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ABSTRACT In this paper, a two-stage equalization topology based on Zero-Voltage Switching Quasi-
Resonant Converter (ZVS QRC) is proposed to solve the problems of long equalization time and low energy
utilization of series lithium-ion battery packs. The equalization topology is divided into two forms: intra-
group and inter-group, ZVS QRCs are adopted in both intra-group and inter-group, which can equalize any
single cell within a group, and the equalization circuit within each pack can equalize simultaneously, which
greatly reduces the equalization time, and reduces the switching loss during the equalization process by
introducing quasi-resonant circuit to improve the energy utilization. Taking the State of Charge (SOC) as
the equalization target, a group equalization strategy based on the Credibility Factor (C-F) inference model
is proposed. The strategy defines the SOC unbalance degree of a single battery, gets the group unbalance
degree according to the C-F inference model, and gets the group equalization state from the unbalance
degree, to control the group for equalization. Matlab/Simulink software is used to build the model and
simulate it. The experimental results demonstrate that the proposed topology saves approximately 25% of the
equalization time compared to the traditional Buck-Boost group equalization topology. Under the same static
and charge/discharge conditions, the equalization time is reduced by about 21% and the energy utilization is
improved by about 6% after using the C-F inference model for equalization compared to the fixed-threshold
method.

INDEX TERMS Credibility factor, battery equalization, zero-voltage switching, quasi-resonance, SOC.

I. INTRODUCTION
Lithium-ion batteries are widely used in electric vehicles
because of their high power and energy density, long life,
and low self-discharge rate [1], [2], [3]. Multiple batteries
need to be connected in series to meet the power and capacity
requirements of electric vehicles. However, the inconsistency
of battery capacity, voltage, and internal resistance due to
the variation of the internal resistance, unequal capacity, and
aging will affect the performance and service life of the
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battery pack [4], [5], [6]. Therefore, it is necessary to study
the battery equalization technology to reduce the inconsis-
tency of the battery pack and prolong the service life of the
battery pack.

Equilibriummethods can be divided into passive and active
[7], [8], [9]. Passive equalization [10] dissipates the excess
energy through parallel resistors, which is simple and low cost
to control, but it has problems such as high losses and sig-
nificant temperature rise during equalization. Active equal-
ization [11], [12], [13], [14] uses inductors, capacitors, and
converters to achieve inter-cell energy transfer. Vardhan et al.
presented in [15] an inductor-based equalization topology, but
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the topology usesmore switches and has higher energy losses.
Fan et al. presented in [16] an improved Buck-Boost circuit
topology, but it can only achieve energy transfer between two
adjacent batteries, with low equalization efficiency and slow
equalization speed. Ma et al. presented in [17] a two-stage
equalization topology based on the Buck-Boost circuit, which
effectively improves the consistency of the battery pack, but
the equalization efficiency is not high and the switching
losses are large.

The equalization topologies have been improved in [15],
[16], and [17], but none of them considered the loss of
switching tubes during the equalization process. Resonant
circuits have been introduced into the equalization topology
in [18] and [19], which effectively improved the equalization
efficiency, but there are also problems of complex control,
long equalization time, and high cost.

Considering the advantages and disadvantages of the above
topologies, a two-stage equalization topology based on ZVS
QRC is proposed in this paper, which groups the cells, allows
the equalization between any single cell within the group, and
can be equalized simultaneously, and reduces the switching
losses by introducing quasi-resonant circuits. Thus, it show
better advantages in both equalization speed and energy uti-
lization.

In addition to the equalization topology, the battery equal-
ization technology also includes the equalization strategy.
According to the judgment basis, the equalization strategy
can be divided into the equalization strategy based on ter-
minal voltage consistency, the equalization strategy based
on capacity consistency and the equalization strategy based
on SOC consistency. References [20], [21], [22], and [23]
uses terminal voltage as the equalization criterion, but the
terminal voltage is influenced by the operating conditions
and other factors, and the battery pack is prone to transfer
the energy from the low-capacity and high-voltage single cell
to the high-capacity and low-voltage single cell during the
cyclic charging and discharging plateau period, which further
increases the capacity inconsistency. When the battery pack
works in the plateau period, its voltage changes more slowly
with time, which makes it difficult to accurately judge the
equalization of the battery pack, and it is somewhat blind to
use voltage as the equalization target. References [24], [25],
and [26] used capacity as the equalization criterion, however,
considering that the battery pack is charged and discharged
with the cut-off voltage as the cut-off condition, the difference
between the actual maximum remaining capacity and charg-
ing and discharging rate of each single cell in operationmakes
the capacity and voltage of the single cell inconsistent. The
single cell with high remaining capacitymay have reached the
cut-off voltage, which may cause overcharging if it continues
charging. Meanwhile, if there are more cells in the battery
pack, it is difficult to ensure the accuracy of online capacity
estimation. SOC is a cumulative quantity of time and has a
more stable relationship with the open-circuit voltage. And
it has a high resolution in the voltage plateau period, which

can better complete the equalization judgment in the voltage
plateau period [27], [28].

To better reflect the consistency of battery pack, taking
the SOC as the equalization target, an equalization strategy
based on the C-F inference model is proposed in this paper.
The strategy defines the unbalance degree of the single cell
and the battery pack, and use the C-F inference model to
judge the battery pack inconsistency and provide the criterion
to achieve the equalization, in order to reduce the battery
pack inconsistency and improve the battery pack energy
utilization.

The main contributions of this paper are as follows:
1) A two-stage balanced topology based on the ZVS QRC

is proposed, and the advantages of the topology are
further analyzed.

2) The equalization control strategy based on the C-F
inference model is proposed and compared with the
fixed-threshold method to verify the superiority of the
strategy.

3) To better quantify the equalization effect, the energy
utilization rate is defined for evaluation.

The structural arrangement of this paper is as follows. The
second section introduces the topology of two-stage equal-
ization based on the ZVS QRC and analyses its working
principle. The third section introduces the control strategy
based on the C-F inference model. In the fourth section, the
equilibrium topology and the control strategy based on the
C-F inference model are verified by modeling and simulation
with Matlab/Simulink software. Finally, the relevant conclu-
sions are given in the fifth section.

II. GUIDELINES FOR MANUSCRIPT PREPARATION
A. ABBREVIATIONS AND ACRONYMS
The traditional Buck-Boost equalization topology is shown in
Fig. 1, containing m single cells, 2m-2MOSFE, 2m-2 diodes,
and m-1 inductors. When the batteries are being equalized,
the energy is transferred through the inductors and the control
is relatively simple, but when the number of batteries is large,
the equalization time is slow, and there are more switching
tubes in the circuit, and the turn-on loss of the switching tubes
increases as the number of switches increases.

FIGURE 1. Traditional buck-boost balanced topology.
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To address the problems of the above traditional topology,
a two-stage equalization topology based on ZVS QRC is pro-
posed in this paper, and its topological framework is shown
in Fig. 2. The n single cells are grouped, and there are m cell
groups, each group contains p single cells. Each cell group
contains one intra-group equalization subcircuit, that is, there
are m intra-group equalization subcircuits; there are m-1
inter-group equalization circuits. Both the intra-group equal-
ization subcircuit and the inter-group equalization circuit use
zero-switching quasi-resonant circuits. The following is an
example of an inter-group equalization subcircuit.

FIGURE 2. Two-stage balanced topology framework diagram.

The intra-group equalization subcircuit contains p single
cells, 2p double-layer switches (including upper switches and
lower switches), and ZVS QRC. P double-layer switches are
connected to the positive and negative terminals of each cell,
respectively. The ZVS QRC consists of two inductors L and
Lr, one capacitor Cr, one switch tube (MOSFET) Sa, and two
diodes D1 and D2. The equilibrium topology based on ZVS
QRC is shown in Fig. 3.

FIGURE 3. Equalization topology based on ZVS QRC.

This equalization topology has the following three
advantages:

1) The circuit topology can achieve energy transfer
between any cells by selecting the switch on/off, thus
shortening the energy transfer path and reducing the
equalization time.

2) The equalization topology adopts ZVS QRC, which
can effectively reduce the turn-on loss of the switching
tubes and improve the equalization efficiency.

3) The equalization topology uses common switches
instead of MOSFET tubes, which is simple to control
and less costly.

B. PRINCIPLE OF THE EQUALIZATION CIRCUIT
In this subsection, the equalization topology will be analyzed.
Assuming that single cell B1 has the highest energy and single
cell B2 has the lowest energy, the energy transfer process will
be carried out in single cell B1 and B2, and its energy transfer
process is divided into two main stages. The energy transfer
path is shown in Fig. 4.

Stage 1: the lower switch S1 on the high energy side of the
equalization topology closes and the switch tube Sa conducts,
and the single cell B1, the lower switch S1, the switch tube Sa,
the inductor Lr and L form the B1 discharge circuit. The
energy of the single cell B1 is transferred to the inductor L.
Since the value of resonant inductor Lr is much smaller than
the value of inductor L, Lr is ignored in the analysis for
convenience. the discharge circuit is shown in Fig. 4 a).

Assuming that the switching tube Sa conduction resistance
is R1 during discharge, the circuit equation of the discharge
circuit is:

L
diL1
dt
+ iL1R1 = VB1 (1)

where iL1 is the current flowing through the inductance L,
VB1 is the terminal voltage of cell B1.

The current of inductor L can be calculated from (1).

iL1 = i0e−
R1t
L +

VB1
R1

(1− e−
R1t
L )(0 < t < ton) (2)

where i0 is the initial current of the inductor L, and ton is the
conduction time of switching tube Sa.

The maximum value of the current of the inductor L is:

iL1max = i0e−
R1ton
L +

VB1
R1

(1− e−
R1ton
L ) (3)

Stage 2: When switch Sa is off, the upper switch K2 on the
low energy side turn off and diode D2 conducts. Single cell
B2, upper switch K2, diode D2, and inductor L form the B2
charging circuit. The energy in the inductor L is transferred
to the single cell B2.
Assuming that the internal resistance of the diode and

inductor L in the circuit is R2, the circuit equation of the B2
charging circuit is:

L
diL2
dt
+ iL2R2 + VB2 + VD = 0 (4)
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FIGURE 4. Energy transfer path of cell B1 and cell B2.

where VB2 is the terminal voltage of the single cell B2, VD is
the tube voltage drop of the diode, and iL2 is the current of
the inductor L.

From (4), the current of the inductor L during the charging
of the single cell B2 can be calculated as:

iL2 = iL1maxe−(t−ton)
R2
L −

VB2 + VD
R2

(1− e−(t−ton)
R2
L ) (5)

C. CONDUCTION PRINCIPLE OF ZVS
The switching circuit operates on a repetitive switching cycle,
and any moment in the switching cycle can be selected as the
starting point for analysis. Choosing a suitable starting point
simplifies the analysis process. Therefore, in this paper, the
switching tube Sa off moment is chosen as the starting point
for analysis.

During Sa turn-off, capacitor Cr and inductor Lr are intro-
duced to put the circuit in a resonant state. Using the energy

conversion of the inductor and capacitor to each other, the
voltage drops to 0 before the switch turns on, eliminating the
voltage and current overlap during the turn-on process and
thus eliminating the turn-on loss. The waveform diagram of
ZVS QRC is shown in Fig. 5.

FIGURE 5. Waveform diagram of ZVS QRC.

FIGURE 6. Equivalent circuit of ZVS QRC.

Before the moment t0, the switch Sa is on and the diode
D1 is in the cutoff state, ucr = 0, iLr = iL; at the moment
t0, Sa is off and the inductor L and Lr charge Cr. It can be
equated to a current source since the inductor L is large. ucr
rises linearly. Until the moment t1, the capacitor Cr voltage
is equal to U1 + U2. where U2 is the terminal voltage of the
inductor L. The equivalent circuit for the t0-t1 time period is
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shown in Fig. 6 a), and the rate of rising during this phase is:

ducr
dt
=

iL
Cr

(6)

At the moment t1, diode D2 starts to conduct, the inductor
L is renewed by diode D2. Cr, Lr, U1, and U2 form a resonant
circuit. In the resonance process, Lr charges Cr, ucr rises and
iLr falls, and at the moment t2, iLr falls to 0 and ucr reaches the
resonance peak. t1-t2 time period equivalent circuit is shown
in Fig.6 b).

After the moment t2, Cr charges Lr, iLr changes direction,
ucr decreases continuously, and at the moment t3, the voltage
across the inductor Lr is 0 and iLr reaches the reverse reso-
nance peak. The t2-t3 period equivalent circuit is shown in
Fig. 6 c).

After the moment t3, Lr charges Cr in reverse and ucr
continues to fall. At the moment t4, ucr = 0.
The equation of the circuit resonance process at moments

t1-t4 is:
Lr

diLr
dt + ucr = U1 + U2

Cr
ducr
dt = iLr

ucr|t=t1 = U1 + U2, iLr|t=t1 = i0, t ∈ [t1, t4]

(7)

By solving (7), we can obtain ucr:

uCr(t) =

√
Lr
Cr
iL sinwr (t − t1)+ U1 + U2, t ∈ (t1, t4)

(8)

wr =
1

√
LrCr

, t ∈ (t1, t4) (9)

At t4-t5, ucr is clamped at 0 and the voltage across the
inductor is U1 + U2, and iLr linearly decays to 0. Since the
voltage across the switch Sa is 0 during this time, the control
switch Sa conducts during this period and no turn-on loss is
generated.

At moments t5-t6, Sa conducts and iLr rises linearly.
At moment t6, iLr = iL, the resonance process ends.
According to (8) and (9), to achieve zero-voltage turn-on

of the switch Sa, it is necessary to satisfy that ucr is 0 during
the resonance process, that is:√

Lr
Cr
iL > U1 + U2 (10)

D. IMPACT OF THE INTRODUCTION OF ZVS QRC
In the absence of the introduction of a quasi-resonant circuit,
the capacity reduction of B1 and the capacity increase of B2
during the discharge of the single cell B1 are:

1CB1 =
∫ DT

0
iL1dt =

i0L
R1

(
1− e

R1
L DT

)
+
U1

R1

(
DT −

L
R1
+

L
R1
e
R1
L DT

)
(11)

1CB2 =
∫ T

DT
iL2dt =

(
i0e−

R2
L DT +

U1

L
DT

)
(1− D)T

(12)

With the introduction of the quasi-resonant circuit, the
charging current of the single cell B2 is:

iB2 = iL2 − iLr (13)

Therefore, the capacity reduction of the single cell B1 and
the capacity increase of B2 after the introduction of the quasi-
resonant circuit are:

1C ′B1 =
∫ DT

0
iL1dt +

∫ t6

t0
iLrdt = 1CB1

+
i0Lr

U1 + U2

(
1− cos(

U1 + U2

i0
)

√
Cr
Lr

)
(14)

1C ′B2 =
∫ T

DT
iB2dt ≈ 2π

√
LrCr (15)

The relationship between SOC and the capacity of a single
cell is

1SOC =
1C
C

(16)

where C is the capacity of the single cell.
From (11) and (16), it can be seen that the SOC reduction

of single cell B1 is increased by the introduction of the quasi-
resonant circuit compared to the non-introduction of the
quasi-resonant circuit. The SOC increment is the switching
loss eliminated by the introduction of Lr and Cr, which will
be transferred from cell B1 to cell B2 during the equaliza-
tion process. So the SOC increment during the charging of
cell B2 is larger compared to that without the introduction
of the quasi-resonant circuit. Thus it can be seen that the
topology proposed in this paper helps to improve the capacity
utilization.

From the analysis in this section, it can be seen that the
ZVS used in this paper can not only realize the energy transfer
of the battery pack through inductor L, Lr, and capacitor Cr,
but also the introduction of inductor Lr and capacitor Cr can
reduce the turn-on loss of the switching tube and improve the
energy utilization of the battery pack.

III. EQUILIBRIUM STRATEGY BASED ON C-F INFERENCE
A. UNBALANCED CREDIBILITY
The current equalization variables are mainly voltage, SOC,
and remaining capacity. Taking the voltage as the equalization
variable, only the voltage acquisitionmodule needs to be used
for detection, which does not require a lot of calculations,
but when the battery capacity is between 10% and 90%, the
battery voltage changes very little and the equalization effect
depends largely on the acquisition accuracy of the voltage
acquisition module. Taking the remaining capacity as the
equalization variable, the energy utilization of all cells in
the battery pack can be maximized. But the battery capacity
can only be obtained in the static state, and the problems of
accuracy and real-time estimation of the remaining capacity
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cannot be solved. Therefore, it can only be done offline at
present, and it is difficult to guarantee the estimation accu-
racy. Battery SOC is a comprehensive characterization of
the battery voltage, internal resistance, and other parameters.
Using battery SOC as the equalization variable can essentially
improve the inconsistency of the battery and avoid the impact
of the difference inmaximum available capacity, thus enhanc-
ing the battery life and improving the battery efficiency.

In this paper, a new equilibrium index is proposed with
the battery SOC as the equilibrium target: the unbalance
credibility. Firstly, the unbalance credibility of a single cell
is calculated based on its SOC to determine the equilibrium
state of a single cell, and then the unbalance credibility of
the battery pack is inferenced through the C-F model to
determine the equilibrium state of the battery pack. The flow
of the credibility inferred for the equalization topology is
shown in Fig. 7.

FIGURE 7. The flow of credibility inferred for equalization topology.

B. UNBALANCE CREDIBILITY OF SINGLE CELL
With SOC as the equalization target, the equalization opera-
tion is usually performed for cells whose SOC is outside the
threshold range [SOCavg − 1SOC, SOCavg + 1SOC]. The
equalization threshold1SOC directly affects the equalization
state of the cell, and 1SOC is usually taken to be 2%-4%
in engineering applications. Therefore, in this paper, we take

SOCmin = 2%, SOCmax = 4% and define the single cell
unbalance credibility base on SOC as:

FBS,i =

{
0.5(ϕ − 2) 0 ≤ ϕ ≤ 4
1 ϕ > 4

(17)

where ϕ is the absolute value of the difference between the
SOC of single cell i and the average SOC of the battery pack.

From (17), the range of FBS,i is [−1,1], and it is stipulated
that: the larger the single cell unbalance credibility FBS,i, the
higher the credibility that the single cell is in unbalance; the
smaller the FBS,i, the lower the credibility that the single cell
is in unbalance; when FBS,i = 0, it is stipulated that the single
cell i is in the equilibrium state, that is:{

FBS,i > 0, In an unbalanced state
FBS,i ≤ 0, In balanced state

(18)

C. UNBALANCE CREDIBILITY OF BATTERY PACK
The unbalance credibility of the battery pack is jointly deter-
mined by the unbalance credibility of each cell in the battery
pack, which can directly reflect the discrete degree of the
energy state of the battery pack. FS,i is the influence of single
cell i on the unbalance credibility of the battery pack, and the
definition of FS,i is as follows:

FS,i =



−
|SOC i− SOCavg|
q1∑
j=1
|SOCavg− SOC j|

∣∣SOCavg− SOC i
∣∣ ≤ ε

|SOC i− SOCavg|
q2∑
j=1
|SOCavg− SOC j|

∣∣SOCavg− SOC i
∣∣ > ε

(19)

ε =

n∑
j=1

∣∣SOCavg− SOC j
∣∣

n
(20)

In (19) and (20), SOCj is the SOC of single cell j;
q1 is the number of single cells in the battery satisfying
|SOCavg−SOCi| < ε, q2 is the number of single cells in the
battery satisfying |SOCavg−SOCi| > ε, and ε is the discrete
of the battery.

According to the uncertainty reasoning of the C-F model,
the unbalance credibility of the battery pack derived from a
single cell can be obtained as FoS,i = FS,i· max(0, FBS,i). The
combined unbalance credibility derived from two single cells
in the battery pack is FoS,i1 ⊗ FoS,i2. Its operation is divided
into 3 cases.

1) When FoS,i1 > 0 and FoS,i2 > 0, the combined unbal-
ance credibility of the two single cells is FoS,i1 ⊗
FoS,i1 = FoS,i1 + FoS,i2-F

o
S,i2
∗FoS,i2.

2) When FoS,i1 < 0 and FoS,i2 > 0, the combined unbal-
ance credibility of the two single cells is FoS,i1 ⊗
FoS,i2 = FoS,i1 + FoS,i2 + FoS,i2

∗FoS,i2.
3) When FoS,i1

∗FoS,i2 < 0, the combined unbalance cred-
ibility of the two single cells is FoS,i1 ⊗ Fo

S,i2 =
Fo
S,i1+F

o
S,i2

1−min(
∣∣∣FoS,i1∣∣∣,∣∣∣FoS,i2∣∣∣) .
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When there are more than 3 single cells in the battery
pack in the unbalanced state, the unbalanced credibility of
the battery pack can be calculated according to the above
3 cases in a two-by-two composite, and the unbalanced cred-
ibility of the battery pack based on SOC is FoS = FoS,i1 ⊗
FoS,i2 ⊗ . . .⊗ FoS,in.

D. EQUALIZATION CONTROL STRATEGY
In this paper, an equalization strategy based on C-F inference
is proposed to reduce the discrete degree of battery SOC.
In subsection B, the unbalance credibility is first introduced to
convert the cell SOC into a numerical quantity to represent the
discrete degree of SOC, then the unbalance credibility FBS,i
of a single cell based on SOC is calculated and finally the
equalization status of a single cell is judged based on FBS,i.

In subsection C, the influence of the unbalance credibility
of a single cell on the unbalance credibility of a battery pack
FS,i is first calculated, and then the unbalance credibility
of a battery group FoS is inferred and calculated. When the
unbalance credibility of the battery group FoS is greater than
the critical value Foth, then it can be determined that the battery
group is in imbalanced state. To improve energy utilization,
the equalization control strategy of intra-group equalization
first and then inter-group equalization will be adopted in this
paper. The equalization flow chart is shown in Fig. 8.

IV. ANALYSIS OF SIMULATION RESULTS
In this paper, Matlab/Simulink 2019b is used to model and
simulate the equalization topology. The parameters of the
lithium-ion batteries are 3.7V/2.5Ah, and the initial SOC
values of the 12 single cells in the battery pack are 81%, 76%,
73%, 71%, 68%, 64%, 62%, 60%, 58%, 57%, 54%, 52%;
The equalization simulation model includes battery modules,
oscilloscopes, double-layer switches, switch control modules
and C-F inference calculation modules. Oscilloscopes are
used to collect the SOC value of each single cell; Switch
control modules are used to turn on and off the double-layer
switch according to the state of each single cell in the battery
pack; C-F inference calculation modules mainly consist of
Matlab function, which the main function is to calculate the
unbalance credibility of each single cell and the whole battery
pack. To verify the performance of the proposed topology
and algorithm, the following experiments are conducted to
compare the proposed topology with the traditional topol-
ogy and the C-F inference with the fixed-threshold method,
respectively.

In the equalization circuit, the equalization topology and
control strategy can have an impact on the equalization effi-
ciency due to the conduction loss caused by the internal resis-
tance of the battery, the diode on-resistance, and the switching
loss of the MOSFET. The efficiency when the battery is in
static, charging and discharging states is analyzed in (21).

(1) When the battery pack is in charge, the efficiency of
the battery pack can be expressed as the ratio of the sum of
the energy absorbed by all cells to the energy supplied by the
external power source.

FIGURE 8. Equalization control flow chart.

(2) When the battery pack is in discharge, the efficiency of
the pack can be expressed as the ratio of the energy absorbed
by the external load to the energy supplied by the battery
pack.

(3) When the battery pack is in the static state, the effi-
ciency of the battery pack equalization is expressed as the
ratio of the sum of energy absorbed by the low-energy cells
to the sum of energy released by the high-energy cells.

Energy utilization η is adopted to quantify the equalization
effect of the battery pack in this paper, the η as shown in (21).

η =



(
∑
SOCaft−

∑
SOCbef )∗C

n
∫
I (t)dt , in the charging state∣∣∣ n
∫
I (t)dt

(
∑
SOCaft−

∑
SOCbef )∗C

∣∣∣ , in the discharged state

∑
SOC1aft−

∑
SOC1bef∑

SOC2aft−
∑
SOC2bef

, in the static state

(21)

where SOCbef and SOCaft are the sum of SOC of all cells in
the battery pack before and after equalization, respectively.
SOC1bef and SOC1aft are the sum of SOC of low-energy cells
in the battery pack before and after equalization, respectively.
SOC2bef and SOC2aft are the sum of SOC of high-energy cells
in the battery pack before and after equalization, respectively.
I(t) is the charging/discharging current of the battery pack at
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time t. I(t) is positive when charging, and I(t) is negative when
discharging; n is the number of cells in the battery pack, and
C is the capacity of the battery.

A. PERFORMANCE VERIFICATION OF TOPOLOGY
To verify the equalization performance of the two-stage
equalization topology based on the ZVS QRC proposed in
this paper, comparison experiments with the conventional
Buck-Boost group equalization topology are conducted. The
comparison experiments use the fixed threshold method, and
the variation of SOC of each single cell is shown in Fig. 9 a)
and Fig. 9 b), respectively.

FIGURE 9. Variation in SOC of each single cell.

As shown in Fig. 9, the traditional Buck-Boost group
equalization topology takes about 2694 s to complete equal-
ization in the static state, while the equalization topology
proposed in this paper takes only 2147 s to complete equaliza-
tion, which reduces the equalization time by about 25.48%.
Therefore, the equalization topology proposed in this paper
can improve the equalization speed.

After equalization, the SOC of each single cell are shown
in Table 1.

From Table 1, it can be seen that the extreme difference
of the battery pack is reduced from 29% to 2.25% by using

TABLE 1. SOC of each single cell before and after equalization.

the traditional topology for equalization, while the topology
proposed in this paper can reduce the extreme difference
to 1.46%. It is calculated that the SOC standard deviation
of the battery pack before equalization is 9.16. After using
the traditional topology and the topology proposed in this
paper to equalize, the SOC standard deviation of the battery
pack is reduced to 0.73 and 0.48, respectively. From (21), the
energy utilization can be improved by about 6% by using
the topology proposed in this paper. Thus, it can be seen
that the SOC consistency of the battery pack is higher after
using the topology proposed in this paper.

The mean value of SOCwith error bars is shown in Fig. 10.

FIGURE 10. SOC mean value diagram with error rod.

The error bar is a line drawn in the direction indicating
the magnitude of the measured value with the arithmetic
mean of the measured value as the midpoint. It indicates that
the measured value falls on the bar with 95% probability.
The error bar can reflect the magnitude of the uncertainty
of the measured data and the degree of dispersion of the
measured data. The shorter the error bar is, the lower the
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TABLE 2. Comparison of the composition and performance of the two balanced topologies.

TABLE 3. The results of Charge and discharge equalization.

dispersion of the measured data and the more concentrated
the data is.

As can be seen from Fig. 10, the average values of SOC
of the battery pack before equalization, after using the tradi-
tional topology and after using the topology of this paper have
little difference, but after using the topology of this paper for
equalization, the error bars are significantly shorter than those
of the other two cases, which indicates that after using the
topology of this paper for equalization, the SOC distribution
of each single cell is more concentrated, the dispersion is
lower, and the consistency of the battery pack is higher.

The comparison of the two equalization topologies is
shown in Table 2.

From the comparison information in Table 2, it can
be seen that the equalization topology proposed in this
paper uses double-layer switches instead of switching tubes,
and only about one-fifth of MOSFET tubes are needed,
although the number of capacitors, diodes, and common
switches increases more, it still reduces the hardware cost
greatly.

From the above analysis, it is clear that the ZVS QRC
equalization topology proposed in this paper can not only
reduce turn-on losses and improve energy utilization, but also
reduce hardware costs.

B. C-F INFERENCE MODEL VERIFICATION
To better verify the superiority of the C-F inference model
proposed in this paper, the charging and discharging experi-
ments and static experiments are conducted in combination

FIGURE 11. Charging equalization SOC variation curve.

with the topology proposed in this paper and compared
with the fixed threshold method. The fixed threshold
method uses SOC = 3% as the equalization condition. The
charge/discharge experiments are performed in the mode of
constant current.
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FIGURE 12. Discharging equalization SOC variation curve.

FIGURE 13. SOC distribution of charging equalization.

1) CHARGE AND DISCHARGE EQUALIZATION
The charge-discharge equalization experiments were per-
formed on the battery pack under the same starting

FIGURE 14. SOC distribution of discharging equalization.

conditions. The SOC values of each single cell before and
after the charge/discharge equalization experiment are shown
in Table 3. The SOC variation curves of each single cell
using the fixed thresholdmethod and the C-F inferencemodel
for charge/discharge equalization are shown in Fig. 11 and
Fig. 12, respectively. The SOC distribution of each single cell
after the end of charge/discharge equalization are shown in
Fig. 13 and Fig. 14, respectively.

From the SOC variation curves in Fig. 11 and Fig. 12,
it can be seen that the SOC of the battery pack is increasing
under the charging state. It takes about 2839 s to complete the
charging equalization using the fixed thresholdmethod, while
it only takes 2346 s to complete the equalization by the C-F
inference model, saving about 21.01% of the equalization
time. In the discharged state, the SOC of the battery pack are
decreasing. It takes about 2791 s to complete the charging
equalization using the fixed threshold method, while it only
takes 2369 s to complete the equalization using the C-F
inference model, saving about 17.81% of the equalization
time.

From Fig. 13 and Fig. 14, it can be seen that the SOC
consistency is higher after equalization with the strategy of
the C-F inference model at the end of charge-discharge equal-
ization. According to the data in Table 3, it can be calculated
that the extreme difference of SOC after charging equaliza-
tion is reduced from 29% to 2.22% and 1.44%, respectively,
and the SOC standard deviation is reduced from 8.79 to
0.69 and 0.48, respectively; the extreme difference of SOC
after discharging equalization is reduced from 29% to 2.48%
and 1.72%, respectively, and the SOC standard deviation is
reduced from 8.79 to 0.78 and 0.55, respectively. It can be
seen that using the C-F inference model for equalization can
effectively improve the consistency of the battery pack.

2) STATIC EQUALIZATION
Under the same starting conditions, the battery pack was sub-
jected to static equalization experiments. The variation curves
of SOC of each single cell using the fixed threshold method
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and C-F inference model for static equalization are shown in
Fig. 15. The SOC distribution of each single cell at the end
of static equalization are shown in Fig. 16. The SOC values
of each single cell before and after the static equalization
experiments are shown in Table 4. The comparison of the
average values of SOC and equalization time before and after
static equalization in the group are shown in Table 5. Where
P1, P2, and P3 in Table 5 denote the 1st, 2nd, and 3rd cell
groups, respectively.

FIGURE 15. SOC variation curve of static equilibrium.

From the SOC variation curves in Fig.15, it can be seen
that it takes 2514 s to complete the static equilibrium using
the fixed-threshold method, while it only takes 2063 s to
complete the equilibrium using the C-F inference model,
saving about 21.86% of the equilibrium time. It can be seen
from Fig. 16 that the SOC consistency is higher after the
strategy of using the C-F inference model for equilibration
at the end of the static equilibrium.

According to the data in Table 4, it can be calculated
that the SOC extreme difference of the battery pack after
static equalization is reduced from 29% to 2.46% and 1.48%,

TABLE 4. The results of static equilibrium.

FIGURE 16. Distribution of SOC for each single unit of static equilibrium.

respectively, and the SOC standard deviation is reduced
from 8.79 to 0.78 and 0.47, respectively; thus, it can be
seen that using the C-F inference model for equalization
can effectively improve the consistency of the battery pack.
According to (15), it can be calculated that the energy
utilization using the C-F inference model for equalization
is about 16% higher than that using a fixed threshold for
equalization.

From the calculation in Table 5, the SOC standard devia-
tion of the three battery groups before equalization is 8.21,
and the SOC standard deviation of the three battery groups
at the completion of intra-group equalization is 8.14 and
8.12 for the static equalization using the fixed-threshold
method and the C-F inference model, respectively. Combined
with the equalization times in Table 5, the equalization time
for using the C-F inference model is significantly smaller
than the equalization time using the fixed threshold method.
This indicates that the C-F inference model can achieve
fast equalization and improve the consistency within the
group. Combined with the charging and discharging exper-
imental results, it can be further verified that the equaliza-
tion strategy proposed in this paper can effectively improve
the energy utilization and the consistency of the battery
pack.
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TABLE 5. Comparison of mean values of soc and times before and after static equalization in the group.

V. CONCLUSION
In this paper, a two-stage balanced topology based on ZVS
QRC is proposed to solve the problem of long equalization
time and low energy utilization of series lithium-ion battery
packs. ZVS QRCs are adopted in both intra-group and inter-
group. This topology can effectively solve the switching loss
problem of the battery pack during equalization by introduc-
ing a quasi-resonant circuit, which can effectively improve
the energy utilization of the battery pack. The simulation
results show that the proposed topology improves the energy
utilization by about 6% and reduces the equalization time
by about 25.48% compared with the traditional Buck-Boost
group equalization topology. With SOC as the equalization
target, a control strategy based on the C-F inference model
is proposed in this paper. To verify the feasibility and superi-
ority of the strategy, comparison experiments are conducted
with the fixed-threshold method under static and charge-
discharge conditions. Simulation results show that under the
same equalization conditions, the strategy based on C-F infer-
ence model proposed in this paper shortens the equalization
time by about 20%, improves the energy utilization by about
16%, and effectively improves the consistency of the series-
connected battery pack.
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