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Efficient and Fast Active Equalization Method for
Retired Battery Pack Using Wide Voltage
Range Bidirectional Converter and

DBSCAN Clustering Algorithm

Wang Lujun
and Jiang Jiuchun

Abstract—This article presents an efficient and fast echelon bat-
tery equalization method based on wide voltage range bidirectional
converter combined with DBSCAN (density-based spatial clustering
of applications with noise) clustering control strategy. Thanks to the
wide voltage range and bidirectional buck-boost characteristics of
the four-switch bidirectional converter, the battery energy can be
reasonably redistributed between the battery and the super capaci-
tor. The converter operating in synchronous rectification mode can
not only achieve bidirectional energy flow in a wide voltage range,
but also has a high energy conversion efficiency. The DBSCAN
clustering algorithm is used to divide all battery cells into groups,
and each group may contain one or more adjacent and nonadjacent
battery cells. First, the nonadjacent single cells are balanced and
integrated into adjacent group with the closest voltage. Then, the
groups with different voltages are balanced by group-to-group,
thereby realizing rapid balance of the entire battery pack. In order
to verify the effectiveness of the proposed method, simulations
and experimental verification were carried out. The experimental
results show that, comparing with traditional battery balancing
methods, the proposed method achieves shorter balancing time and
higher balancing efficiency.

Index Terms—Active  equalization circuit,  battery
pack, DBSCAN clustering algorithm, four-switch bidirectional
converter, super capacitor.

I. INTRODUCTION

ACING the dual pressure of energy and environment,
F new energy vehicles represented by electric vehicles are
developing rapidly [1]-[3]. Lithium batteries have become the
main energy source for electric vehicles thanks to their low
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self-discharge rate, high energy density, and long cycle life [4],
[5]. After a few years use of electric vehicles, a large number
of lithium batteries will be retired, therefore government and
battery manufacturers are facing tremendous pressure on battery
recycling and disposal [6]. Generally speaking, the capacity of
retired lithium-ion power batteries still has 70% to 80% of its
initial capacity. After retesting and classification, some retired
batteries can still be used for energy storage in the power grid
(71, [8].

As the retired battery has been used for a long time, the
inconsistency among each individual retired battery pack is
more obvious than that of the battery pack in service. Larger
inconsistencies will reduce the available capacity of the battery
pack, shortening the cycle life, and may cause safety problems
due to overcharging and over-discharging [9], [10]. Therefore, it
is very critical to balance the battery pack when reusing retired
battery.

Battery equalization technology is usually divided into pas-
sive equalization and active equalization. Among them, passive
equalization technology is an energy-consumption type equal-
ization technology, which consumes excessive battery energy
by adding energy-consuming components to achieve battery
balancing. Passive equalization technology has the advantages
of simple method and low cost, but it has shortcomings such as
large loss, low energy utilization, and slow equalization speed.
In addition, the temperature rise of the battery pack caused by
energy consumption during the equalization process may cause
a thermal runaway of the battery pack [11]. Therefore, passive
equalization is not suitable for the balancing of decommis-
sioned batteries. Active equalization, as a nonenergy-consuming
equalization, can transfer the excess energy of the battery to
the battery with lower energy in the battery pack through the
equalization element, thereby achieving the balance of the entire
battery pack [12]. Compared with passive equalization, active
equalization has the advantages of higher energy utilization,
smaller battery pack temperature rise, and faster equalization
speed [13]. Therefore, active balancing technology has become
the first choice for balancing retired batteries.

According to the type of energy storage elements in the
balancing process, active equalization methods can be divided
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into subcategories of circuit topologies based on capacitances
[14]-[16], inductances [17]-[19], transformers [20]-[22], and
dc—dc converters [23], [24]. The balancing method based on
capacitance mainly uses the voltage difference between each
single cell and the principle that the voltage at both ends of
the capacitor cannot change abruptly to realize the battery
energy handling. Shang et al. [14] propose a switched capac-
itor equalizer using capacitors as the energy carriers in the
equalization process, the energy in each cell can be flexibly
carried between cells to achieve the balance of the battery pack.
However, the smaller equalization current results in a slower
balancing speed. In contrast to capacitance-based equalization
methods, inductance-based balancing method uses inductors as
energy storage elements, and battery energy is transferred in the
form of current. Phung et al. [17] propose an inductor-based
equalizer to solve the imbalance problem between cells. This
equalization method uses inductors as energy carriers to achieve
energy transfer between cells, and the equalization speed is
faster. However, the balance efficiency is low and the presence
of a large number of inductors is not conducive to safe and
stable operation of the circuit. The transformer-based balancing
method uses the multiwinding transformer as the main body of
the equalizer, and each battery is connected to a winding of the
transformer. Li et al. [20] propose a modular equalizer using
a multiwinding transformer. The multiwinding transformer is
used as the main body of the equalizer, and the overall balance
of the battery pack is finally achieved through the energy transfer
between the single cell and the battery pack. This method can
quickly achieve the balance between each single cell, but each
cell needs to be connected to a transformer winding, which
makes the equalizer more expensive when the number of cells
increase. The balancing method based on dc—dc converters is
an equalization method that uses dc—dc converter as the main
body of the equalizer. Kim et al. [13] propose a modularized
equalizer based on the two-stage dc—dc converter. The energy of
the battery pack is transferred to the battery with lower energy
through the two-stage dc—dc converter, and finally the energy
of each cell in the pack tends to be balanced. However, the
structure of this method is complex and it is difficult to control.
In addition, the voltage ripple and current ripple caused by
the converter will also affect the battery energy transfer [25].
Therefore, the use of a reliable and efficient converter as the
equalization body is fundamentally important for improving
the equalization efficiency, equalization time, and equalization
safety of the decommissioned battery pack.

In order to solve the above-mentioned problems of the tra-
ditional balancing method, and reduce the inconsistency of the
battery during the energy storage process of the retired battery,
this article proposes an efficient and fast active equalization
circuit using wide voltage range bidirectional converter and
DBSCAN (density-based spatial clustering of applications with
noise) clustering algorithm. The equalization circuit is com-
posed of four-switch bidirectional converter, super capacitor,
and switch matrix. Among them, the four-switch bidirectional
converter can realize high flexibility and conversion efficiency.
Cooperating with the compound balancing strategy of single to
single and group to groups, the equalizer can reduce the energy
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Fig. 1.  Circuit topology of the proposed method.

loss during the equalization process and realize the efficient and
fast equalization of the decommissioned battery pack.

The rest of this article is organized as follows. Section II
introduces the equilibrium topology and circuit working prin-
ciple. The equalization strategy and equalization algorithm cor-
responding to the equalization circuit is proposed in Section III.
In Section IV, a simulation model of the equalization circuit
was built on the MATLAB/Simulink platform, and the feasibility
of the equalization method was verified through simulation.
In Section V, a small equalization experiment platform has
been created to carry out the converter efficiency test and the
equalization effect test of the decommissioned battery pack,
respectively, and the effectiveness of the equalization method is
verified through the balancing experiment. Finally, Section VI
concludes this article.

II. TOPOLOGICAL STRUCTURE AND WORKING PRINCIPLE
A. Balancing Topology

In order to effectively realize the balancing of retired batteries,
the balancing circuit shown in Fig. 1 is proposed. The circuit is
composed of a lithium battery pack, a switch array, a four-switch
synchronous bidirectional converter, and an energy transfer unit
composed of super capacitor. The main functions of each part
are described in detail as follows.

The positive pole of the single-cell battery inside the battery
pack is connected to S,,;, and the negative pole is connected
to S,,2 (where n represents the serial number of corresponding
battery). As shownin (1) and (2), the positive switch is connected
to form a positive bus, and the negative switch is connected to
form a negative bus.

B’U/S+: {Sll7 521, ce
Bus_= {512, 522, .

aSnl} (1)
s Sna} (2)

In (1) and (2), Bus represents the positive pole of the bus
bar; Bus_ represents the negative pole of the bus bar. As shown
in Fig. 1, the positive bus is connected to the positive pole of the
four-switch bidirectional converter, and the negative bus is con-
nected to the negative pole of the converter. This circuit structure
can flexibly select any single battery cell of the battery pack or
any battery pack cell connected in series with adjacent battery
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cells to connect to the four-switch synchronous bidirectional
converter.

The four-switch bidirectional converter works in the syn-
chronous rectification mode, which ensures the higher conver-
sion efficiency of the converter while realizing the bidirectional
buck-boost, so as to realize the energy exchange between the
battery pack and the energy storage unit. Since the four-switch
synchronous bidirectional converter is a single-inductor struc-
ture, the design of the inductor needs to consider both boost
and buck modes. For the Buck converter, when the converter
output is fully loaded and the input voltage is the maximum,
the inductor ripple is the largest, which should satisfy (3). For
the Boost converter, when the input voltage is the smallest, the
ripple of the inductor is the largest, which should satisfy (4).

Vout ( Vout )
Al = 1 - et 3)
g fs - L ‘/in(max)
‘/in(rnin) Vout — ‘/in(min)
AlL= : . 4
r fs : L ( Vout ( )

In (3) and (4), AI}, represents the inductor current ripple; f
represents the frequency of the main switch; V,,,; represents the
output voltage; L represents the value of inductance; Ujp max)
represents the maximum input voltage value; Uiy (min) repre-
sents the minimum input voltage.

It can be seen that the maximum inductor ripple is determined
by the maximum input voltage and the minimum input voltage
at the same time, so the inductor ripple coefficient should be
selected as a compromise. In the boost mode, when the input
voltage is the smallest, the maximum inductor current ripple
coefficient is 0.2-0.3. In the step-down mode, when the input
voltage is the maximum, the maximum inductor current ripple
factor is 1-1.5. The inductor current ripple coefficient satisfies
the following equation:

Kripple _ IPe]alcfpeak ) (5)
L(av)

In (5), Ipeak-peai; TEPTEsents the peak-to-peak value of the
inductor current; and /7, (4,) represents the average value of the
inductor current. Combining (3)—(5) can calculate the converter
inductance L.

In addition, the super capacitor SCis used as an energy storage
unit in the equalization process of the decommissioned battery
pack. Due to the advantages of high energy density, fast charging
speed, long service life, and high charging and discharging
efficiency of super capacitors, it can store and release the energy
well during the balancing process, which is beneficial to improve
the balancing efficiency.

B. Working Principal Analysis

The equalization variable is generally the battery voltage or
the battery SOC value. The SOC value of the battery is used as an
equilibrium variable, such as ampere-hour integration method,
Kalman filtering, neural network, and other methods. Among
them, the ampere-hour integration method cannot guarantee the
accuracy of the estimation of the SOC value of the battery due to
the inaccuracy of the branch current measurement. Methods such
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Fig. 2. Battery first-order RC model.

as Kalman filtering and neural network have high estimation
accuracy, but the amount of calculation is large and not easy
to implement. In contrast, the voltage is easy to measure and
implement. Therefore, the battery voltage as an equalization
variable is a more practical solution in the battery equalization
control. This article chooses voltage as the equilibrium variable.

1) OCYV Estimation of Retired Batteries: The parameters of
the retired batteries are obtained through hybrid pulse power
characteristic test, including internal resistance, polarization
internal resistance, and polarization internal capacitance. Ac-
cording to the obtained parameters, the first-order RC model of
the lithium battery is established as shown in Fig. 2.

In Fig. 2, Vocv represents the open circuit voltage of the
retired battery; Rop.,, represents the internal resistance of the
battery; Rp,; represents the polarization internal resistance of
the battery; Cp,; represents the polarization capacitance of the
battery; and Vo represents the battery output voltage.

According to Kirchhoff’s voltage law and Kirchhoff’s current
law, (6) and(7) can be obtained.

dVyor Vool
Cpo —pov pot _ 1 6
Pol oo (6)
Vour = Vocv — IR — V. (7)

In (6) and (7), Vp,; is the polarization voltage of the battery
(The voltage across R p,; and Cp,;); and I is output current of the
battery. Combining (6) and (7) to obtain the polarization voltage
Vpois as shown in (8), where #, represents the initial time of
battery charging and discharging.

R
VPol(t) - Vpol(tO)e fpot @pot

+ TRppi(1 — ¢ oot ) ®)
Vocv = Vour + IR+ V. 9)

Combining (8) and (9), Vo of the decommissioned battery
pack can be estimated.

2) Balancing Between Single Cells: The single cell equaliza-
tion is performed on the retired battery pack when the voltage
of the retired batteries satisfies the following equations:

n
|Vn_Va'U| ZVM

Vav =

(10)

(1)

In (10) and (11), V,, represents the average voltage of the
battery pack; V,, represents the voltage of any single cell in the
battery pack; and V), represents the equilibrium threshold. The
balancing is turned ON when the difference between V,, and V,,
is greater than the balancing threshold V.
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As shown in Fig. 3, the voltage of battery B; is higher, and
the voltage of battery By is lower. The excess energy of B is
transferred to battery Bo. The balancing process is carried out
in the following two stages.

Stage 1: turn-OFF switches S;; and S;» to select the corre-
sponding equalization path. Because the voltage of the single
battery is lower than the set value of the super capacitor voltage,
the four-switch bidirectional converter works in the synchronous
boost state. The working condition of the converter is: switch
G1 is normally open, switch G2 is normally closed, the main
switch G3 is controlled to work, and switch G4 is controlled
for synchronous rectification. The specific working conditions
satisfy the following equation:

Vso _ 1 (12)

1-D

In (12), Vs represents the voltage setting value of the super
capacitor; Vg 4 represents the voltage of a single battery; and D
represents the duty cycle of the main switch. When the converter
starts to work, energy flows from the battery B; and flows into
the super capacitor for storage through the boost effect of the
converter. When the voltage of the super capacitor reaches the
voltage setting value, the equalizer ends the equalization stage 1.

Stage 2: turn-OFF switches Si; and Sk to select the equal-
ization channel. Since the voltage of the super capacitor is
greater than the voltage of the single battery By, the four-switch
bidirectional converter works in a synchronous step-down mode.
Switch G4 is kept normally open, switch G3 is kept normally
closed, the main switch G/ is controlled to work, and switch G2
is controlled for synchronous rectification at the same time. The
switch working conditions satisfy the following equation:

Vsc
VBat

The bidirectional converter controls the flow of energy from
the super capacitor SC into the battery B;. When the capacitor
voltage drops slowly to the minimum value, the equalization
stage 2 ends.

Repeating the operations of stages 1 and 2 until the voltages
of batteries B; and By reach equilibrium.

3) Balancing Between Internal Groups: Considering the ac-
tual unbalanced condition in balancing process is more com-
plicated, and the single processing of the battery is relatively
cumbersome and low in efficiency. In this article, the batteries

Vear

D=

13)
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Fig. 4. Diagram of battery pack balance.

are internally grouped, and then the excess energy of the internal
groups with higher energy is secondarily distributed to the inter-
nal battery pack with lower energy to improve the equalization
speed of the entire battery pack.

As shown in Fig. 4, batteries B; and By constitute Group-A,
and batteries B,, and B, ; constitute Group-B. Assuming that
the energy of Group-A is higher than the energy of Group-B,
the excess energy of Group-A will be transferred to Group-B.
Similar to the balance between single cells, the internal group
balance is divided into the following two stages.

Stage 1: selecting the equalization channel corresponding to
Group-A through the switch matrix, and start the four-switch
bidirectional converter. Since the voltage of Group-A is greater
than the set value of the super capacitor voltage, the four-switch
bidirectional converter works in a synchronous step-down mode,
and the energy in Group-A is transferred to the super capacitor for
storage through the converter. When the super capacitor voltage
reaches the preset voltage value, stage 1 ends.

Stage 2: selecting the equalization channel corresponding to
Group-B through the switch matrix, and start the four-switch
bidirectional converter. Since the voltage on the super capacitor
is lower than the voltage of Group-B, the converter works in a
synchronous boost mode, and the energy in the super capacitor
is reversely charged into Group-B through the converter. When
the voltage of the super capacitor drops to the minimum value,
stage 2 ends.

Repeating stages 1 and 2 until the energy of Group-A and
Group-B reach equilibrium.

III. DBSCAN EQUILIBRIUM CONTROL STRATEGY
A. Equilibrium Strategy

In order to simplify the complex balancing conditions in the
actual balancing process of the decommissioned battery pack,
and improve the overall balancing speed of the batteries, the
DBSCAN cluster balancing control strategy is adopted to balance
the decommissioned battery pack.

The DBSCAN cluster balance control strategy is to use the
DBSCAN algorithm to perform a cluster search on the target unit,
and use the cell voltage of the decommissioned battery pack as
the clustering basis to perform cluster analysis on the battery
cells of the battery pack. After the battery pack is classified,
it is divided into two parts: adjacent series-connected internal
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battery pack units of the same voltage category and nonadjacent
internal single battery units, as shown in Fig. 5.

B. Equilibrium Algorithm

Take the balance of n cell series retired lithium batteries as
an example. The n batteries are marked as [B;,Byg, ...,B,,], the
battery voltages are, respectively, marked as [V ;,Vy, ...,V ], and
the average voltage V,, is shown in the following equation:

VitVot,... .4V,
" .

The difference between the single battery and the average
voltage is e;, calculated as shown in the following equation:

ei =Vi— Vao. 5)

The n-dimensional error vector Efej,eq, ...,e,,] can be ob-
tained from (11). According to the error vector, the set G can be
obtained as shown in the following equation:

G= {(nlv 61); (n2,€2), ceey (nma ez)}'

In (16), e, represents the error e between the battery voltage
and the average voltage, and n, represents the corresponding
battery label.

Set the neighborhood parameters of the DBSCAN algorithm
to (eps, min_samples), take the error value e; of the battery B
as the center of the circle, and use the given parameter eps as the
radius to determine the containment area of the error value e;.
By judging whether the error value e, of other batteries is within
the inclusion area of e, the density value p; of battery B; can
be determined. Compare the density value p; of battery B; with
the neighborhood parameter min_samples. If p1> min_samples,
the error value e; of battery B; is defined as the core point. If
1<p;<min_samples, the error value e; of battery B is defined
as the boundary point. If p; = I, the error value e; of battery B;
is defined as noise point.

The core points and boundary points are, respectively, sub-
jected to the above-mentioned search process, until no new core
points appear in the core point set, and then jump out to search
for the next voltage category. The search steps are the same as
the above-mentioned process.

After DBSCAN clustering of the entire battery pack, d number
of clusters can be obtained {S;,S5, ...,S4/, separate the nonadja-
cent battery cells in this cluster to form a new cluster, as shown
in the following equation:

{51752,...7Sd} = {Nl,NQ,..
+{D;,Da,...

(16)

- Na}

s Dy} a7
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In (17), N, represents a new cluster that excludes nonadjacent
battery cells; D; represents the nonadjacent battery cells; a
represents the number of adjacent battery cells; b represents the
number of nonadjacent battery cells.

Prioritize the equalization of nonadjacent battery cells, until
the nonadjacent battery cells no longer appear in the clustering
result, start the balancing between the clusters of the battery
clusters, and finally achieve the balance of the battery packs.
Fig. 6 is the flowchart of the algorithm.

The balance of nonadjacent single cells is mainly divided into
the following two cases.

a) The voltage of nonadjacent single cell is greater than the
average voltage of the nearest battery group. At this time,
the single cell transmits energy to the cell or group with
the lowest voltage, so that the single cell “integrates” into
the division of the adjacent internal battery groups, and
then starts the balancing of internal groups.

b) The voltage of nonadjacent single cell is less than the av-
erage voltage of the nearest battery group. At this time, the
cell or group with the highest voltage transmits energy to
the nonadjacent single cell until the single cell “integrate”
into the division of the adjacent internal battery group, and
then starts the balancing of internal groups.

IV. SIMULATION RESULTS

A simulation model is constructed on the MATLAB/Simulink
platform, as shown in Fig. 7. The simulation parameters are set
as follows: the MOSFET switching frequency is 600 kHz, the
converter inductance is 3.3 pH, the value of the super capacitor
is 10 F/5.4 V, lithium battery nominal voltage is 3.7 V, battery
internal resistance is 8 m(2, battery rated capacity is 5.4 AH,
the on-state resistance of MOSFET is 0.1 €2, and the body diode
conduction voltage drop is 0.8 V.

The battery pack are, respectively, subjected to equilibrium
simulation in the resting state, charging state, and discharg-
ing state. The initial value of the battery is: Vi3 = 3.31 YV,
V2 =383V, Vs =353V, Vpy =3.62V, Vs =375V,
and Vi, = 3.36 V.
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under static equilibrium. (b) Battery status under charge equilibrium. (c) Battery
status under discharge equilibrium.

Fig. 8(a) shows the equalization process of the battery pack
in a static state. The figure shows that the battery pack has two
internal sub-battery packs around 160 s, and basically reaches
equilibrium around 320 s. Fig. 8(b) shows the voltage change
of each battery in the battery pack in the charging state. As
can be seen in the figure, in the charging state, the battery pack
is basically balanced after 280 s. Fig. 8(c) shows the voltage
change of each battery when the battery pack is balanced in the
discharged state. As can be seen in the figure, the battery pack
reaches an overall equilibrium state around 440 s.
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Fig. 9. Battery test equipment. (a) Battery tester. (b) Thermostat.

TABLE I

BATTERY REMAINING CAPACITY
Label B1 B2 B3 B4 BS B6
Capacity(mAh) 1870 1826 1860 1789 1756 1804
il -

Fig. 10.  Equilibrium experiment platform.

V. EXPERIMENTAL RESULTS

Before the start of the experiment, the remaining capacity of
the battery will be tested by the battery tester. A thermostat is
used to control the ambient temperature, and the temperature is
set to 25 °C. The instrument is shown in Fig. 9.

The battery in the experiment has a nominal voltage of 4.2V,
anominal capacity of 2200 mAh, and a battery model of 18650.
The remaining capacity of each battery is shown in Table I.

It can be seen from Table I that the remaining capacity of the
battery used for experiment is about 80% of the original nominal
capacity.

To demonstrate the validity of the balancing system, a small
balance prototype circuit was tested, as shown in Fig. 10. The
prototype circuit consists of four parts: a series battery pack unit
composed of used lithium-ion battery, a switch array unit, the
main body of the equalizer composed of four-switch bidirec-
tional converter and super capacitors, and a main control circuit
with STCS as the core.

The main control chip STC8 only contains 812-bit ADC
interfaces, two of which are used for working current at both ends
of the converter, and the remaining 6 ADC sampling ports are
used for battery voltage sampling. Therefore, the series battery
pack unit consists of 6 used 18650 batteries. In addition, the
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TABLE IT
PARAMETERS OF CIRCUIT
Components Type Parameter
Converter chip SC8802QDER/QFN-32
Main inductance SMMS1040-3R3M 3.3uH
Frequency 600 kHz
Diode SS56/SMA SA/60 V
MOSFET NCE40H12/T0220 120 A/40 V/130 W
Super capacitor HP-2R7-J106UY 10 F/2.7V*4
1 A .
0.9
0.8
07
g z-z 5V-12v
g o —e—5V-4V
=
504 —— 12V-42V
03 8V-42V
0.2
0.1
0 >
0.2 0.7 1.2 1.7 22

Current(A)

Fig. 11.  Efficiency profile of four-switch bidirectional converter.

withstand voltage of the super capacitor is relatively low. The
parameter of the super capacitor selected in this experiment is 10
F/2.7 V. In order to improve the withstand voltage and capacity
of the super capacitor, 4 super capacitors are selected and divided
into 2 groups. Each group of capacitors is connected in series
to increase the capacitor withstand voltage to 5.4 V, and then
two groups of capacitors are connected in parallel to increase
the capacity to 20 F. In order to ensure the normal operation of
the power management chip, the voltage working range of the
super capacitor is set to 2.8 to 5 V. When the voltage of the super
capacitor reaches the upper and lower thresholds, the working
state of the converter will be changed. The relevant parameters
of the equalizer are shown in Table II.

The conversion efficiency of the bidirectional converter,
which is the main body of energy conversion, is one of the
key factors that determine the equalization efficiency of the
equalizer in the entire equalization process. The efficiency of the
bidirectional converter in the equalizer is tested when working
with different condition. The converter efficiency curve is shown
in Fig. 11.

With the increase of the equalizing current, the power of
the converter is also increasing. The ratio of the loss to the
total power is getting lower, and the efficiency of the converter
is continuously improving within a certain range. As shown
in Fig. 11, the bidirectional converter has a high conversion
efficiency.

The performance of the proposed balancing method is tested
under different conditions. Fig. 12 shows part of the working
waveform of the equalizer. GI, G2, G3, and G4, respectively,
represent the gate drive waveforms of the four switches of the
bidirectional converter.

The equalization curve of the battery pack in the static state is
shownin Fig. 13. The initial state of each battery is Vg =3.12'V,
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charges battery (4.2—4.07 V). (b) Single battery to charge super capacitor
(3.8—4.2 V). (c) Three batteries charge the super capacitor (12—4.2 V).
(d) Super capacitor discharges three batteries (4.2—12 V).
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Fig. 13.  Battery equalization process under rest state.
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TABLE III
COMPARISON OF THE PROPOSED METHOD TO CONVENTIONAL METHODS

Term Switched capacitor ['4] Single magnetic [1¥] Single transformer ['7) LC Resonant 2] Proposed method

Switch 2N N N+3 N+5 2N+4
Diode 0 0 0 6 0
Inductor 0 N 0 1 1
Capacitor N 0 0 1 1
Transformer 0 0 1 0 0
Power switch 0 0 2 4 4

Cost Low Medium Medium Medium Low

133 min (static
balancing, 4 batteries)
About 90%

150 min (static
balancing, 6 batteries)
About 60%

Balancing speed

Efficiency

250 min (static
balancing, 12 batteries)
About 80.4%

90 min (static
balancing, 12 batteries)
About 93.2%

65 min (static
balancing, 6 batteries)
About 93%

N is the number of cells in the battery string.

OB1 mB2 B3
®B4 XBS B6

0 10 20 30 40 50 60 70
Time/minute

Fig. 14. Battery equalization process under charge state.
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Fig. 15.  Battery equalization process under discharge state.

VB2 =3.60 V, VB3 =3.34 V, VB4 =3.27 V, VB5 =324 V, and
Vpg =383 V.

It can be seen from Fig. 13 that the voltage values of batteries
By and Bg are the highest relative to other batteries, and the
voltage value of battery B; is the lowest. Batteries By, Bs, and
Bg perform the balancing between single cells. Batteries Bs,
By, and B; have similar voltages and are adjacent to each other,
and perform the internal group balance. Finally, the battery pack
reaches equilibrium about 70 min later.

The equalization curve of the battery pack in the charge
state is shown in Fig. 14. The initial state of each battery is:
Vg1 =326V, Vp, =395V, Vps =347V, Vpy =344V,
VB5 =337 V, and VB6 =379 V.

As can be seen from Fig. 14, the voltages of batteries By and
Bg are the highest, and the voltage of battery B; is the lowest.
Batteries By, B2, and Bg perform the balancing between single
cells. B3, By, and Bj battery voltage values are similar, perform
the internal group balance. Under the charge state, the battery
pack reaches equilibrium in about 67 min.

The equalization curve of the battery pack in the discharge
state is shown in Fig. 15. The initial state of each battery is:
Vp1 =3.76 V, Vg2 =398V, Vg3 =397V, Vg =3.99V,
VB5 =3.83 V, and VB(; =4.03 V.

It can be seen from Fig. 15 that the voltage values of batteries
B and Bj are lower than other batteries, and the voltage values
of batteries By, B3, B4, and B are similar and higher. Batteries
B, Bs, and Bg perform the balancing between single cells.
Batteries Bs, B3, and B, perform the internal group balance.
In the discharging state, the battery pack reaches an equilibrium
state in about 110 min.

In order to prove the advantages of the decommissioned
battery balancing method proposed in this article, comparisons
are made in terms of the number of components, circuit cost,
balancing speed, and energy conversion efficiency, as shown in
Table III.

In the active balancing process of retired batteries, energy loss
mainly comes from the process of energy transfer. Regardless
of the battery itself, improving the conversion efficiency of the
balancing circuit can reduce the energy loss in a certain sense.
In addition, increasing the balancing current can improve the
balancing speed within a certain range. In Table III, the switched
capacitor type balancing uses capacitor for energy transfer, and
the balancing current is relatively small, resulting in a slow
equalization speed. The single magnetic type balancing uses
inductor as the energy storage element in the balancing process,
and the energy is transferred in the form of current, which
makes the equalization speed faster. Nevertheless, the presence
of more inductive elements in the circuit makes the circuit itself
unstable, and the method is less efficient in equalization. The
single transformer type balancing has relatively higher circuit
loss due to the use of transformer coils for energy transfer. The
LC resonance type balancing circuit uses a resonant converter
with higher conversion efficiency as the main body of the
equalizer, so the energy loss is relatively lower. In the method
proposed in this article, the main switch works in synchronous
rectification mode, which reduces the energy loss during the
working process. In addition, larger balancing current and hybrid
balancing strategy can increase the speed of balancing. As can
be seen in Table III, the balancing method for retired battery
packs proposed in this article has higher advantages in terms of
balancing speed and conversion efficiency.

VI. CONCLUSION

This article presents an efficient and fast balancing circuit for
series retired battery packs. The circuit is mainly composed of
a four-switch bidirectional converter, a switch matrix, a super
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capacitor energy storage unit, and a control unit. Since the
four-switch bidirectional converter is used as the main unit of
the equalizer, it can flexibly switch between the boost mode and
the buck mode during the equalization process, and transfer the
unbalanced energy in the decommissioned battery pack to the su-
per capacitor for storage. Then, the energy in the super capacitor
is flexibly distributed to the battery with lower energy through
the converter and switch array. At the same time, the DBSCAN
equalization algorithm is used to cluster the decommissioned
battery packs, prioritize the equalization of the nonadjacent
single cells in the battery pack, and then balance the internal
“battery clusters” between clusters to achieve efficient and fast
balancing of the retired batteries in series. Finally, a simulation
model was established through the MATLAB/Simulink platform.
At the same time, a small experimental platform was designed
and produced. Through experiments, the feasibility and effec-
tiveness of the proposed equalization system were proved. And
through the comparison with the conventional battery balancing
method, the superiority of this method is proved.
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