is demonstrated. A comparison in balancing performance
between the conventional equalization topology based on fly-
back converter and proposed topology is shown in static state.
The simulation experiment of four cells series-connected
is implemented and the simulation experimental results

demonstrate the effectiveness of the balancing method pro-
posed in this paper.

II. STRUCTURE OF BALANCING SYSTEM
According to the difference of SOCs among cells, the incon-
sistencies of series-connected cells can be generally divided
into four types: one highest cell in the string (referred to
as: one highest) as shown in Figure 1(a); one highest and
one lowest cell (referred to as: one highest and one lowest)
as shown in Figure 1(b); some high cells and some low
cells(referred to as: some high and some low) as shown
in Figure 1(c); one lowest cell in the string(referred to as: one
lowest) as shown in Figure 1(d). In this paper, a novel balanc-
ing method with three equalization modes is proposed, which
can solve different imbalances and improve the accuracy of
balancing.

FIGURE 1. Series-connected cells imbalanced types. (a) One highest.
(b) One highest and one lowest. (c) Some high and some low. (d) One
lowest.

The structure diagram of the balancing system proposed in
this paper is shown in Figure 2. The three balancing modes:
one highest balancingmode, some high and some low balanc-
ingmode, and one lowest balancingmode. The some high and
some low balancing mode aims to solve the inconsistencies
of one highest and one lowest, and some high and some
low. During the work process, multiple balancing modes can
be switched automatically. The balancing system is com-
posed of batteries, balancing circuit, SOC estimation mod-
ule and microcontroller. The balancing circuit consists of a
multi-input, multi-output bidirectional flyback converter. The
SOC of single cell is estimated by ampere-hour integration
method in real time. Compared and calculated the collected
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FIGURE 2. Structure diagram of equalization control system.

SOC values of each cell, then the microcontroller controls the
MOSFETs on and off.

Each cell has two optional transformer windings, each
winding is connected in series with two MOSFETs. By con-
trolling the on-off combination of the two MOSFETs,
the energy can flow in or out, realizing the bidirectional flow
of energy. For the convenience of control, it is stipulated that
the left side of the transformer is used as the discharge of
high-energy cells, and the right side of the transformer is
used as the charge of low-energy cells. When the energy on
the left side of the transformer transfers to the right side,
MOSFETs Qai, Qci turn on, Qbi, Qdi turn off. The switches
of Qai and Qci and the diodes of Qbi and Qdi work together to
achieve unidirectional current flow and prevent current from
flowing back to the high SOC cell side; when high-energy
cell needs discharge, the twoMOSFETs in thewinding circuit
on the right side of the transformer are turned off; otherwise,
the two MOSFETs in the winding circuit on the left side of
the transformer are turned off. All MOSFETs are controlled
by a pair of complementary PWM signals, which greatly
reduces the number of control signals and complexity of the
MOSFETs drive circuit. The equalization circuit has high
flexibility, which can realize the equalization of any cell(s)
to any cell(s).

III. OPERATING PRINCIPLE OF EQUALIZATION CIRCUIT
Since this paper uses a multi-input and multi-output bidirec-
tional flyback DC converter, the magnetic flux of magnetic

core needs to be restored to the original size, reducing elec-
tromagnetic interference during each switching cycle. In the
discontinuous current mode (DCM), all the energy stored
in the transformer inductor is released in each switching
cycle, which can reset the magnetic flux, effectively avoid
electromagnetic saturation and improve the energy utilization
rate. Therefore, the flyback converter designed in this paper
works in the discontinuous current mode.

Taking Cell1 and Cell2 as an example, as shown
in Figure 3, assuming that SOC1 > SOC2, the equaliza-
tion circuit transfers the energy from Cell1 to Cell2, and its
working principle is analyzed below. In order to simplify the
analysis, the following assumptions are made: the parasitic
parameters of components and circuits are ignored; the cell
terminal voltage is constant in a switching cycle.

FIGURE 3. Energy transfer from Cell1 to Cell2.

The transformer is used as an energy storage element to
transfer energy. During an equalization period, the primary
loop and the secondary loop of the transformer are turned
on alternately. The working process can be divided into two
modes. WhereD is the PWM duty cycle, and T is the switch-
ing period. The key waveform of energy transfer from Cell1
to Cell2 is shown in Figure 4.

FIGURE 4. Key waveform of energy transfer from Cell1 to Cell2.

Mode 1[0 − DT ], Qa1 is on, Qc1, Qb1, Qd1 are off, Cell1
discharges, the primary inductor of the transformer stores
energy, and the upper side of primary winding is positive and
the lower side is negative. The equivalent circuit model of
Cell1 discharging loop is shown in Figure 5.
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In the model shown in Figure 5, U1 is the voltage of Cell1;
Lm1, Rm1 and L1 are the magnetization inductance, mag-
netization resistance and leakage inductance of the primary
winding; R1 is the equivalent resistance of the primary loop;
Us is the on voltage drop of MOSFET. Taking the current
direction in the Figure 5 as positive, it can be obtained from
Kirchhoff’s voltage law and current law:

i1R1 + Us + L1
di1
dt
+ iRmRm1 = U1

Lm1
diLm
dt
= iRmRm1

i1 = iRm + iLm

(1)

FIGURE 5. Equivalent circuit of Cell1 discharging loop.

EU1 is the energy released by Cell1,ELm1 is the energy
absorbed by the primary winding of the transformer,
EUs ,ER1 ,EL1 ,ERm1 are the losses ofMOSFET, the equivalent
resistance of primary loop, leakage inductance of the primary
winding and magnetization resistance of the primary wind-
ing. According to the law of conservation of energy:

EUs =
∫
i1Usdt

ER1 =
∫
i12R1dt

ERm1 =
∫
iRm2Rm1dt

EL1 =
1
2
L1i12

ELm1 =
1
2
Lm1iLm2

EU1 =

∫
i1U1dt

EU1 = EUs + ER1 + EL1 + ELm1 + ERm1

(2)

Under ideal conditions, iron loss and copper loss are
ignored. At this time, the primary current i1 is:

i1 = iLm =
U1 − Us
L1 + Lm1

t (0 < t ≤ DT ) (3)

When t = DT, i1 reaches its maximum value, and its value
i1max is:

i1max = iLm =
U1 − Us
L1 + Lm1

DT (4)

In this process, the primary current causes the transformer
core to be magnetized, and the magnetic flux increases lin-
early. The increase 18+ is:

18+ =
U1

N1
DT (5)

N1 is the number of turns of primary winding of
transformer.

The energy stored in the transformer is:

ELm1 =
(U1 − Us)

2D2T 2

2Lm1(L1 + Lm1)2
(6)

Mode 2[DT ∼ T ], Qc1 is on, Qa1, Qb1, Qd1 are off,
Cell2 charges. In order to prevent the current from falling,
the primary winding inductance generates the induced elec-
tromotive force with negative polarity up and positive polarity
down. By magnetic coupling, the secondary winding gen-
erates the electromotive force with positive polarity up and
negative polarity down. At this time, the secondary winding
inductance of the transformer charges the Cell2. The equiva-
lent circuit model ofCell2 charging loop is shown in Figure 6.

FIGURE 6. Equivalent circuit of Cell2 charging loop.

In the model shown in Figure 6, U2 is the voltage of Cell2;
Lm2 and R2 are the equivalent inductance and resistance of
the secondary loop; Us2 is the on voltage drop of MOSFET.
Taking the current direction in the Figure 6 as positive, it can
be obtained from Kirchhoff’s voltage law:

i2R2 + U2 + Us2 = Lm2
di2
dt

(7)

EU2 is the energy absorbed by Cell2,ELm2 is the energy
released by the secondary winding of the transformer,
EUs2 and ER2 are the losses of MOSFET and equivalent
resistance of the secondary loop. According to the law of
conservation of energy:

ER2 =
∫
i22R2dt

EUs2 =
∫
i2Us2dt

EU2 =

∫
i2U2dt

ELm2 =
1
2
Lm2i22

ELm2 = EUs2 + ER2 + EU2

(8)

Under ideal conditions, the decreasing slope of the sec-
ondary inductor current is:

di2
dt
=
U2 + Us2
Lm2

(9)

The maximum current of secondary loop is:

i2max =
N1(U1 − Us)
N2(L1 + Lm1)

DT (10)

52396 VOLUME 9, 2021



Y. Cao et al.: Balancing Method Based on Flyback Converter for Series-Connected Cells

N2 is the number of turns of secondary winding of
transformer.

In this process, The secondary loop current is opposite,
which has a demagnetization effect on the iron core of the
transformer, and the magnetic flux decreases linearly. The
reduction is:

18− =
U2

N2
(1− D)T (11)

IV. BALANCING CONTROL STRATEGY
A. SOC ESTIMATION
The conventional method is based on the battery operating
voltage. Although the battery operating voltage is easy to
obtain, it is susceptible to circuit current interference, and the
difference between different operating periods is large. Using
SOC of cell as the basis of equalization can not only calculate
the amount of charge that needs to be transferred more accu-
rately, but also eliminate the problem of repeated charging
and discharging [31]. Ampere hour integration method is a
relatively simple SOC estimation method, which ignores the
structure and electrical characteristics of the battery, and esti-
mates the SOC by measuring the current of the battery during
charging and discharging [32]. In the ideal case, the estima-
tion method of ampere hour integration method is as follows:

SOC (t) = SOC (t0) −
1
Q

∫ t

0
idt (12)

Q is the rated capacity of the battery, i is the instantaneous
current of battery charging and discharging, which is positive
value when discharging and negative value when charging.

B. BALANCING CONTROL STRATEGY
In the ideal situation, without considering the energy loss
of circuit components, the SOC of each cell is equal to the
average SOC of the batteries (SOCd ) when equalization is
completed. In this paper, the SOCd is used as the reference
value to divide the unbalanced states of the batteries, and the
corresponding equalization schemes are formulated accord-
ing to different unbalanced states. In practical application,
a certain margin can be set up above and below the SOCd
according to the circuit component parameters and electrical
parameters.

SOCd =
1
n

n∑
i=1

SOC i (13)

n is the number of cells in the batteries.
Take four cells connected in series as an example and

define SOCmax1 > SOCmax2 > SOCmin2 > SOCmin1.

W =



0, SOCmax1 > SOCd > SOCmax2

> SOCmin2 > SOCmin1

1, SOCmax1 > SOCmax2 > SOCd

> SOCmin2 > SOCmin1

2, SOCmax1 > SOCmax2 > SOCmin2

> SOCd > SOCmin1

(14)

0, 1, and 2 represent one highest balancing mode, some high
and some low balancing mode, and one lowest balancing
mode, respectively. The overall flow chart of the proposed
balancing method is shown in Figure 7.

FIGURE 7. Overall flow chart of the proposed balancing method.

1) ONE HIGHEST BALANCING MODE
When SOCmax1 >SOCd > SOCmax2 > SOCmin2 > SOCmin1,
the W = 0 balancing mode is executed. In this balancing
mode, the Cellmax1 is connected to the primary side of the
transformer, the Cellmax2, Cellmin2, and Cellmin1 are con-
nected to the secondary side of the transformer. In order
to avoid the coexistence of charging and discharging of
the same cells during the equalization process, shortening
the life of batteries, this paper strictly controls the charg-
ing and discharging actions of cells. In the W = 0 balanc-
ing mode, Cellmax1 only releases energy, Cellmax2, Cellmin2,
and Cellmin1 only absorb energy. For the energy-absorbing
cells, the corresponding MOSFETs are gradually turned on.
In the process of equalization, at first, Cellmax1 transfers
energy to Cellmin1, and Cellmax2 and Cellmin2 are in a waiting
state. As the SOC of Cellmin1 continues to increase, the cor-
responding MOSFET of Cellmin2 is on when SOCmin1 =
SOCmin2, Cellmin2 starts charging at the same rate as Cellmin1.
When SOCmin1 = SOCmin2 = SOCmax2, the corresponding
MOSFET of Cellmax2 is on, Cellmax2 starts absorbing the
energy released by Cellmax1 at the same rate as Cellmin2
and Cellmin1. when SOCmin1 = SOCmin2 = SOCmax2 =
SOCmax1, the equalization ends. Its control flow chart is
shown in Figure 8.The key waveforms of W = 0 equaliza-
tion mode depicted in Figure 9. imax1, imax2, imin2, and imin1
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FIGURE 8. Flow chart of W = 0 equalization mode.

FIGURE 9. The key waveforms of W = 0 equalization mode.

are the equalization current of Cellmax1, Cellmax2, Cellmin2,
and Cellmin1.

2) SOME HIGH AND SOME LOW BALANCING MODE
When SOCmax1 > SOCmax2 >SOCd > SOCmin2 > SOCmin1,
the W = 1 balancing mode is executed. In this balancing
mode, the Cellmax1 and Cellmax2 are connected to the primary
side of the transformer, the Cellmin2 and Cellmin1 are con-
nected to the secondary side of the transformer. In theW = 1

balancing mode, Cellmax1 and Cellmax2 only releases energy,
Cellmin2 and Cellmin1 only absorb energy. In the process of
equalization, at first, Cellmax1 transfers energy to Cellmin1,
andCellmax2 andCellmin2 are in a waiting state. As the energy
of Cellmax1 continues to transfer, the SOC of Cellmax1 is
continuously reduced.When SOCmax2 = SOCmax1, the corre-
sponding MOSFET of Cellmax2 is on, Cellmax2 starts releas-
ing energy at the same rate as Cellmax1. At the same time,
the SOC of Cellmin1 continues to increase. When SOCmin1
= SOCmin2, the corresponding MOSFET of Cellmin2 is on,
Cellmin2 starts charging at the same rate as Cellmin1. When
SOCmin1 = SOCmin2 < SOCmax2 = SOCmax1, Cellmax2 and
Cellmax1 transfer energy to Cellmin2 and Cellmin1. When
SOCmin1 = SOCmin2 = SOCmax2 = SOCmax1, the balancing
ends. Its control flow chart is shown in Figure 10. The key
waveforms ofW= 1 equalizationmode depicted in Figure 11.

FIGURE 10. Flow chart of W = 1 equalization mode.

3) ONE LOWEST BALANCING MODE
When SOCmax1 > SOCmax2 > SOCmin2 > SOCd > SOCmin1,
the W = 2 balancing mode is executed. In this balancing
mode, the Cellmax1, Cellmax2 and Cellmin2 are connected
to the primary side of the transformer, and the Cellmin1 is
connected to the secondary side of the transformer. In the
W = 2 balancing mode, Cellmax1, Cellmax2, and Cellmin2
only release energy, Cellmin1 only absorb energy. For the
energy- releasing cells, the corresponding MOSFETs are
gradually turned on. In the process of equalization, at first,
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FIGURE 11. The key waveforms of W = 1 equalization mode.

Cellmax1 transfers energy to Cellmin1, and Cellmax2 and
Cellmin2 are in a waiting state. As the SOC of Cellmax1 con-
tinues to decrease, the corresponding MOSFET of Cellmax2
is on when SOCmax2 = SOCmax1, Cellmax2 starts discharging
at the same rate as Cellmax1. When SOCmax2 = SOCmax1 =
SOCmin2, the corresponding MOSFET of Cellmin2 is on,
Cellmin2 starts releasing the energy at the same rate as
Cellmax2 and Cellmax1. When SOCmin1 = SOCmin2 =
SOCmax2 = SOCmax1, the equalization ends. Its control flow
chart is shown in Figure12. The key waveforms of W = 2
equalization mode depicted in Figure 13.

By increasing the number of charging and discharging cells
in time-sharingmanner, the cells with high SOC are always in
a discharging state, and the cells with low SOC are always
in the charging state. In this way, the coexistence of charge
and discharge of the same cells in a balancing process is
effectively avoided. The initial balancing time sequence is
determined by the order of the initial SOC of cells, and the
control logic is simple and rigorous. Whether equalization
ends or not depends on the difference between the discharged
cells and the charged cells in this paper, which has the advan-
tage of random adaptive adjustment. In addition, it gets rid
of the influence of energy loss of the circuit components on
the setting of the fixed equalization end judgment value. The
balancing current is adjusted by controlling the duty cycle of
the MOSFET. In this paper, a constant duty cycle is adopted
and the maximum discharge current is 0.5C. In the balancing
process, with the increase of cells on the side of primary and
secondary windings, secondary windings, the balancing loop
is shunted.

V. SIMULATION RESULTS AND ANALYSIS
In order to verify the effectiveness of the balancing method
proposed in this paper, four cells series-connected equal-
ization model is built. The model uses the Simscape bat-
tery model and MOSFETs to simulate the power circuit.
The controller was implemented as an embedded MATLAB
function. The static equalization, charge equalization,
and discharge equalization simulation experiments are

FIGURE 12. Flow chart of W = 2 equalization mode.

FIGURE 13. The key waveforms of W = 2 equalization mode.

performed respectively. This paper mainly analyzes the static
equalization simulation experiments in detail. The specific
parameters of the simulation model are shown in Table 1.

Compared with conventional topology based on flyback
converter [33], [34] in static equalization. The conventional
equalization topology circuit is shown in Figure 14. The two
topologies set the same initial SOCs and transformer param-
eters. The initial SOCs set in static equalization are shown
in Table 2. The change of SOCs of cells in the simulation are
shown in Figures 15, 16, and 17.

According to the SOC at the beginning and the end
of equalization to do a comparative analysis of energy
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TABLE 1. Simulation parameters.

TABLE 2. The initial SOC of cells in the static state.

FIGURE 14. The conventional equalization topology circuit.

efficiency, η is the equalization efficiency, n is the number
of cells, SOCi is the initial state of charge, SOCe is the state
of charge after equalization, then

η =
nSOCe∑n
i=1 SOC i

(15)

The comparison of equalization time and energy efficiency of
the two topologies in the static state are shown in Table 3.

Compared with the conventional equalization topol-
ogy, the equalization speed in this paper is increased by
2-3 times, and the equalization efficiency is improved by
more than 0.4%. The energy flow path of the balancing
circuit proposed in this paper is flexible. It can realize any
cell (s) to any cell (s) balancing. Under one highest imbalance,
the cells with low SOC charge in time-sharing manner in this
paper, while the cells with low SOC charge simultaneously in
conventional topology, which leads to the phenomenon that

FIGURE 15. Battery SOC change process under one highest imbalance.
(a) the proposed topology. (b) the conventional topology.

FIGURE 16. Battery SOC change process under some high and some low
imbalance. (a) the proposed topology. (b) the conventional topology.

some cells charge first and then discharge. Under some high
and some low imbalance, the cells with low SOC charge in
time-sharing manner and the cells with high SOC discharge
in time-sharing manner in this paper, while unnecessary dis-
charge operations are performed on cells with lower SOC,
and unnecessary charging operations are performed on cells
with higher SOC in conventional topology. Under one lowest
imbalance, the cells with high SOC discharge in time-sharing
way in this paper, while the cells with high SOC discharge at
the same time in conventional topology, which leads to the
phenomenon that some cells discharge first and then charge.
Through the above comparison, it can be found that the
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TABLE 3. Comparison of two equalization topologies.

FIGURE 17. Battery SOC change process under one lowest imbalance.
(a) the proposed topology. (b) the conventional topology.

FIGURE 18. Battery SOC change process in the charging state. (a) One
highest. (b) Some high and some low. (c) One lowest.

FIGURE 19. Battery SOC change process in the discharging state. (a) One
highest. (b) Some high and some low. (c) One lowest.

TABLE 4. The initial SOC of cells in the charging state.

balancing method proposed in this paper significantly avoids
the repeated charging and discharging of cells, reduces the
loss of energy in the transfer process, improves the energy
utilization rate and prolongs life cycle of batteries.

Simulation verification in the charging state, the constant
current source is set to 2 A. The initial SOCs set in charging
state is shown in Table 4. The change of SOCs of cells in the
simulation are shown in Figures 18.
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Simulation verification in the discharging state, the con-
stant current source is set to −3 A. The initial SOCs set in
charging state is shown in Table 2. The change of SOCs of
cells in the simulation are shown in Figures 19.

It can be seen from Figure 18 and Figure 19 that the
proposed equalization method can quickly reach SOC equal-
ization in the charging and discharging states. In the charging
state, it effectively suppresses the overcharging of cells with
high SOC; in the discharging state, it effectively suppresses
the over-discharge of cells with low SOC, which can improve
the overall performance of the batteries.

VI. CONCLUSION AND FUTURE WORK
According to the classification of batteries imbalances, this
paper proposes a novel balancingmethod with three equaliza-
tionmodes, which can solve different imbalances in a targeted
manner, and improve the accuracy of balancing. The equal-
ization method proposed in this paper is based on the flyback
converter, which is a multi-winding input and multi-winding
output bi-directional equalization topology, it can realize the
balancing of multiple pairs of any cell to any cell at the
same time, and the equalization paths are flexible.
For the different imbalance states, the corresponding bal-
ancing rule is formulated. Adopting the control strategy of
time-sharing participation in balancing, it solves the problem
of unnecessary energy transfer. The initial balancing time
sequence is determined by the order of the initial SOC of
cells, and the control logic is simple and rigorous. In addition,
it gets rid of the influence of energy loss of the circuit
components on the setting of the fixed equalization end
judgment value, whether equalization ends or not depends on
the difference between the discharged cells and the charged
cells in this paper, which has the advantage of random
adaptive adjustment. In this paper, the operational principle
of equalization circuit are analyzed and control strategy are
presented in detail. Compared with conventional topology
based on flyback converter, the equalization speed in this
paper is increased by 2-3 times, and the equalization effi-
ciency is improved by more than 0.4%. It can be seen that
the equalization speed and efficiency of this paper have
significant advantages.

At the same time, the balancing method proposed in this
paper also has the following shortcomings: due to the limi-
tation of transformer hardware structure, the number of cells
that can be equalized by a single transformer is limited; In the
process of equalization, there will be occasional peak current.
In the future, further research on buffer circuit can be done to
improve the stability of the equalization circuit.
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