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Abstract: Effective balanced management of battery packs can not only increase the available capacity
of a battery pack but reduce attenuation and capacity loss caused by cell inconsistencies and remove
safety hazards caused by abnormal use such as overcharge and over-discharge. This research
considers both the equilibration period and the battery operating current. The State of Charge
(SOCQ), current, and equalization current of batteries are all limited. Based on the existing multi-layer
equalization model, the equalization current of the equalizer was tuned with restrictions. It can
equalize multiple batteries simultaneously and ensure the normal operation of the batteries. A
layered control strategy was then found to solve the optimal equalization current of the equalizer
layer by layer. The proposed control method reduces computation time and guarantees that the
equalization approach can be employed in practice. Finally, through MATLAB simulation analysis,
this technique can limit the cell current to (—3 A, 3 A), which improves the balancing efficiency by
23.55% compared with the balancing of adjacent cells.

Keywords: battery active equalization; optimum control; equilibrium strategy; multilevel equilibrium

1. Introduction

People are focusing more and more attention to the storage and utilization of clean
energy as energy demand and pollution grow. Lithium batteries are widely employed in
various energy storage devices due to their high energy density, extended cycle life, low
natural discharge rate, and lack of memory effect [1-5]. For instance, Lithium batteries
perform a vital part in smartphones, electric vehicles, and other mobile devices [6-9].
However, the battery voltage is limited by the material properties of lithium. The voltage
of a single lithium battery is typically 2.5-4.2 V [10], which falls short of the high voltage
demand required in practical applications. Therefore, in order to provide the required
high voltage, lithium-ion batteries are typically coupled in series as a battery pack [11].
Due to the influence of factors such as manufacturing process differences and internal
impedance, the battery is often unstable [12]; influence factors such as the use environment
aggravate the inconsistency, thereby reducing the energy utilization rate of the lithium
battery pack, and even causing safety problems in severe cases. For example, the accident
of the energy storage power station in Arizona, USA in 2019 resulted in the casualties of
firefighters; the fire of the Fengtai energy storage power station in Beijing in 2021 resulted
in the sacrifice of two firefighters; between 2018 and 2020 South Korea had nearly 30 energy
storage accidents.

A battery pack is fabricated of multiple batteries connected in series, each with
the same charge and discharge current [13]. When a cell in the battery pack is fully
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charged/discharged, the connection to the external power source/load must be discontin-
ued to prevent overcharge/over-discharge of the Li-ion battery. Otherwise, the remaining
cells in the battery pack that are not being fully charged/discharged lower the battery pack’s
real capacity [14,15]. As a result, a balanced system must be built to balance and control
the lithium battery, improve consistency between the single batteries in the lithium battery
pack, extend the battery pack’s cycle life, and increase safety during battery pack operation.

In this study, a multi-objective optimization model is proposed for the balance of series
lithium batteries. This model considers factors such as balance time, external current, and
battery current. The model aims to optimize the equalization current and ensure that the
battery current is within safe range, and ultimately achieve the goal of reducing excessive
battery heating and realizing safe, fast charging and discharging of the battery pack. The
following are the main contributions of this study:

(1) The proposed equalization strategy considers the equalization of the battery in the
group from a broad perspective, takes all equalization speed and current constraints
into account, and optimizes the equalization current. The strategy can not only ensure
the equalization speed of the battery in the group but also that the battery charge
and discharge current are within the allowable range and improve the safety of the
equalization process;

(2) A layered battery equalization method is proposed, which reduces the calculation
difficulty of the equalization current by layered equalization of the batteries in the
group and calculates the equalization current in real-time according to the state of the
batteries in the group. The method makes the proposed equalization strategy easier
to implement and more suitable for large-scale applications.

2. Related Work

Passive and active balancing, often known as dissipative and non-dissipative balanc-
ing, are the two basic approaches for balancing lithium batteries [16,17]. Passive balancing
links resistors in parallel at both ends of the battery uses the battery with the lowest power
in the battery pack as the benchmark and uses resistance discharge to consume the power
of the high SOC battery. There is no energy transfer between the batteries in this case. This
approach offers the benefits of a simple structure and inexpensive cost. However, it also
has significant drawbacks, including constant energy loss, battery life shortening owing to
continual heating, and low equalization efficiency. Battery active equalization technology
uses the current shuttle of capacitance or inductance to transfer the charge in the high
charge battery to the low charge battery [18-20]. By designing a specific energy converter,
the energy is redistributed. Compared with the passive equalization method, the active
equalization technology makes the most of all the energy stored in the battery. It wastes
almost no energy and maximizes the available capacity of the battery.

Due to the advantages of active equalization, researchers have proposed a variety
of active equalization circuits in recent years. Reference [21] proposed an adjacent bat-
tery equalization circuit based on inductance, which has the advantages of low cost and
small volume. However, for large-scale series batteries, the energy transfer path is too
long, the energy dissipation is large, and the equalization time is long. Reference [22]
proposed a multi-layer equalization circuit based on inductance, which improves the low
equalization efficiency of adjacent equalization circuits. Nevertheless, when the multi-
layer equalizer equalizes simultaneously, the current flowing through the battery exceeds
the limit. Reference [23] proposed an equalization circuit based on a transformer. The
number of transformers is the same as that of batteries, and the equalization efficiency
is higher. However, when the number of batteries changes, the equalization circuit must
be redesigned, and the size of the equalizer is significantly increased due to too many
transformers. Reference [24] proposed an adjacent battery equalization circuit based on the
Cuk equalizer, making the equalization strategy and system more simple. For large-scale
series batteries, the energy transfer path is too long, and the equalization process takes a
long time. Reference [25] proposed a capacitor-based equalization circuit, which realizes the
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equalization of the battery pack through the MOSFET switch and capacitor. The circuit has
the advantages of low cost, small volume, and simple control, but it has low equalization ef-
ficiency, excessive switching loss, and cannot be fully balanced. References [26,27] proposed
a variety of equalization circuits based on capacitance, which changed the structure of the
equalization circuit and significantly improved the equalization efficiency. However, with
the increase in the number of batteries, the equalization efficiency accordingly decreased.
The performance comparison of different equalization circuits is shown in Table 1.

Table 1. Equalization circuit performance comparison.

Equalization Circuit Cost Equilibrium Speed Equilibrium Current

Single inductor Low Low Low

Adjacent inductance equalization [21] Medium/High Medium Medium/High
Multi-layer inductor [22] Medium/High High High

Multi-winding transformer [23] High Medium Medium

Cuk converter [24] Medium/High Medium Medium/High
Single SC [25] Low Low Low
Modularized SC [26,27] Medium/High High High

Based on the active equalization circuit, researchers have proposed a variety of equal-
ization strategies. Reference [28] proposed a control strategy based on minimum energy
dissipation, which can reduce energy consumption but increase the equilibrium time. Ref-
erence [29] proposed a two-level equalization strategy, which can make the multi-level
equalization circuit equalize at the same time and improve the equalization speed, but it
will lead to excessive battery current. Reference [30] proposed an equalization circuit based
on inductance and transformer; the series battery uses single inductance equalization, and
the parallel circuit uses transformer equalization. The ant colony algorithm is used to solve
the optimal equalization path, which reduces the flow of current and increases energy
utilization due to the slow equalization speed of using a single inductance equalization
circuit. Reference [19] used the push-pull converter to control the equalization current,
and the equalization efficiency can reach 89.5% at most. However, when the voltage dif-
ference between the two batteries is large, the equalization current be becomes large too.
Reference [31] proposed a multi-switch equalization circuit. For this circuit, an equaliza-
tion strategy was proposed, which balances the charge-discharge state and the static state
separately. The equalization paths are more diversified and reduce the energy loss, but the
equalization speed is too slow when the static equalization is carried out. Reference [32]
used battery SOC to control the duty cycle of the MOS transistor, although the equilib-
rium current and calorific value were reduced, there is still much room for improvement.
Reference [33] proposed a switching equalization controller circuit, which can realize the
simultaneous equalization of multiple batteries. However, when the battery voltage dif-
ference is too small, the equalization efficiency is low. When the battery voltage and the
equalization current is too large, the battery life is shortened. Reference [34] proposed an
adaptive model prediction method, which takes the energy loss and equalization time as
the optimization conditions to realize the optimal SOC equalization control. Although the
equalization speed is accelerated, the current is doubled, and the battery is greatly dam-
aged. Reference [35] used fuzzy logic to control the equalization current, with temperature,
internal resistance, and SOC as inputs and equalization current as output, so as to make
the battery more balanced within the safe temperature range. However, this method is
qualitative rather than quantitative. The current in the equalization process may be greater
than the maximum allowable current. In large-scale applications, the base of fuzzy rules
becomes very complex. Reference [36] only used the MOSFET switch to realize the equal-
ization of the battery pack, which balances the charge state and discharge state separately
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and reduces the energy loss. However, it may lead to problems such as insufficient power
supply or excessive discharge current of some batteries during the batteries’ discharging.
Reference [37] realized the safe charging of aged lithium batteries by using the MPC method.
Compared with the traditional SOC control method, the battery pack SOC equalization
is faster, the energy consumption is lower, and the over-equalization phenomenon can be
avoided. However, the MPC-based equalization method is computationally complex and
difficult to be applied on a large scale.

Although the preceding strategies have produced good equalization outcomes, there
are still flaws. When solving the battery equalization current, these solutions ignore the
impact of the equalization current on the system. The battery current exceeds the permitted
range during equalization, which can reduce battery life. In extreme circumstances, this can
result in a rapid rise in battery temperature and possibly thermal runaway. Furthermore,
the aforesaid equalization approach and circuit topology primarily equalize adjacent battery
cells, resulting in a low equalization efficiency. This study adopts a multi-layer equalizing
circuit and optimizes the equalizing current, which not only ensures the equalizing speed,
but also limits the working current of the battery. The performance comparison of different
balancing strategies is shown in Table 2.

Table 2. Performance comparison of different balancing strategies.

o o .o Equilibrium Current Exceeds = Implementation
Equalization Strategy Equalization Circuit Speed Limit Difficulty
Minimum energy loss [28] Multi-layer inductor Low/Medium No Difficult
Two-level equalization strategy [29]  Two-layer equalization circuit Medium Yes Medium
Optimal path strategy [30] Two-layer equalization circuit Low Yes Difficult
Multi-mode uniform strategy [31] Mgltl-.sw1t§h . Low/Medium Yes Difficult
equalization circuit
SOC difference control strategy [32] Adjacent %ndl‘lctance High Yes Simple
equalization
Adjacent inductance . .
Fuzzy control strategy [35] equalization High Yes Medium
MPC [37] Two-layer equalization circuit Low/Medium Yes Difficult
This article strategy Multi-layer inductor High No Medium

3. Multi-Layer Equilibrium System Model

Figure 1 shows the multi-layer battery equalization structure adopted in this study,
similar to a binary tree. For a battery pack with 2" battery units, there are n-layer equalizers,
in which the m (1 < m < n) layer has pm—1 equalizers ey, i (1 <im < 2m*1). Each pair of
batteries is connected to its common node by the n-th layer equalizer, which controls the
equalization current to complete the equalization of adjacent battery cells at the bottom
layer. The upper-level equalizer is connected to the lower-level equalizer with its common
node for equalization at the same time, and so on, until the multi-layer equalizer controls
the complete group of batteries for equalization all at once. The Buck-Boost circuit is
used in each layer’s equalizer, and its working mechanism is shown in Figure 2. Buck-
Boost Continuous Conduction Mode (CCM), Boundary Conduction Mode (BCM), and
Discontinuous Conduction Mode (DCM) are the three working modes. To ensure that
all the stored energy in the inductor is transferred, the working model of the Buck-Boost
circuit is set to BCM and DCM. The work presented in this study mainly relates to the
design of the equalization control method and equalization strategy of the multi-layer
equalization circuit. The proposed method can ensure the equalization speed and the
charge-discharge current limit well.
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Figure 1. Schematic diagram of equalization system composed of 2" single cells.
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Figure 2. Buck-Boost equalization circuit.

3.1. Equalizing Currents

In the m-th layer equalization circuit, the i, equalizer can complete the bidirectional
transfer of the current of its left and right adjacent battery modules (B, ;_; and By, ;. r), and
the equalized current on the battery is I, ; jand L r. As shown in Figure 2, to transfer
energy from a high SOC battery to a low SOC battery it is necessary to control the equaliza-
tion current through the equalizer to complete battery equalization. Before equalization,
the current direction can be determined by the battery’s SOC, if the By, ; 1/Bm i, r is greater
than the SOC of By, ;. r/Bm i, 1, @ new variable can be used Iy, ;, to replace I,,; jand I ;. .

Im,im,l = kIm,im (1)

m,im,r — kIm,im

/ .
Kk = { km/im - km,im]m,im erimrl

. !
—Kmjimm iy, T km,jm Brnipn,r

K = ~L K01 = 0,ifSOCpyin1 > SOCrni x
km,im =0, k;n,im = *1,if SOCm,im,l < SOCm,im,r

where I, ; represents the equalization current flowing through the i, equalizer on the
m-th layer; k represents the magnitude and direction of the equilibrium current; j ;
represents the efficiency of the equalizer when transferring current; SOCp, ; represeﬁts
the total SOC of By, ;  1; and SOCy, ;. represents the total SOC of By, s, r, in Equation (1),
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0 <jmj,, <1. Torepresent the current direction, when the SOC of By, ; j is greater than the
SOC of By i, r, the balanced current I, ; | flowing through B, ; ;is less than 0, and the
balanced current Iy, ;  , flowing through By, ;_ ..

Combining the circuit shown in Figure 1 and the above analysis, in a battery module
directly connected to the equalizer, the equalizing current values are equal, so the equalizing
current flowing through each battery is:

Lip= Ilrilk + I2,izk + 13/131( + ...+ In72,in,2k + In—l,in,1k + In,ink

L= Il,ilk + IZ,izk + 13/131( +...+ In72,in,2k + In—l,inflk + In,ink

Lis= Il,ilk + IZ,izk + 13,131( +...+ In72,in,2k + In—l,inflk + In’jnk

. 2

11,2"_2 = Il,ilk + IZ,izk + 13,131( + ...+ In—2,in_2k + Infl,in,lk + In,ink

11,2“*1 = Il,i1k + IZ,izk + I3,i3k + ...+ Ian,in,zk =+ Infl,inqk =+ In,ink
11,2“ = Il,ilk + IZ,izk + 13,131( +...+ In—Z,in_zk + Irlfl,in,lk + In,ink

where Iy, I, I35, - - In—1i, ,,and I ;, is the equalization current of the upper equalizer
of the m-section battery, 1 <ip < pm-—1

3.2. Battery Pack Equalization Model
For the ith battery in the battery pack, its SOC can be calculated by Equation (3):

SOC;(k + 1) = SOC; (k) + alex (k) + dIy ; (k) (3)

Ii(k) = Lex(k) + 1y, (k) 4)

where SOC is the ratio of the remaining power of the battery to the nominal capacity;
a=101 ¢ — %,where Q represents the rated capacity of the battery; n represents the
charge/discharge coulomb efficiency of the battery under different conditions; b is the time
coefficient, which is numerically equal to the ratio of equilibrium current to maximum
equilibrium current; T represents the sampling time; Iox (k) is the external current provided
by the load or external power supply; I ; (k) is the equalization current flowing through the
ith battery, which can be calculated by Equation (2); and I;(k) represents the current flowing
through the ith lithium battery. During the calculation process, the current is negative
when discharging, and the current is positive when charging, which can be calculated; the
SOC value of battery can be easily obtained by ampere-hour integration method. It can
be seen from Equations (2) and (3) that the multi-layer equalization model of battery pack
consisting of 2" batteries can be formulated in the following discrete state form:

SOC(k + 1) = SOC(k) + alex (k) + dI; (K) ®)

where SOC (k) = [SOC; (k), SOC,(k), SOC3(k), . .., SOCon 5 (k), SOCan_1(k), SOCon (k)T
represents the SOC of each battery in the battery pack; I; (k) = [I1 1 (k), [1 2(k), I; 5(k), ...,
I1on5(k), Iion_1(k), Iy on (k)]T denoting the equalization current flowing through each
battery in the battery pack. Equation (5) only considers the current flowing through the
battery without considering the complex chemical reaction inside the battery, which has
stronger adaptability and is more conducive to practical use.

3.3. Cell Balancing Constraints

In order to ensure the safety of the equalization process and prevent overcharge,
over-discharge and overheating of the battery, it is necessary to impose constraints on the
equalization process. The constraints imposed in this study are current and SOC.

Equalizer current constraint: Excessive equalizing current causes serious heating of the
equalizer and affects the service life of the equalizer. It is necessary to limit the equalizing
current within a certain range. The current constraint can be expressed as:

0< Im,im < Im,max (6)
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where Iy max is the maximum value of equalization current.

Battery current constraint: Current has a significant impact on battery life and perfor-
mance. Higher current will result in increased battery heating, which can result in major
safety issues. As a result, the charge and discharge currents of the battery must be kept
within a particular range to ensure the battery’s safe and reliable performance.

Although the exterior current of the battery pack remains constant during equalization,
the current passing through each battery varies due to the equalization current’s influence.
The discharge equalization current and charge equalization current will not occur at the
same time since the equalizer works in BCM and DCM. To ensure that the working current
of the battery is within the allowable range, the charge and discharge current of the battery
is constrained respectively. The equalizing current flowing through the battery can be
expressed by the following formula:

n
Lijc= 21 Imjim 1f(Imji, > 0)
e
- . ()
Iid = L Imjip if(Imjip, <0)
m=1

where I; ; . and I; ; 4 are the charge equalization current and discharge equalization current
of battery i, respectively.

The maximum value of battery current is the sum of charge equalization current and
external current, and the minimum value of battery current is the sum of discharge current
and external current. The battery current can be expressed as:

e =lex +1ic
’ " 8
{ lig=Ilx+1Dq ®)
The current constraint can be formulated by:
{ I7max S Ii,c S erax (9)
I—max S Ii,d S I+max

where I max represents the upper limit of charging and I_nax represents the upper limit of
discharging current. To ensure the normal operation of the battery, the maximum charging
and discharging current of the battery should be within the constraint range.

Battery SOC constraint: When the battery is overcharged and discharged, the per-
formance and service life of the lithium battery will be affected to varying degrees, and
even lead to safety accidents in serious cases. Therefore, the SOC of the battery must be
constrained, the constraint relationship is as follows:

SOCi,min S S‘C)Ci S SOCi,max (10)

where SOC; min and SOC; max represent the upper and lower limits of battery SOC in the
group, respectively.

This part builds a multi-layer equalization circuit model, analyzes the equalization
current and battery current throughout the equalization process, and analyzes the external
current, battery SOC and current, and equalization current limitations. According to
Equations (6)—(9), the battery’s equalization current can change depending on the external
current, limiting the battery’s maximum operating current. To shorten the equalization
time, Equation (5) can obtain the optimal equalization current. The fluctuation of battery
equilibrium current with internal resistance and SOC is only considered in Reference [36],
and the maximum operating current of the battery was not taken into account. When
the battery pack’s external current is too high, the current loaded on the battery is easily
exceeded. The equilibrium method proposed in this study is safer and faster.
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SOCc,m,im,l(k + 1) = SOCC,m,im,l(k) + alex (k) + del,i1 (k) + dezliz (k) 4+ ... + dem,im (k)
SOCcm,ipr(k+1) = SOCqmi, (k) + alex (k) + dkIy ;, (k) + dkly;, (k) +...... + dklp i, (k)

4. Multi-Layer Balancing Strategy

Based on the multi-layer equilibrium circuit model and constraints established in the
previous section, this section mainly analyzes the equilibrium objectives and strategies.

4.1. Cell Balancing Task Formulation

The goal of equalization is to increase the battery pack’s consistency as well as the
battery pack’s real capacity. The higher the equalization efficiency, the shorter the battery
equalization time. The balancing goal can be formulated as:

] = (SOC(k) — SOC(k))T(SOC(k) —SOC(k)) (11)
where SOC(k) is the average value of SOC of all batteries, which can be expressed as:

2“
SOC(K) = Zinz SOC; (k) (12)
i=1

where SOC;j (k) represents the SOC of the ith battery, the battery pack has 2" batteries in
total, 1 <i < 2™,

To improve the equilibrium efficiency, the objective function (11) can be minimized to
design a control strategy that satisfies the constraints. The transformed function is:

minimize] (SOC(k +1),1; (k))

Ipi(k

subject to
SOC(k + 1) = SOC(k) + alex(k) + dI; (k)
SOGC; min < SOC; < SOC; max
I max < TLic < Timax (13)
[ max < Lig < Timax
0 <Inm;i, < Immax

The majority of balancing solutions simply evaluate the balancing control of adjacent
cells, ignoring the battery pack’s influence from external current. Unlike the previous
equalization technique, the equalization method proposed in this study considers all the
battery current and equalization current constraints and optimizes the equalization current
to maintain the battery current within safe limits. However, Equation (12) has a lot of
variables, which puts a lot of strain on the processor and makes it difficult to apply in reality.

Considering the aforementioned flaws, this study presents a layered equalization
technique that calculates the equalization current by treating the left and right battery
modules attached to each equalizer as two separate batteries. After calculating the upper
circuit’s equalizing current, it is used as an input to calculate the below equalizing current,
layer by layer, until the total equalizing current of all equalizing units is obtained. The
equalizing current calculation formula is similar to Equation (1). The layered equalization
strategy will be introduced in detail below.

4.2. Equilibrium Strategy Analysis

Under the above equalization circuit, each battery in battery module By, ; | has the
same equalization current. Battery module B, ; | can be regarded as a single battery, and
only single battery equalization can be considered.

The m-layer equilibrium model can be regarded as:

(14)
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where SOC, p, ;.. 1(k) is the average SOC of the battery module By, ; ) on the left side of an
equalizer on layer m; and I, ;_ (k) represents the equalization current of layer m.
According to Equations (13) and (14), the following optimization model can be obtained:

minimize J(SOCqm i, (k+1),Im;, (k))

Im/im (k)
subject to
SOCc,m,im (k + 1) = SOCc,m,im (k) + alex (k) + del,h (k) =+ deZ,iz (k) + ... + dem,im (k)
SOCi,min S S()Cc,m,im (k) S SOCi,max
I max < Ic,m,im,c (k) < I—4—me1x (15)

I7max S Ic,m,im,d (k) S Ierax
0< Im,im < Im,max

{ IC,m,im,C (k) = lox + kIl,i] + kIZ,i2 (k) + ...+ kIm,im (k) if(Im,im > 0)
Tomyim,d (K) = Tex + kI3, + K, (k) + ... + Kl i (K) if (I, < 0)

where I m i (k) represents the maximum charging current flowing through battery mod-
ules By, ;1 and B+ Iomi, a(k) represents the maximum discharge current flowing
through battery modules By, ; 1 and By, r; and I, 5 represents the equalization current
of layer m.

Using the PS0 to solve the above model, the optimal equilibrium current of the m-layer
can be calculated.

It can be seen from the above analysis that n>" dimensional matrix must be solved
before layering; the m-th layer should be solved for m times after layering, and the entire
module should be solved for 2" — 1 times. After stratification, the calculating difficulty is
lessened, making it more practical to use.

5. Simulation Results

The simulation experiments were carried out on MATLAB, which used three levels of
equalization circuits and eight batteries to validate the performance of the aforesaid layered
equalization technique. The battery’s nominal capacity was set to 0.2 ah to speed up the
simulation. The battery’s SOC allowed range was 0-100% during the simulation, and the
equalizer’s maximum equalization current and efficiency were 1 A and 80%, respectively;
and the battery current allowable range was (—3 A, 3 A). Figure 3 illustrates the battery
pack’s external current. Equalization is defined as the least square sum of the battery pack’s
SOC and its average SOC being less than 0.01, and the equalization time is defined as the
time from start to end of equalization. The specific simulation parameters are shown in
Tables 3 and 4.

5.1. Battery Pack Equalization Results

First, the initial SOC of the battery in the group was randomly selected. As shown in
Figure 4, the least square sum of the battery pack’s SOC and its average SOC is 0.06.

Scholars have proposed a variety of multi-layer circuit equalization strategies. To
improve the equalization efficiency, the multi-layer equalization circuit works at the same
time, which leads to excessive battery current and increased battery heat production under
certain circumstances. After simulation analysis, the difference between the SOC, current,
SOC and the average value of the battery’s SOC is shown in Figures 5-7. The simulation
results show that when the equalization time is 245.7 s, the SOC of the battery pack reaches
equilibrium. When working under large external current, the battery charge and discharge
current exceeds the allowable value.
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Figure 3. External current for the battery pack.

Table 3. Simulation battery parameters.

Parameter Description
Nominal voltage 3.7V
Capacity 0.2 Ah
Internal resistance 0.02 O)

Table 4. Other components.

Component Name Quantity Inductance Value
First layer inductance 1 16H
Second layer inductance 2 0.8H
Third layer inductance 4 04H
MOSFET switch 14

4 5
Cell number

Figure 4. Initial SOC.
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Figure 5. Lithium battery SOC change chart. (Multi-layer equalisation circuit without equalisa-
tion strategy).
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Figure 7. (a-h) lithium battery current change diagram, the blue dotted line represents the normal
operating current range. (Multi-layer equalisation circuit without equalisation strategy).

The simulation calculation process of the equilibrium strategy proposed in this study
is as follows:

(1) Firstly, collect the SOC and current values of the batteries in the group, calculate
the average values of batteries 1-4 and 5-8, determine the size and direction of the
equilibrium current;

(2) The objective function of equalization current can be obtained from Equation (15),
and the best equalization current of the first layer can be obtained by PSO;

(8) Calculate the average SOC of batteries 1-2, 34, 5-6, and 7-8, determine the size and
flow direction of the equalization current, and bring 1.1 ;, (k) into Equation (14). The
objective function is calculated from Equation (15); calculate the best equalization
current of the second layer through PSO;

(4) Collect the SOC value of batteries 1-8, determine the size and flow direction of
equalization current, bring I..» ;, (k) into Equation (14), calculate the objective function
from Equation (15), and calculate the best equalization current of the third layer
through PSO;

(5) Repeat the above four steps until the battery pack is balanced.

Figures 8-10 demonstrate the difference between the battery’s SOC, current, SOC,
and the average value of SOC after the aforesaid calculation and simulation method. The
simulation results show that when the equalization time reaches 268.05 s, the equalization
is achieved. The battery charge and discharge currents do not exceed the permitted value
when the battery pack is working under high external current, showing that the proposed
multi-layer equalization technique performs better. Figure 11 shows the equalizing current,
which changes based on changes in external loading current, effectively preventing the
battery from overheating and ensuring that the battery operates normally at all times.

Balancing
90 + time: 268.05s
80 -
=70+
o] ——S0C1——S0C2
? o ——80C3SOC4
SOC5 — SOC6
SOC7——S0C8
50 -
40 T T T T T T T T T T T T 1
0 50 100 150 200 250 300
Time [s]

Figure 8. Lithium battery SOC change chart. (Multi-layer equalisation circuits and equalisation
strategies in this paper).
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Figure 9. (a-h) lithium battery current change diagram, the blue dotted line represents the normal
operating current range. (Multi-layer equalisation circuits and equalisation strategies in this paper).
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Figure 10. Lithium battery SOC difference diagram. (Multi-layer equalisation circuits and equalisa-

tion strategies in this paper).
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Figure 11. (a) the first layer equalization current, (b) the second layer equalizes the current, (c) the
third layer equalizes the current, the blue dotted line represents the equalization current range.

5.2. Comparison with Adjacent Equilibrium

A simulation analysis of the generally used adjacent cell equalization methods was
also carried out to prove the performance of the multi-layer equalization strategy presented
in this study. Figure 12 shows the circuit arrangement utilized to balance adjacent cells. The
SOC of the two neighboring cells determines the current direction of each equalizer, and the
size is always 1 A. The current variation in battery 2 is shown in Figure 13, with a maximum
current of 4.83 A. Some battery cells in the battery pack have a charge and discharge
current that is more than the permitted current, resulting in negative consequences such
as increased heat generation and reduced performance in some circumstances. Figure 14
shows each battery SOC change, and the equalization time is 350.65 s. According to
the equalization results, the proposed multi-layer equalization strategy’s equilibrium
efficiency is raised by 23.55% compared with the adjacent battery equalization approach,
demonstrating the proposed multi-layer equalization strategy’s good performance.

Sourse

v

Load
€ €; € €;
_{|B1 B,| ([B BA__“BS B | 8] {lB
- |+ -+ —||+ M+ | - |+ =+ —||+ s
e, €, €

Figure 12. The adjacent cell balancing circuit.
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0 100 200 300 400
Time [s]

Figure 13. Lithium battery current change diagram, the blue dotted line represents the normal
operating current range. (Adjacent equalisation circuits without equalisation strategy).
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Figure 14. Lithium battery SOC change chart. (Adjacent equalisation circuits without equalisa-
tion strategy).

5.3. Comparison of Fuzzy Control Method with Adjacent Equalization Circuit

The fuzzy control mechanism was also simulated and examined in this study. Figure 15
shows the current flowing via the battery 2. Despite the reduced maximum current, the battery
current still exceeds the limit. Figure 16 shows that when a battery is completely charged, the
batteries in the group do not reach equalization due to the reduced equalization current.

Lok

Current/A
GO 1 s

b

0 100 200 300
Time/S

Figure 15. Lithium battery current change diagram. (Adjacent equalisation circuits and fuzzy
control strategies).
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Figure 16. Lithium battery SOC change chart. (Adjacent equalisation circuits and fuzzy control strategies).

5.4. Comparison with the Control Method Based on SOC Difference

The control approach based on SOC difference was also simulated and examined in
this article. Figure 17 shows the current flowing via the battery 2. Although the maximum
current was reduced, the battery current will continue to exceed the limit. Figure 18 shows
that when a battery is fully charged, the group of batteries does not approach equilibrium.

2_
1] —— Cell2
< 01
-1
S
= —3)
(@)
—4
_5. . . . . . . . .
-50 0 50 100150200250300350

Time/S

Figure 17. Lithium battery current change diagram. (Adjacent equalisation circuits and SOC
difference-based equalisation strategies).
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Figure 18. Lithium battery SOC change chart. (Adjacent equalisation circuits and SOC difference-
based equalisation strategies).

5.5. Different Initial SOC Equalization Test

To demonstrate the adaptability of the proposed multi-layer balancing strategy, the
following four sets of tests were performed under the external current used above, and the
initial SOC of the four sets of batteries is shown below:

e Case 1: SOC(0) = [66, 48, 64, 54, 67, 74, 61, 47];
e Case2: SOC(0) = [53, 28, 25, 55, 32,41, 37, 48];
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e Case 3: SOC(0) = [25, 29, 32, 36, 42, 47, 52, 55];
o Case4: SOC(0) = [27, 40, 47, 25, 36, 52, 55, 32].

Figure 19 shows the simulation results after they were balanced. The simulation results
demonstrate that the proposed multi-layer balancing strategy is capable of achieving battery
balancing within the group under a variety of initial SOC values, and that its performance
outperforms neighboring battery balancing.
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Figure 19. Cont.
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Figure 19. (a) case 1 multi-layer equilibrium, (b) case 1 adjacent equilibrium, (c) case 2 multi-layer
equilibrium, (d) case 2 adjacent equilibrium, (e) case 3 multi-layer equilibrium, (f) case 3 adjacent
equilibrium, (g) case 4 multi-layer equilibrium, (h) case 4 adjacent equilibrium.

5.6. Overall Analysis

The performance of the equalization method tested is shown in Table 5. When the
multi-layer equalization circuit does not use the equalization method, the equalization
time is 245.7 s and the maximum battery current is 5.04 A, which is significantly more
than the 3 A allowed by this study. The proposed equalization method has a time of
equalization of 268.5 s and a maximum current of 3 A, which is within the allowable range.
The equalization time is 350.65 s and the maximum current is 4.93 A when the adjacent
battery equalization circuit is used and the equalization strategy is not applied, surpassing
the maximum permitted current. The battery pack did not reach equalization using the
fuzzy control equalization approach, and the highest equalization current was 4.72 A.
Despite the fact that the current was lowering, it was still above the limit. The battery pack
did not attain equilibrium using the control approach based on SOC difference, and the
maximum equilibrium current was 4.68 A, surpassing the maximum permitted current. To
summarize, the proposed layered control method based on multi-layer equalization circuit
can take use of the multi-layer equalization circuit’s high equalization speed while keeping
the battery current within the permissible range, which ensures both the equalization speed
and the safety of the equalization process.

Table 5. Comparison of equilibrium results.

o N S T . Maximum Current Exceeds
Equalization Circuit Equilibrium Strategy Equilibrium Time Current Limit
. P No strategy 245.7 s 504 A Yes
Multi-layer equalization circuit This article strategy 268.5s 3.02A No
No strategy 350.65 s 493 A Yes
Adjacent equalizer circuit Fuzzy control Incomplete equalization 472 A Yes
SOC difference Incomplete equalization 4.68 A Yes

6. Conclusions

In this study, the balance problem of series lithium battery pack is optimized, a
mathematical model of multi-layer balance circuit is established. In order to achieve
a safe and fast balance of the battery pack a multi-objective optimization problem is
proposed, which takes into account the balancing time, external current, and battery
current to optimize the balancing current, maintain the battery current within the allowable
range, and reduces battery heating. To improve the computational efficiency and reduce
the computational difficulty, a new proposed layered equalization strategy was used to
calculate the equalization current of the battery pack in layers, which can realize the fast



Appl. Sci. 2022,12, 4893 19 of 20

calculation of the equalization current. Through theoretical analysis and simulation results,
the balance strategy proposed in this study was found to be safer than the multi-layer
balance circuit without the balance strategy, and the battery current is kept within the
allowable range during the balancing process; the balancing efficiency is 23.55% higher
than that of adjacent cells. It was proven that the balancing strategy proposed in this study
can quickly and safely achieve the balance of the battery pack.
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