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ABSTRACT In the secondary utilization of retired batteries in energy storage systems, there exists a
significant disparity between batteries, rendering the storage battery pack susceptible to issues such as
overcharging and overdischarging during the charging and discharging process. These challenges impose
limitations on the available capacity of the storage battery system and may even give rise to safety hazards.
To tackle these issues, this study proposes the design of a battery equalization system specifically tailored
for retired batteries employed in energy storage systems. A multilayer equalization topology based on a
buck-boost chopper circuit is introduced, along with a multi-objective adaptive fuzzy control equalization
strategy. This strategy integrates the open-circuit voltage-state of charge (OCV-SOC) characteristic curve of
the battery and utilizes voltage and SOC as equalization variables. It governs the magnitude of equalization
current based on the battery pack’s SOC state, enabling effective equalization control of the retired battery
pack. Simulation results demonstrate that the proposed equalization strategy does not rely on the precise
mathematical model of the battery system. When compared with the mean-difference equalization strategy
or the single-variable equalization strategy, it exhibits an enhanced equalization rate. Consequently, it fulfills
the practical application requirements for equalizing retired battery packs.

INDEX TERMS Retired batteries, active equalization, fuzzy logic control, multi-objective, adaptive.

ABBREVIATIONS I. INTRODUCTION

SOC  State-of-charge. In recent years, with the increasing popularity of electric
BMS  Battery management system. vehicles and hybrid vehicles in China [1], the number of
OCV  Open-circuit voltage. retired power batteries has grown rapidly [2], and the demand
oC Optimal control. for reasonable secondary utilization of retired batteries is very
MPC  Model predictive control. urgent [3]. In general, the capacity of retired electric vehicle
SMC  Sliding mode control. batteries is usually 70% to 80% [4] of the rated capacity, and
SIC Swarm intelligent control algorithms. after sorting they can still be used in applications with lower
NNs Neural networks. requirements for battery performance, such as energy storage

GA Genetic algorithms. systems [5] and base station power backup [6].
FLC Fuzzy logic control. In order to meet the demand for high voltage and
HPPC Hybrid Pulse Power Characteristic. large capacity of energy storage systems, batteries are
often used in groups in the form of series and parallel
The associate editor coordinating the review of this manuscript and connections [7]. However, in the manufacturing process,
approving it for publication was Haibin Sun . due to the different manufacturing processes and materials
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FIGURE 1. Basic equilibrium topology classification.

used, the initial capacity, internal resistance, self-discharge
rate and other performance indicators of the battery differ
to different degrees [8], [9], [10]. In the actual operation
process, on the one hand, such differences are gradually
accumulated and amplified after a long period of battery
service; on the other hand, the different operating conditions
of the battery lead to different degrees of degradation of
its performance parameters, which in turn aggravates the
inconsistency of the battery pack [11]. Large inconsisten-
cies can lead to lower available capacity, shorter cycle
life, and possibly safety problems due to overcharge and
overdischarge [12].

In engineering applications, various methods such as
multi-condition sorting are commonly employed to enhance
the consistency of a group of batteries. Additionally, the
battery equalization function implemented in the BMS
(battery management system) is also an effective approach
to address the inconsistency among battery cells [13], [14].
The core objective of equalization within the BMS is to
achieve a process akin to “cutting the peaks and filling
the valleys”. This methodology involves the redistribution
of surplus energy from cells with higher energy levels to
cells with lower energy levels, thus ensuring a harmonious
and well-balanced battery pack during its operational per-
formance. As an important part of the battery management
system, this technology is important for preventing over-
charge and overdischarge, ensuring the available capacity
of the battery and prolonging the service life of the
battery.

Battery equalization technology mainly includes two parts:
the topology structure of equalization circuit and equalization
strategy. The former forms a circuit of energy exchange
through component links, while the latter controls the
equalization circuit through algorithm design. The two parts
will be introduced successively below [15].

The basic battery equalization structure can be divided
into two major categories: active equalization and passive
equalization. Passive equalization, alternatively referred to
as energy dissipative equalization, entails the dissipation of
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excessive energy from higher energy battery cells in the form
of thermal energy. This method, which has gained widespread
usage in electric vehicles and small-scale energy storage
systems, effectively prevents overcharging of individual
cells. However, the thermal effect of passive equalization
circuit is obvious, and the thermal management problem
brought by it has not been effectively mitigated, so further
research is still needed. Active equalization, on the other
hand, as a non-energy dissipative equalization, refers to the
transfer of energy through energy storage elements such
as capacitors or inductors, thus reducing the inconsistency
problem of the battery pack. According to the different energy
transfer elements used, active equalization can be broadly
classified into four topologies: capacitor-based, inductor-
based, transformer-based, and converter-based, as shown in
Figure 1.

Compared with passive equalization, active equalization is
more suitable for energy storage systems with higher capacity
and larger number of batteries. With the development of new
energy storage plants, the equalization topology of energy
storage batteries is gradually developing in the direction
of more efficient, reliable and economical. Among them,
the transformer or converter-based equalization structure has
a broad development prospect due to its applicability and
expandability [16].

Compared with the transformer-based equalization struc-
ture, the converter-based equalization structure has good
scalability and high integration, which is one of the key
development directions of active equalization. However,
there are still problems with the complex circuit design
and difficult control of this structure. The commonly used
converters in the battery equalization topology mainly
contain Cuk circuits, Boost circuits, and Buck-Boost circuits.
The literature [17] further proposed an equalization topol-
ogy based on Buck-Boost chopper circuit, which can
achieve equalization between adjacent battery cells by
controlling the on/off of switches. However, when it is
applied to long battery string equalization, the equalization
speed will be affected. In order to solve the inconsis-
tency problems encountered when using large-scale battery
strings in series, current equalization systems are mov-
ing toward multipolarity and modularity. Using a graph-
theoretic approach, some scholars quantified the efficiency
of battery equalization systems and found that the more
series-connected cell monoliths in a battery pack, the
higher the efficiency of multi-layer equalization compared
to single-layer equalization [18]. Consequently, a hybrid
two-stage equalization topology has been proposed. In this
topology, the first stage incorporates a buck-boost chop-
per circuit-based equalization structure, while the second
stage adopts a transformer-based equalization topology.
This combination enables cross-cell energy transfer, thereby
enhancing the equalization capability and minimizing cir-
cuit losses. However, it is worth noting that the fabri-
cation process of the multi-winding transformer used in
this topology poses certain challenges. As a result, the
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FIGURE 2. Classification of battery equalization strategies.

transformer is in size, more expensive, and exhibits limited
scalability [19].

The safe and efficient operation of the battery equalization
system does not only depend on reliable hardware circuits,
but the equalization control strategy is also crucial to improve
the equalization performance. The battery equalization strat-
egy includes the selection of equalization variables and the
selection of equalization control strategy in terms of the
selection of equalization variables.

There are two mainstream equalization variables: battery
voltage and battery SOC, which correspond to the battery
voltage-based control strategy and the battery SOC-based
control strategy. Voltage is widely utilized as the equalization
parameter in existing techniques due to its ease of acquisition.
However, according to the literature [20], employing the
external battery voltage as the equalization variable does
not fundamentally address the capacity discrepancy among
battery cells, nor does it effectively maximize the overall
capacity of the battery pack. A comparative analysis of the
equalization effect of using voltage and SOC as equalization
variables under the same conditions has shown that the latter
control is better provided that accurate SOC estimation can be
achieved [21]. With the development of battery equalization
technology, it is difficult for a single equalization variable to
meet the demand of the battery pack, and the equalization
strategy based on the fusion of multiple variables gradually
becomes the development direction of the equalization
strategy.

Under the condition that the equalization circuit and the
equalization variables are certain, the equalization effect
depends mainly on the choice of the equalization control
method. There are three trends in the development of
equalization algorithms, and their specific classification is
shown in Figure 2.

One is the data-driven equalization algorithm, which
contains control algorithms based on data statistics and data
mining, etc. This particular method is characterized by its
simplicity, ease of implementation, and high accuracy in
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data processing. However, it necessitates precise acquisition
and estimation of relevant parameters; otherwise, it may
lead to perplexing control logic, such as overbalancing and
repetitive equalization, thereby lengthening the equalization
duration and diminishing the overall equalization efficiency.
For example, some scholars proposed propose to use
the mean difference method to improve the equalization
efficiency [22], first estimate the of each battery and the
average of the battery pack. If the difference between and
is greater than the equalization threshold, the equalization
will be started until the battery pack reaches the equilibrium.
This algorithm can achieve better battery pack consistency
and is simple to operate. However, this method often requires
comparison with the average variable, which requires high
computational resources for the embedded system and is
prone to repeated equalization or misequalization. So some
scholars [23] proposed to use the range of equalization
variables and the operating current as the basis for when
equalization starts and stops, and to classify the imbalance
situation into three types of too high, too low, or both too high
and too low according to the battery pack voltage in order to
develop different strategies. To a certain extent, it improves
the equalization efficiency, but again requires high computer
sampling accuracy.

The second is the equilibrium algorithm based on mod-
ern control theory, which contains classical PID control
algorithm, OC (optimal control), MPC (model predictive
control), SMC (sliding mode control) and so on. These
methods are simple in structure, stable and reliable in closed
loop and easy to adjust, especially the classical PID control
algorithm has been widely used in industrial control field.
However, it relies on the establishment of an accurate battery
equalization circuit model, and the classical PID control
parameters are not variable, which makes it difficult to
stabilize the system quickly once sudden changes occur.
So some scholars [24] proposed to optimize the proportional
and integral parameters of the controller using particle swarm
algorithm, and they obtained the control model for estimating
the equalization time and current with the absolute error of the
battery SOC and the average SOC as the objective function
of the battery equalization controller model. The method is
iterated by a particle swarm algorithm to obtain the tuned PI
controller parameters. Compared with classical PID control,
it has simple design, good equalization performance and low
power consumption.

The third is the equilibrium algorithm based on intelligent
control theory, which contains SIC (swarm intelligent control
algorithms), NNs (neural networks), GA (genetic algo-
rithms), FLC (fuzzy logic control), etc. This type of algorithm
does not require complex models and is simple to control;
however, it requires a large amount of data support. Currently,
it is relatively difficult to obtain equilibrium data and train
high-precision models. Among them, FLC algorithm is very
suitable for the control of nonlinear systems like batteries
because it does not require an accurate mathematical model,
and it can make reasonable decisions about the battery
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equalization system under uncertain external conditions.
FLC can shorten the equalization time [25], is robust, has
good real-time performance, has simple control parameters,
the current can be dynamically adjusted, and has good
fault tolerance, which can greatly improve the equalization
efficiency. However, since the formulation of fuzzy rules
depends on the knowledge and experience of the equalization
strategy, insufficient and inappropriate knowledge can lead
to output oscillation, which makes the equalization accuracy
decrease. The fuzzy threshold method has been proposed
in [26] to solve the problems of equalization mis-opening and
frequent switching of equalization circuits caused by the fixed
threshold method, and FLC is used to dynamically set the
voltage threshold to effectively reduce the voltage difference
at the battery end and shorten the equalization time. However,
since the rule base is based on human experience, the process
is relatively complex and subjective errors may exist. FLC
is applied not only to the equalization threshold solution
but also to the equalization current and other parameters
in the equalization strategy, and good results are achieved.
Some scholars [27] used the voltage difference between
two cells and the cell voltage as the two inputs of FLC.
The inference results are converted into numerical output
equalization currents to reduce equalization time and improve
equalization efficiency and battery pack capacity. Similarly,
some scholars proposed [28] to use the cell SOC and SOC
difference as inputs and the output as the actual SOC after
equalization to achieve the SOC consistency based on FLC
in a short time. However, since the battery SOC and battery
voltage are not simply linear, it is difficult to make the
equalization system optimal by using a single indicator for
fuzzy control.

In order to assess and contrast the performance of
different categories of active equalization topologies and
equalization strategies, an evaluation was conducted. This
evaluation involved a comparison of various equalization
topologies in terms of their volume, cost, implementation
complexity, equalization speed, Accessibility, and equaliza-
tion efficiency. Additionally, several equalization strategies
were compared with regard to their control complexity,
data accuracy dependence, model construction complexity,
portability, computational speed, and equalization effec-
tiveness. The findings of this evaluation are presented
in Figure 3.

As mentioned above, most of the existing equalization
techniques use the single cell voltage, SOC or capacity as
the equalization target, but the relevant parameters of the
battery are collected with errors due to the accuracy of
sensors and estimation algorithms, so there are flaws no
matter which variable is selected. Moreover, the excessive
equalization current at the end of charging and discharging
will bring a certain shock to the battery, and if it is not
controlled, there may be a danger of overcharging and
overdischarging the battery, which affects the health status
of the battery. Therefore, in this paper, for the background
of retired batteries used in energy storage systems, an active

89538

—=— Capacitance
Inductance
Volume Transformer|
Equalization Converter
. 3
efficiency . Cost
\
Accessibility Implementation
i complexity
Equalization
speed
(a) Comparison of battery active equalization topologies
Data driven-based
Contro,l —— Modern control
complexity Intelligent control
Equalization
effectiveness Data accuracy

R ) dependence

Computational
speed

Model construction
complexity

Portability
(b) Comparison of battery equalization strategies

FIGURE 3. Comparison of battery active equalization topology and
equalization strategy.

equalization circuit based on multilayer cascaded buck-
boost chopper circuits is proposed, and an adaptive fuzzy
control control strategy based on multivariate coordination
of battery voltage and SOC is designed. Segmented hybrid
control is carried out according to the battery operating
state, which effectively avoids the occurrence of overcharging
and overdischarging as well as mis-equalization of the
battery pack. While enhancing the flexibility of equalization,
it improves the conversion rate of the equalizer and has
good expandability, which is suitable for the use of large-
scale retired batteries in energy storage systems, thus
realizing the efficient and fast equalization of retired battery
packs.

Il. CIRCUIT TOPOLOGY PRINCIPLE AND

PARAMETER DESIGN

A. EQUALIZATION CIRCUIT PRINCIPLE ANALYSIS

In this paper, the design of the equalization system is imple-
mented using a multilayer equalization topology based on
the buck-boost chopper circuit due to the requirement of the
large number of retired batteries in use and the need for better
scalability. As shown in Figure 4, in the equalization system,
Al, A2...... An are the first layer equalization; every two
adjacent first layer equalization groups and the equalization
sub-modules installed between them form the second layer
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FIGURE 4. Battery equalization circuit topology.

equalization group, B1, B2 Bm are the second layer
equalization groups. Similar to the pyramid structure, the
layered equalization can equalize all the cells in the battery
pack at the same time, which is suitable for a large number
of cells connected in series and greatly accelerates the
equalization speed.

As shown in Figure 4 equalization module, the energy
transfer can be done by controlling the on/off of MOSFETSs
to achieve the equalization between two adjacent batteries
or modules. Among them, the power inductor L1 is the
energy storage element for energy transfer, and D1 and
D2 are the current-continuing diodes connected in reverse
parallel at both ends of the MOSFET. Taking the energy
of battery BTI1 is greater than BT2 as an example, the
equalization process is divided into two stages, BT1 dis-
charging and BT2 charging, and the detailed principle is as
follows.

1. BTl1(battery#1) discharging process, As shown in the
purple line of the figure: the energy of BT1 is higher
than BT2. the control system sends out a high level
signal, the switch tube M1 conducts, BT1, L1 and M1
form a circuit. BT1 energy is stored in the inductor
L1, after a period of time, the controller sends a low
level signal, M1 disconnects, and the balanced current
reaches its maximum value;

BT2(battery#2) charging process, As shown in the
orange line of the figure: After M1 is disconnected,
the continuity diode D2 is turned on, L1, D2 and BT2
form a circuit, and the inductor L1 is used as the
power supply to charge BT2. The current gradually
decreases from the maximum value and the voltage
decays until the voltage at L1 is lower than the sum of
the breakdown voltage of BT1 and D1, the equalization
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FIGURE 5. Evolution diagram of the equalization current.

current drops to 0 and the charging process ends,
at which time the energy stored in the inductor is
transferred to BT2. After several cycles of charging
and discharging process, the excess power in BT1 is
completely transferred to BT2 to achieve the battery
equalization state;
once the equalization process of class A battery is completed,
the equalization circuit of class B will be turned on. the
equalization principle of class B circuit is similar to that
of class A circuit, by controlling the turning on and off of
the equalization modules b1, b2...to realize the equalization
control of the battery pack. This equalization principle is also
applicable to the equalization circuits of class C, D, E...to
meet the application scenario of large number of retired
batteries used in groups.
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B. EQUALIZATION CIRCUIT PARAMETER DESIGN

The energy transfer process of the battery is now quanti-
tatively analyzed to determine the factors influencing the
current variation during the equalization process. When
the power of battery 1 is higher than that of battery 2,
battery 1 is discharged. At this time, the voltages of the
two batteries are Vi and V,. The control system sends
a control signal to make the controlled switch turn on
at a high level. At this time, the charging circuit formed
by the inductive battery is a first-order RL circuit that
follows the zero-state response mode, and its equation of
state is:

. diy,
Vi = RoniL +L57t=0_>ton ()

where R, is the total resistance of the discharge circuit when
the switch is on, including the line resistance and the on-
resistance of the switch. L indicates the inductance of the
power inductor used, i7, is the value of the equalization current
in the loop, and ¢, is the length of time the switch is on in the
loop. The solution iy, to equation (1) is calculated as:

Vi Vi

_+Ron Vi
ip =— — eth—(l

7tRon
—e 'L ), t=0—>ty,
ROi’l Ron Ron

@

According to this equation, the current has a maximum value
when the switch reaches its maximum opening time.

1 — i = Vl _ _torzRﬂ
Imax = I = R l—e L 3)

on
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When the switch is closed to a low level, the circuit response
equation is:

R, R,
iL = imaxg_(t_t"") [{? — M [1 — e_(t_tun)Lﬂr} ,

RO’Z
= ton = lof “

where Vp is the tube voltage drop of the diode and R is
the total resistance of the charging circuit when the switch is
turned off.

From the derivation formula, it can be seen that the
equalization system in the equalization adjustment, the
change of its equalization current is always exponential. Due
to the high switching frequency of MOSFET, the charging
and discharging time of the inductor is very short, and the
internal resistance of the original in the circuit is very small
when it is on, so the exponential function of the current in the
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inductor with time can be approximately transformed into a
linear relationship as follows:

1% 1%
~ 2, = TZDT

Imax ~ L
Combined with the object of study 18650 lithium iron
phosphate battery, rated capacity of 1Ah, rated voltage of
3.2 V, internal resistance of 30-40 mS2. To ensure the safety
of the battery, the equalization current is set to about 5 A,
the switching frequency is 2 kHz. Determine the equalization
current and switching frequency can be selected after the
energy transfer power inductance value of 0.16 mH, ignoring

&)
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the line resistance in the equalization module. According to
the current level of power electronics manufacturing, the on-
state resistance of the control switch is 10 m2. The simulink
simulation model is built according to the above parameters
as shown in Figure 5.

From the simulation results, it can be seen that the peak
current in the equalization process is about 5 A, which
can meet the efficiency of the equalization process of the
equalization system and the requirements of the safety
performance of the battery pack at work. In actual use,
according to the actual capacity and voltage standard of the
battery pack, the period of the control signal and the size of
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the power inductor can be flexibly adjusted to change the size
of the equalization current, so as to apply to different voltage
and capacity standards of the battery pack.

lIl. EQUILIBRIUM CONTROL STRATEGY BASED ON
ADAPTIVE FUZZY CONTROL

A. EQUILIBRIUM VARIABLE SELECTION

By analyzing the development status of battery pack
equalization technology, it can be seen that most of the
research literature uses battery voltage or SOC as equalization
variables, and a few use remaining battery capacity as
equalization variables, which basically control the start-
stop of the equalization system by setting the equalization
variable threshold. However, in practice, there are limitations
in using whatever parameters as equalization variables, and
these limitations are especially prominent in the equalization
of retired battery packs where the inconsistency is more
severe.

In this paper, the expression of the OCV-SOC function of
the battery is obtained by conducting HPPC compound pulse
experiments on 18650 LiFePO4 battery and then polynomial
fitting by matlab tool. Figure 6 shows the results of the 9th
order polynomial fit, which shows that the battery has a large
rate of change of open-circuit voltage in the two intervals of
SOC values from 0% to 10% and 95% to 100%, while the
open-circuit voltage changes smoothly in the interval of SOC
values from 10% to 95%. If the voltage is the only variable
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when the SOC is in the 10% to 95% interval, the larger change
range of SOC only produces a slight change in voltage,
which puts higher requirements on the accuracy and response
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speed of the voltage measurement instrument and may cause
inefficiency or mis-equalization of the equalization system,
and the voltage equalization is more limited at this time.
If the SOC is the only variable when the SOC is in the
interval of 0% to 10% and 95% to 100%, the SOC is the
only variable, and the SOC estimation itself has error, which
may cause the low battery to be over-discharged and the
high battery to be over-charged, and the SOC equalization
is more limited at this time. Therefore, this paper proposes a
multi-objective equalization strategy based on the SOC and
voltage of the battery, which selects different equalization
variables according to the different states of the battery. The
inconsistency between retired batteries is improved to some
extent.

B. BATTERY EQUALIZATION CONTROL STRATEGY

In this paper, a multivariable coordinated control equalization
scheme based on voltage and SOC is proposed by studying
the principle of equalization circuit topology and analyzing
the advantages and disadvantages of different equalization
variables. Since there is no clear functional relationship
between the equalization variables parameters voltage and
SOC of the battery and duty cycle in the equalization
system, and the equalization system is a complex time-
varying system, and the fuzzy control does not depend
on an accurate mathematical model, it is suitable for a
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nonlinear system like battery equalization. Figure 7 shows
the composition of the fuzzy controller. The basic structure
of the fuzzy controller includes four parts: knowledge base,
fuzzy inference, fuzzification, and defuzzification. The fuzzy
control firstly, the operator or expert writes the fuzzy rules
according to the test, then fuzzifies the real-time signal from
the sensor, uses the fuzzified signal as the input of the fuzzy
rules, completes the fuzzy inference, and adds the output
quantity obtained after inference to the actuator.

In order to take into account the equalization rate and
the battery safety, the SOC fuzzy controller and the voltage
fuzzy controller are designed in this paper. The membership
function of triangle and trapezoid is selected, the parameter
domain is divided into 5 parts, and 5 x 5 = 25 control
rules are formulated for each fuzzy controller, taking into
account the control effect and computational complexity.
After that, the output of the SOC fuzzy controller and voltage
fuzzy controller is weighted and reorganized by designing
an adaptive fuzzy controller, and the final output expectation
duty cycle is used to control the PWM signal wave of the
equalization circuit to determine the equalization current size,
and the equalization control process is shown in Figure 8.

1) VOLTAGE AND SOC FUZZY CONTROLLER DESIGN

Both the SOC fuzzy controller and the voltage fuzzy
controller contain two inputs and one output, both of which
are the SOC or voltage mean and difference of the adjacent
battery cells, and the output is the duty cycle to control
the equalization current. The theoretical domain of SOC
mean SOC is {0, 0.05,0.1, 0.95,0.975, 1}, and the theoretical
domain of voltage mean Vis {2.7,2.95,3.2,3.3,3.4,3.5}. the
theoretical domain of SOC difference A SOC is {0, 0.1, 0.2,
0.3,0.4, 0.5}, and the theoretical domain of voltage difference
AV is {0, 0.05, 0.1, 0.4, 0.5}. The theoretical domain of
the output desired duty cycle D of the SOC fuzzy controller
and voltage fuzzy controller is {0, 0.1, 0.2, 0.3, 0.4, 0.5}.
Define the names of fuzzy language variables as NB (negative
large), NS (negative small), ZO (zero), PS (positive small),
PB (positive large). The affiliation functions of input and
output variables of SOC fuzzy controller and voltage fuzzy
controller are shown in Figure 9.

Considering the safety of battery operation and the per-
formance of the equalization system, the fuzzy control rules
are obtained by debugging the equalization control system
several times: When SOC is large or small, for the purpose
of battery protection, use a smaller equalization current to
avoid overcharging and overdischarging the battery. If the A
SOC is large at this time, the duty cycle can be increased
appropriately to ensure the safe operation of the battery
while increasing the equalization rate as much as possible.
When SOC is in a medium situation, a larger equalization
current should be used to quickly eliminate the inconsistency
between the batteries. The voltage fuzzy controller is similar
to the SOC fuzzy controller, and the specific fuzzy rules are
shown in Table 1.
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FIGURE 13. Equilibrium system simulation model.

TABLE 1. SOC fuzzy controller’s rules.

_~Z50c\ASOC  NB NS Z0 PS PB
N
NB NB NB NS Z0 Z0
NS NS Z0 Z0 PS PS
Z0 Z0 PS PS PB PB
PS NS Z0 Z0 PS PS
PB NB NB NS Z0 Z0

The SOC fuzzy controller and voltage fuzzy controller are
solved by the inverse fuzzification of the center of gravity
method, and their input and output 3D coordinates are shown
in Figure 10.

2) ADAPTIVE FUZZY CONTROLLER DESIGN

The adaptive fuzzy controller contains two input quantities
and two output quantities, the input quantities are the mean
SOC value and the equalization current value of the adjacent
battery single cell or group, and the output quantities are the
weight coefficients w; and w, of the output duty cycle of
the SOC fuzzy controller and the voltage fuzzy controller,
respectively. after the weight assignment of the adaptive fuzzy
controller, the final output desired duty cycle D is:

D = w1Dsoc + 2Dy (6)

where Dsoc and Dy are the duty cycles of the SOC fuzzy
controller and voltage fuzzy controller outputs, respectively;
w1 and w, are the weight coefficients of the adaptive fuzzy
control outputs with values not greater than 1.
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TABLE 2. Adaptive fuzzy controller’s fuzzy rules.

%i NB NS Z0 PS PB
Soc

NB NB/ZO NS/PS NS/PS Z0O/PB Z0O/PB
NS NS/PS ZO/PS ZO/PS PS/PB PS/PB
Z0 ZO/PS ZO/PS ZO/PS ZO/PS ZO/PS
PS NS/PS ZO/PS ZO/PS PS/PB PS/PB
PB NB/ZO NS/PS NS/PS Z0/PB Z0/PB

The Dsoc and Dy are recombined with corresponding
weights by w; and w», indicating that the equalization
system is controlled coordinately with both SOC and voltage
equalization variables at any moment, and whether SOC
equalization or voltage equalization is dominant is selected
according to the current state of the battery pack. The
theoretical domain of SOC is set as {0, 0.05,0.1, 0.95,0.975,
1}, the theoretical domain of equalization currentiis {0, 2, 4,
6, 8, 10}, and the theoretical domains of weight coefficients
w1 and wy are {0, 0.2, 0.4, 0.6, 0.8, 1}. The adaptive
fuzzy controller input-output affiliation function is shown in
Figure 11.

The fuzzy control rules of the adaptive fuzzy controller are
developed according to the OCV-SOC curve of the battery:
When the SOC value is very small or very large, hope that the
voltage equalization is the main and equalization current is as
small as possible. If the feedback equalization current is large,
the duty cycle should be reduced to lower the equalization
current. When the SOC value is medium, it is hoped that the
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SOC equalization is the main and the equalization current can
be larger, and the equalization speed should be accelerated,
the specific control rules are shown in Table 2.

The adaptive fuzzy controller is solved by the inverse
fuzzification of the center of gravity method, and its input-
output three-dimensional coordinate diagram is shown in
Figure 12.

IV. EQUALIZATION CONTROL SYSTEM MODEL BUILDING
AND SIMULATION VERIFICATION

Based on the above analysis of the proposed equalization
circuit structure and equalization strategy, a circuit simulation
model is constructed in Matlab/Simulink platform with
4 batteries as an example, as shown in Figure 13. The
model contains series battery pack balancing module, switch
control signal module, fuzzy controller module, and display
module. When the equalization starts, according to the state
of the battery pack, the three fuzzy controllers output duty
cycle to the switch signal control module to turn on the
corresponding channel switch in the switch matrix, so as
to realize the energy exchange. The specific parameters of
the simulation are described in Section II-B of this paper:
LiFePO4 nominal voltage 3.2 V, charging cutoff voltage
3.5 V, discharging cutoff voltage 2.7 V, battery internal
resistance 32 mS2, battery rated capacity 1 Ah, MOSFET
switching frequency 2 KHz, intra-group power inductance
160 pH, inter-group power inductance 320 uH, MOSFET
on-resistance 0.1 €2, internal resistance of continuing diode
0.01 €2 and on-state voltage drop 0.7 V.

After a lot of literature research, most of the current equal-
ization control algorithms are data-based control algorithms,
and the mean interpolation method is one of them, which
is simple to implement and scalable, and is now widely
used. However, it requires high resource requirements for the
embedded system and requires frequent comparison with the
average voltage, which is prone to overbalance and repeated
equalization. Moreover, various battery equalization methods
currently employed in engineering applications all focus
on equalization rate, which is also a significant evaluation
metric for equalization strategies. This parameter determines
the ability to address the issue of battery inconsistency
within a series-connected battery pack within a relatively
short period of time. The equalization rate is determined
by the equalization current, but if the equalization current
is too high, it will lead to overcharge and overdischarge at
the end of charging and discharging, which will affect the
battery life and create safety hazards. In consideration of
the above problem, this paper simulates the equalization of
three methods: the data-based mean difference algorithm, the
single target control method, and the proposed algorithm in
three states: charging, discharging, and netting. In addition,
this paper designs the equalization simulation at the end
of battery charging and discharging in order to prevent the
overcharge and overdischarge of the battery caused by the
excessive equalization current.
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FIGURE 14. Battery pack resting state equalization.

A. BATTERY PACK RESTING STATE EQUALIZATION
SIMULATION

When the battery is stationary, the battery pack does not
interact with the outside world for energy at this time. The
initial values of the simulation are set as follows: the SOC
value of battery B1 is 50%, battery B2 is 35%, battery B3
is 20%, battery B4 is 5%, and the equalization threshold of
battery pack is SOC>0.2%. Comparing the control algorithm
proposed in this paper with the mean difference method
and the single objective fuzzy control method, the battery
pack SOC variation curves during the equalization process
are shown in Figure 14. It can be seen that the battery
pack basically achieves the equalization effect after 732.79 s,
618.10 s and 597.15 s, respectively.

B. BATTERY PACK CHARGE STATE EQUALIZATION
SIMULATION

Charge equalization of the battery pack, the initial battery
value setting is the same as the static equalization: Battery
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FIGURE 15. Battery group charging state balance.

B1 is 50%, Battery B2 is 35%, Battery B3 is 20%, Battery
B4 is 5%, and the charging current is set to 3C, and the
equalization threshold of the battery pack is greater than
0.2%. After the equalization is turned on, the SOC change
curves of each battery under the three equalization control
strategies are shown in Figure 15, which shows that the
battery pack basically reaches the equalization effect after
658.13 s, 629.31 s and 497.95 s, respectively.

C. BATTERY PACK DISCHARGE STATE EQUALIZATION
SIMULATION

To discharge the battery pack for equalization, the initial
value of the battery is set as follows: Battery Bl is 90%,
Battery B2 is 80%, Battery B3 is 70%, Battery B4 is 60%,
and the threshold of battery equalization on is SOC greater
than 0.2%. After the equalization is turned on, the SOC
change curves of each battery under the three equalization
control strategies are shown in Figure 16, which shows that
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TABLE 3. Comparison of equilibrium time results.

Battery Mean Single-objective The algorithm
pack status difference equalization proposed in this
method(s) algorithm(s) paper(s)
resting 732.79s 618.10s 597.15s
charge 658.13s 529.31s 497.95s
discharge 776.73s 536.38s 511.31s

the battery pack basically reaches the equalization effect after
776.73 s, 536.38 s and 511.31 s, respectively.

Through the above comparison, it can be seen that
the proposed multi-objective adaptive fuzzy controller is
more effective in dealing with the equalization problem of
the nonlinear battery system, and the equalization effect
is significantly improved compared with both the mean
difference control method and the single objective control
method. the comparison results are shown in Table 3, and
the equalization completion times are 597.15 s, 497.95 s,

VOLUME 11, 2023



R. Li et al.: Research on Retired Battery Equalization System

IEEE Access

70k

<SOC1 (%)>
<S0C2 (%)>
<S0C3 (%)>
<SOC4 (%)>

X 593.6
Y 4.551

[

| | I | I I
0 100 200 300 400 500 600 700 800 900 1000
time(s)

(a) Discharge state

100 -

X 434.98
Y 96.8269 4

90

80F

SOC(%)

70

<SOC1 (%)>
<S0C2 (%)>
<SOC3 (%)>
<SOC4 (%)>

60

50

\

i ‘ | | | |

0 100 200 300 400 500 600 700 800 900 1000
time(s)

(b) Charge state

FIGURE 17. SOC change curve during charging and discharging.

and 511.31 s for the three states, respectively. therefore, for
the the same nonlinear equilibrium system, the proposed
multi-objective adaptive fuzzy control method achieves good
results.

D. SIMULATION OF THE EQUALIZATION EFFECT OF THE
BATTERY PACK AT THE END OF CHARGING AND
DISCHARGING

When the battery pack is about to be charged and discharged,
if the equalization current is not controlled at this time,
the larger equalization current will lead to overcharge and
overdischarge of the battery pack, which will affect the
service life of the battery, and there are also hidden dangers
such as explosion and combustion. In order to prevent similar
phenomena, the equalization strategy proposed in this paper
is designed by fuzzy rules, and the fuzzy controller will
output different duty cycles to change the size of the equal-
ization current according to the different stages the battery
is in.

According to the above content, the equalization simula-
tion of charging and discharging tail period is set. Discharge
tail simulation: set the initial battery value B1 to 70%, B2
to 60%, B3 to 50%, and B4 to 40%; Charge tail simulation:
set the initial battery value B1 to 47%, B2 to 57%, B3 to
67%, and B4 to 77%.The battery pack equalization opening
threshold is greater than 0.2% SOC. The simulation results
are shown in Figure 17-figure 19. It can be seen that in
the over-discharge suppression simulation, the battery pack
reaches the same after 592.76 s, and the SOC of the battery
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pack is 4.4% at this time, the duty cycle of the fuzzy controller
output decreases from 0.53 at the beginning to about 0.15,
and the effective value of the equalization current decreases

89547



IEEE Access

R. Li et al.: Research on Retired Battery Equalization System

from 7.5 A to about 0.5 A. The trend of the charging state
is similar to that of the discharge. It can be seen that the
control strategy proposed in this paper can effectively prevent
the overcharge and overdischarge of the battery pack while
ensuring the equalization rate.

V. CONCLUSION

For the large number of retired battery equalization sys-
tems and the need for good scalability, this paper adopts
a multilayer equalization topology based on buck-boost
chopper circuit. And on this basis, an equalization strategy
based on multi-objective adaptive fuzzy control algorithm is
proposed, which takes the battery voltage and battery SOC
as well as the equalization current as inputs to segmentally
equalize the battery system, using multiple variables to
complement each other and coordinate control, overcoming
the inability of a single equalization variable to eliminate the
inconsistency of retired batteries under complex and variable
operating conditions, and improving the control effect of
the equalization system. The simulated results show that the
equalization times of the control strategy described in this
paper are 597.15 s, 497.95 s, and 511.31 s for the three
states of resting, charging, and discharging, respectively,
which increase the equalization rate by 18.5%, 38.0%, and
34.2% compared with the mean difference control method,
and by 3.39%, 5.92%, and 4.67% compared with the single
objective fuzzy control method. At the same time, during
the equalization process, the equalization current can be
changed with the state of the battery, which effectively
prevents the overcharge and overdischarge of the battery
and the mis-equalization phenomenon, and the equalization
energy transfer efficiency is high, which improves the
consistency between the single battery and the available
capacity of the battery is greatly increased. Due to the limited
theoretical level and research time of the authors, there are
still some defects in the equalization control system. In the
future, the development of the equalization circuit hardware
system will be carried out, and the battery temperature and
internal resistance will be used as the reference index of the
equalization system to further improve the service life of the
battery pack.
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