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Abstract: Most series battery active equalization circuits implement the equalization first within the
series and then between the series, which restricts the equilibrium speed. A hierarchical equalization
circuit topology based on the Buck-Boost module is applied in this paper. The equalization is
divided into two different equalization processes according to the equilibrium energy flow. The two
equalization processes can be performed simultaneously, and the currents in the different hierarchical
circuits do not affect each other, thus achieving simultaneous equalizations within the series and
between the series. An equalization condition of the terminal voltage is applied and simulations
and experiments on charge, discharge, and static equalizations in the four series-connected ternary
lithium-ion batteries are performed.

Keywords: series battery packs; active hierarchical equalization; control strategy

1. Introduction

Lithium-ion batteries have been widely used in electric vehicle energy storage systems owing
to their high energy density, no memory effect, and long cycle life [1]. The lithium-ion battery is
characterized by low voltage, which makes it necessary to use a multi-cell battery in series to achieve
high-voltage output in order to meet the voltage requirements of the electric drive system of the electric
vehicle [2]. However, in an energy storage system in which the multi-cell battery is connected in series,
the battery may overcharge and over-discharge during the charging and discharging processes of the
series power battery pack owing to the inconsistency of the cells. This can shorten the life of the battery
pack, in addition to presenting a safety hazard. Therefore, it is necessary to regulate the energy of the
batteries in the energy storage system through an equalization circuit to ensure that all batteries are
equalized in voltage and capacity [3,4].

The equalization circuit topology can be divided into resistance equalization, capacitance
equalization, inductance equalization, LC (inductance and capacitance) equalization, and transformer
equalization circuits according to the different energy storage components [5,6]. Among them,
resistance equalization is a form of energy equalization, and the rest are non-energy equalizations.
Capacitance equalization [7,8] uses a capacitor for energy transfer. It is designed to achieve energy
equalization through the voltage difference between the cells. However, the small voltage difference
between the cells makes it difficult to achieve an equalization of the energy transfer. Inductance
equalization [9,10] uses the inductance for the energy transfer; the equalization current is easy to
control, but the performance of the equalizer is determined by the circuit structure of the equalizer and
the equalization strategy. LC equalization [11-13] realizes capacitance equalization through an LC
oscillation circuit, which compensates the shortcoming of the small voltage difference in capacitance
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equalization. However, it has high switching frequency and low equalization efficiency, and requires
complex control of the equalization circuit. Transformer equalization [14-16] mostly uses a flyback
transformer for energy transfer. The equalizer has a large volume, and the equalization efficiency and
equalization speed are limited.

In the research on equilibrium control strategy, reference [17] presented a linear optimization model,
which involved an equilibrium strategy based on energy loss and equilibrium time, and proposed a
model predictive control method to cope with the frequent changes in the working state. Reference [18]
proposed an equalization technique based on the remaining available energy of the battery pack
to improve the energy utilization efficiency. Reference [19] proposed a new equalization strategy,
which combined the battery pack charging and single charging modes to construct an equalization
algorithm. Reference [20] proposed two model predictive control strategies for simultaneously solving
the equalization and charging problems. Reference [21] aimed to build an adaptive quasi-sliding
mode observer designed for single cell state of charge (SOC) estimation. A discrete time quasi-sliding
mode-based strategy utilizing the saturated equalization current was proposed, which enabled the
converters to operate together effectively to achieve single SOC equalization. A variable domain fuzzy
controller was proposed in [22] to adaptively maintain the equalized current between the cells in a
series battery pack under different conditions. In [23], the battery equalization and voltage/current
regulation subsystems were combined to significantly lower the overall system complexity, and the
current of each battery was self-regulated according to its terminal voltage. Reference [24] used
a proportional integral control strategy to achieve SOC equalization of the battery. Reference [25]
proposed a novel inductor-based layered bidirectional equalizer. This equalizer was composed of two
layers of balancing circuits connected in parallel. Each layer contains multiple balancing sub-circuits
based on buck-boost converters. These balancing sub-circuits can equalize the corresponding cells
simultaneously, and allow the dynamic adjustment of the equalization path and equalization threshold.

In summary, the existing equilibrium topology circuits generally have problems such as slower
equalization speed, poor controllability of the equalization energy, and unsatisfactory equalization effect.
Although several researches have been performed on equalization control algorithm and adequate
equalization effect has been achieved, it often fails to meet the requirements for the equilibrium speed
in engineering applications. To this end, this paper implements a converter-based equalization method
for active equalization. Based on the buck-boost active stratified equalization circuit, a control strategy
for simultaneous equalizations within and between the packs is proposed, which realizes the charging,
discharging, and static operations of the battery pack. The energy equalizations in the three states are
set to achieve continuous and controllable energy of the series battery pack, thereby accelerating the
equilibrium speed of the battery pack.

2. Active Equalization Circuit Topology and Working Principle

2.1. Topology

The equalization circuit designed in this paper is shown in Figure 1. Figure 1a shows the battery
equalization structure diagram and Figure 1b shows the schematic of the equalization module. The
entire equalization circuit comprises two adjacent cells and an equalization module, which form the
first-layer equalization group. Two adjacent first-layer equalization groups along with the equalization
module constitute the second-layer equalization group. Two adjacent second-layer equalization groups
along with the equalization module form a third-layer equalization group, and so on. Thus, the battery
is divided into several layers according to the total number of serial sections of the battery. The battery
equalization module consists of two MOSFETs (Metal-Oxide-Semiconductor Field-Effect Transistor)
and one energy storage inductor, as shown in Figure 1b.
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Figure 1. Battery equalization circuit topology: (a) Battery equalization structure diagram; (b) Schematic
of the equalization module.

Assume that the number of series connections of the batteries is n knots. If n is odd, the last
battery is used as the first-level equalization group; if n is even, each two-cell battery is used as the
first-level equalization group. The number of equalization modules used in the equalization circuit
mentioned in this paper is # — 1, that is, the number of MOSFET is 2n — 2 and the number of inductors
is n — 1. This arrangement can achieve equalization between the batteries over a wide range, shorten
the equilibrium path, and speed up the equalization time.

2.2. Working Principle of the Equalization Circuit

This paper takes four batteries as an example to describe the principle of active equalization of the
circuit. The structure of the equalization circuit is shown in Figure 2.
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Figure 2. Battery pack equalization circuit.
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The equalization process of the battery pack in the stationary state is simpler than that in the
charging and discharging states, and the equalization process in the charging and discharging states
includes the equalization process in the static state. Therefore, the emphasis is on the equalization
process in the charging and discharging states.

2.2.1. Equalization Process during Battery Pack Charging

When the battery pack is charged, it is assumed that the voltage of the battery cell Bl is higher
than the voltage of the battery cell B2 and the average voltage of Bl and B2 is greater than the average
voltage of B3 and B4. The equilibrium threshold is reached when

Vg1 —Vpa > Vr
Vg1 + Ve Vs + Vs oV 1)
2 2 T

where V7 is the equilibrium threshold voltage. V7 is taken as 0.025 V in this paper.

At this time, the equalization circuit performs the equalization. The switching period of the circuit
is denoted by T, the duty ratio is denoted by D, and the running time is denoted by t. The equalization
is mainly divided into the following two stages:

(1) The first stage: 0 < t < DT, as shown in Figure 3.
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Figure 3. Schematic of first stage of charge equalization.

As can be seen from Figure 3, at this time, the MOSFET Q1 is turned on, and the battery B1, the
MOSFET Q1, and the inductor L1 form a loop, which is the equalization group of the first layer. Battery
B1 charges the inductor L1. The charge is cut off when t = DT, and the inductor L1 current reaches the
maximum. At the same time, the MOSFET Q5 is turned on. The batteries B1 and B2, MOSFET Q5, and
inductor L3 form a loop, which is the equalization group of the second layer. The batteries Bl and
B2 charge the inductor L3. When t = DT, the charge is turned off, and the current in the inductor L3
reaches the maximum.

At this stage, the charging currents flowing through the batteries B1 and B2 are respectively
expressed as

iBla = I —ip1a — i13a/ )
igoa = I —i13a. 3)

In the above formulae, I is the charging current of the power source, ipy, is the current flowing
through the battery B1, ipy, is the current flowing through the battery B2, if 1, is the current flowing
through the inductor L1, and i 3, is the current flowing through the inductor L3.

(2) The second stage: DT < t < T, as shown in Figure 4.
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Figure 4. Schematic of the second stage of charge equalization.

At this time, the diode D2 performs freewheeling, and the battery B2, the diode D2, and the
inductor L1 form an energy storage circuit, which is the equalization group of the first layer. The
inductor L1 discharges into the battery B2 until the current drop in the inductor L1 is zero; while the
diode D6 performs freewheeling, the batteries B3 and B4, the diode D6, and the inductor L3 form an
energy storage circuit, which is the equalization group of the second layer. The inductor L3 discharges
into the batteries B3 and B4 until its current drops to zero.

At this stage, the charging currents flowing through batteries B2 and B3 are respectively
expressed as

igob = I +iL1b, 4)
iBga = I + iL3p- ©)

In the above formulae, I is the charging current of the power source, ipyy, is the current flowing
through the battery B2, ig3, is the current flowing through the battery B3, i 1}, is the current discharged
by the inductor L1, and i3}, is the current discharged by the inductor L3.

2.2.2. Equalization Process during Battery Pack Discharge

When the battery pack is discharged, it is assumed that the voltage of the battery cell B4 is lower
than that of the battery cell B3, and the average voltage of B3 and B4 is smaller than the average voltage
of Bl and B2. The equilibrium threshold is reached when

Vez = Vps > Vr
Vg1 + Ve Vi + Vg SV (6)
2 2 T

At this time, the equalization circuit performs the equalization. The switching period of the circuit
is denoted by T, the duty ratio is denoted by D, and the running time is denoted by t. The equalization
is mainly divided into the following two stages:

(1) The first stage: 0 < t < DT, as shown in Figure 5.
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Figure 5. Schematic of the first stage of discharge equalization.
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As can be seen from Figure 5, at this time, the MOSFET Q3 is turned on, and the battery B3, the
MOSFET Q3, and the inductor L2 form a loop, which is the equalization group of the first layer. The
battery B3 charges the inductor L2. When t = DT, the charge is cut off and the current in the inductor
L2 reaches the maximum. At the same time, the MOSFET Qb5 is turned on. The batteries B1 and B2,
MOSFET Q5, and inductor L3 form a loop, which is the equalization group of the second layer. The
batteries Bl and B2 charge the inductor L3. When t = DT, the charge is turned off, and the inductor L3
current reaches the maximum.

At this stage, the discharge currents flowing through batteries B2 and B3 are respectively
expressed as

iBZa =1+ Z.L?’a/ (7)
iB3a = I + i12a, 8)

where [ is the discharge current of the power supply, igp, is the current flowing through the battery B2
during discharge, ip3, is the current flowing through the battery B3, iL3, is the current flowing through
the inductor L3, and i1, is the current flowing through the inductor L2.

(2) The second stage: DT < t < T, as shown in Figure 6.

DC (D B37™ 12 %%SD3
T Q6 EES D6
| .
B4 U2 .
_[- ' %@SDL‘ Lisp

Figure 6. Schematic of the second stage of discharge equalization.

At this time, the diode D4 performs the freewheeling, and the battery B4, the diode D4, and the
inductor L2 form an energy storage circuit, which is the equalization group of the first layer. The
inductor L2 discharges into the battery B4 until the current of the inductor L2 drops to zero; while
the diode D6 is turned on, the batteries B3 and B4, the diode D6, and the inductor L3 form an energy
storage circuit, which is the equalization group of the second layer. The inductor L3 discharges into
the batteries B3 and B4 until its current drops to zero.

At this stage, the discharge currents flowing through the cells B3 and B4 are respectively
expressed as

iggb = I —iL3p, )
iB4a = I — i1 — i13p- (10)

In the formula, I is the discharge current of the power source, g3y, is the current flowing through
the battery B3 during discharge, ip4, is the current flowing through the battery B4, i 3, is the current
discharged by the inductor L3, and i1y}, is the current discharged by the inductor L2.

3. Simultaneous Equilibrium Control Strategy between Groups within Groups

In order to realize the fast equalization of the series battery pack, a control strategy for simultaneous
equalizations within and between groups is proposed based on the active stratified equalization circuit
and voltage as the equilibrium condition.
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The control strategy mainly adopts the adjacent average differential pressure method, whereby the
equalization at threshold is set between every two cells as well as between two adjacent equalization
groups in each layer.

When the number of series connected cells is even, that is, n is even, the working condition for the
adjacent equalization groups in each layer is

|

When the number of series connected cells is odd, that is, 7 is an odd number, the working
condition of the adjacent equalization groups in each layer is

|

When the equalization group of each layer reaches the equilibrium threshold, the corresponding
equalization module is turned on to perform battery equalization. In this paper, the voltage threshold
V' is considered as 0.025 V.

The proposed hierarchical equalization control strategy is shown in Figure 7.

Detect the voltage of
batteries B1, B2, B3,
and B4
I

Vl+V2+"'+Vk‘_‘vk+l+Vk+2+"'+vn
k k

> Vr (11)

> Vr (12)

V]+V2+"'+Vk‘_‘vk+1+Vk+2+"'+Vn
k k-1

Equalization
module C1
works

Equalization
module A1l
works

Equalization
module A2
works

Yes

Figure 7. Layered equalization control strategy.

Figure 7 shows an example of the control strategy employed for a series battery pack composed of
four power batteries. Using the control strategy of simultaneous equalizations within and between
groups within the groups, the voltage of the four batteries is first detected and the threshold value
is judged as follows: (1) if Vgy — Vg = V1, the equalization module Al is turned on; if not, A1l does
not operate. (2) If Vg — Vg3 > V7, the equalization module A2 is enabled; if not, A2 does not operate.
@) If (V1 — V)/2 2 V7, the equalization module A3 is turned on; if not, A3 does not operate. The
above three conditions are judged at the same time. When any one reaches the open condition, the
corresponding equalization module is turned on.

During the operation of the equalization module, the current in the group and the inter-group
current are controlled by a pulse width modulator (PWM); the selected PWM wave frequency is 10 kHz.
In order to ensure that all the energy can be released during the equalization process to prevent the
inductor from saturating, the duty ratio needs to be set to D < 0.5. Here, the duty ratio was set to 0.45.
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4. Analysis of Simulation and Experimental Results

4.1. Parameter-Based Calculation of Equalization Circuit

Taking the equalization of single batteries Bl and B2 as an example, the process of equalization
was analyzed (the voltage of Bl is greater than that of B2). The current waveform is shown in Figure 8.
Here, Vg is the drive signal of the MOSFET, I, is the current flowing through the inductor, Ip is the
maximum value of the current flowing through the inductor, I; is the current flowing through MOSFET
Q1, and I, is the current flowing through free-wheeling diode D2. When MOSFET Q1 is turned on, Iy
flows through inductor L1. When the switching frequency is high, I1; rises approximately linearly;,
while inductor L1 is charged to store energy.

Vit
I; = %(0 <t<DT) (13)

Here, Vi, is the voltage of battery B1, L is the value of the inductor, t is the switch-on time of the
MOSEFET, D is the duty ratio of the switch, and T is the period of the switch.

I11 reaches its maximum value Ip at DT, at which point MOSFET Q1 is turned off. The energy
stored in the inductor freewheels through diode D2 and the current drops approximately linearly

to zero.
_ Vg DT

L
Therefore, the average value of the current flowing through the battery Bl in one switching
cycle is:

I, (14)

I,DT 1
p
Lhy=—51= 15
W= "7"7 (15)
The average value of the current flowing through the battery B2 in one switching cycle is:
LT
b1
he=22 2 (16)

Here, Ty is the time required for the current flowing through the inductor to drop from its peak
to zero.

To completely release the energy stored in the inductor into the battery B2 during each switching
cycle, inductor saturation should be avoided to achieve a reliable reset. As such, the duty ratio of the
switch is designed to not exceed 0.5, such that D < 0.5.

- T —»
A Vé’*
0 =t
AN A A A 1,
0 "t
11
0 "t
12
0 >t

Figure 8. Current waveform.
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The frequency of the MOSFET was set to 10 kHz in this study and the condition prompting the
start of equalization is the voltage difference Au > 0.025 V. The maximum equalization current is 2 A
and the nominal voltage of the lithium battery is 3.6 V. Using Formula (13), an equalization inductor
(connected between the single batteries) of 100 uH was selected, while for that between the groups, an
inductor of 200 uH was used.

4.2. Analysis of Simulation Results

In order to verify the effectiveness of the proposed equilibrium topology and fast equalization
strategy, this paper built a simulation model and performed simulations of static equalization, charge
equalization, and discharge equalization. The equalization system was constructed as shown in
Figure 9. Since this study used the terminal voltage as the equalization condition, the battery part of
the simulation model was modeled as a capacitor, as was done in reference [26]. This made it easier to
set different initial voltages. The value of the capacitor can be calculated in such a way that the battery
capacity is equal to the quantity of electricity that is charged to the capacitor from the lower limit of the
cut-off voltage to the upper limit of the cut-off voltage of the battery. (C1 = C2 = C3 = C4 = 13,000 F).
The control relied on the error in the terminal voltages of different batteries within a series, and the
terminal voltages of different modules between the series, to realize closed-loop PWM output control.
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Figure 9. Active equalization circuit simulation structure.

4.2.1. Static Equalization Simulation

In the static equalization simulation, the initial values of B1, B2, B3, and B4 are set to 4.15 V,
4.10V,3.85V, and 3.70 V, respectively. The sum of the voltages of Bl and B2 is C1, which is 8.25V,
and that of B3 and B4 is C2, which is 7.55 V. After starting the equalization process, the condition for
turning the equalization on is determined. Because Vp; — Vpy = 0.025V, Vg3 — Vg = 0.025 V, and
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(V1 — V)/2 2 0.025 V, the equalization condition is satisfied and the equalization mode is turned on.
At this time, B1 transfers energy to B2, and B3 transfers energy to B4, while B1 and B2 transfer energy
to B3 and B4. At time T1, Bl and B2 complete the equalization. At time T2, B3 and B4 complete the
equalization. During the equalization process, the voltages of Bl and B2 gradually decrease, and the
voltages of B3 and B4 gradually increase. At time T3, the four cells are in equilibrium; their voltages
tend to be the same and the equalization ends, as shown in Figure 10.

0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
Time/s

Figure 10. Static state simulation results.

It can be seen from the equilibrium simulation results that the equalization circuit can complete
the equalization at approximately 4670 s in the static state, which proves the effectiveness of the
proposed equalization circuit and control strategy in achieving a rapid balance of the battery pack
under static conditions.

4.2.2. Charge Equalization Simulation

In the charge equalization simulation, the initial values of B1, B2, B3, and B4 are set to 3.75 V,
3.85V, 3.65V, and 3.80 V, respectively. The sum of the voltages of Bl and B2 is C1, whichis 7.6 V,
and the sum of the voltages of B3 and B4 is C2, which is 7.45 V. The charging current is set to 1.3 A
(0.5 C current rate). After starting the equalization process, first determine the condition for turning
the equalization on. Because Vg — Vg1 20.025V, Vg — V3 > 0.025V, and (V1 — V2)/2 > 0.025 'V, the
equalization condition is satisfied and the equalization mode is turned on. At this time, B2 transfers
energy to Bl and B4 transfers energy to B3, while B1 and B2 transfer energy to B3 and B4. Because the
battery pack is in a charging state, B1 and B2 have a slower rate of increase in voltage during charging,
whereas B3 and B4 charge faster, as shown in Figure 11. At T1, the four batteries are equalized, the
voltages tend to be uniform, and the equalization ends.

From the results of the equalization simulation, it can be seen that under the state of charging,
the equalization circuit can complete the equalization in approximately 1830 s, which proves the
effectiveness of the proposed equalization circuit and control strategy in achieving the rapid balance of
the battery pack under charging conditions.
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Figure 11. Charging state simulation results.

4.2.3. Discharge Equalization Simulation

In the discharge equalization simulation, the initial values of B1, B2, B3, and B4 are set to 4.15 V,
4V,4.1V,and 3.85V, respectively. The sum of the voltages of B1 and B2 is C1, which is 8.15V, and
the sum of the voltages of B3 and B4 is C2, which is 7.95 V. The discharging current is set to 1.3 A
(0.5 C current rate). After the equalization is started, the condition for turning the equalization on is
first determined. Because Vg1 — Vg > 0.025V, Vgz — Vg > 0.025V, and (V1 — V2)/2 > 0.025V, the
equalization condition is satisfied and the equalization mode is turned on. At this time, B1 transfers
energy to B2 and B3 transfers energy to B4, while B1 and B2 transfer energy to B3 and B4. Because the
battery pack is in the discharge state, B1 and B2 have a faster rate of voltage drop during discharge,
whereas B3 and B4 discharge at a slower rate, as shown in Figure 12. At T1, the four batteries are
equalized; the voltages tend to be uniform and the equalization ends.

4.2

Voltage/V
E

L
e

0 500 1000 1500 2000 2500 3000 3500
Time/s

Figure 12. Discharging state simulation results.

It can be seen from the equilibrium simulation results that in the discharge state, the equalization
circuit can complete the equalization at approximately 3300 s, which proves the effectiveness of the
proposed equalization circuit and control strategy to achieve rapid balancing of the battery pack under
the discharging condition.
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4.3. Analysis of Experimental Results

To further verify the effectiveness of the proposed method, the equilibrium strategy proposed in
this paper is compared with the experimental results using the equilibrium strategy mentioned in [26].
The equilibrium strategy used in [26] is based on the same equilibrium topology, but the layers in the
two-layer equalization module do not operate simultaneously. Instead, the equalization module of
the first layer first performs the equalization. After the battery pack is equalized, the second layer is
evenly equilibrium, that is, the intra-group equalization and inter-group equalization are achieved.
In order to distinguish between these two equalization strategies, the equilibrium strategy in [26] is
called Equalization strategy 1. The strategy of simultaneous equalizations within and between groups
proposed in this paper is called Equalization strategy 2. The flow chart of the equalization strategy
in [26] is shown in Figure 13. In this paper, three sets of verification experiments, namely, battery static
state equalization, battery charging state equalization, and battery discharging state equalization, were
designed to verify the effectiveness of the proposed equalization strategy.

{ Start
N

Detect the voltage of
batteries B1, B2, B3 and
B4

i <oy

| so.@::?

g

l/;;_

T Yes

\

Equalization
modules Al and A2
work

Equilibrium module
C1 works

End )
Figure 13. Flowchart for the battery pack equalization strategy in [26].

The experimental platform built in this paper is shown in Figure 14, which mainly includes a
battery test system, high-precision adjustable power supply, equalization circuit, DSP development
board, and CCS host computer software. In the equalization circuits, the MOSFET is an N-channel-type
IRFB38N20DPbF produced by Infineon. This MOSFET has a conduction internal resistance of 54 m()
and a low energy loss. The turn-off delay is 29 ns, and the response is fast, making it suitable for a
battery equalization system. The voltage of the battery is scaled down first and then input into the A/D
sampling port of the DSP, given that the DSP’s A/D sampling input voltage cannot exceed 3 V. In the
voltage acquisition circuit, an OP747 produced by AD is used as the pre-stage operational amplifier,
while a MCP6042 produced by Microchip is used as the post-voltage follower. The OP747 chip is an
inexpensive operational amplifier with four rail-to-rail outputs, making it suitable for the measurement
of the voltages of the four batteries used in this study. Further, it is suitable for the voltage sampling
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of series-connected batteries because it has a low power consumption and anti-high common mode
voltage input characteristics. The voltage-sampling circuit is shown in Figure 15.

High precision adjustable

R3[25K  +15V 15V +3.3V

e RUBOKT 4 4

0P747 10K MCP6042

Figure 15. Voltage-sampling circuit.

The high-precision adjustable voltage source can accurately adjust the voltage output range to
provide 24-V input voltage to the auxiliary power module in the circuit; the battery test system can charge
and discharge the battery pack, raise fault alarm, and set the voltage and current range of the battery.
It can record the battery voltages for analyzing the experimental effect of the battery equalization.

4.3.1. Experiment on Static Equilibrium of Battery Pack

Initially, the battery was in equilibrium in the static state. Before the experiment, the four batteries
were set to different voltage values and three of the batteries were fully charged, that is, the SOC was
100%; the voltage of the other battery was set to approximately 3.8 V. Figure 16 shows the results of the
battery equalization experiment.

As can be seen from Figure 16, the inconsistency in the four-cell battery voltage is significantly
improved after the battery pack is equalized. In the later stage of the equalization, it can be seen
that the voltage values of the respective battery cells tend to be uniform. In this paper, Equalization
strategy 1 could complete the battery equalization in approximately 110 min, whereas Equalization
strategy 2 completed the equalization in 73 min. With regard to the static equilibrium time, the speed of
the equalization strategy proposed in this paper was 33.6% higher than that of Equalization strategy 1.
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4.3.2. Battery Pack Charge Equalization Experiment

Figure 16. Experimental results of active equalization in static state.
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The equalization experiment for the battery in the charging state was performed. Before the
experiment, the four batteries were set to different voltage values and three of the batteries were fully
discharged, that is, the SOC was 0%; the other battery voltage was set to approximately 3.70 V. Figure 17
shows the results of the battery equalization experiment.
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Figure 17. Experimental results of active equalization in charging state.

It can be seen from Figure 17 that the inconsistency in the voltage of the four-cell battery is
significantly improved after the battery pack is equalized. In the later stage of the equalization, it
can be seen that the voltage values of the battery cells tend to be uniform. In this paper, Equalization
strategy 1 could complete the battery equalization in approximately 78 min, whereas Equalization
strategy 2 could complete the equalization in 58 min. With regard to the time required for completion
of charge equalization, the speed of the equalization strategy proposed in this paper was 25.6% higher
than that of Equalization strategy 1.

4.3.3. Battery Pack Discharge Equalization Experiment

Before the experiment, the four batteries were set to different voltage values—three of the batteries
were fully charged, that is, the SOC was 100%, and the other battery voltage was set to approximately
3.85 V. Figure 18 shows the results of the battery equalization experiment.
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Figure 18. Experimental results of active equalization in discharging state.

As can be seen from Figure 18, the inconsistency in the four-cell battery voltage is significantly
improved after equalization of the battery pack. In the later stage of the equalization, it can be seen
that the voltage values of the respective battery cells tend to be uniform. In this paper, Equalization
strategy 1 completed the battery pack equalization in approximately 100 min, whereas Equalization
strategy 2 completed it in 68 min. Thus, the equalization speed of the proposed equalization strategy
was 32% higher than that of Equalization strategy 1.

5. Conclusions

In this paper, an active hierarchical equalization circuit topology was used in a series battery pack.
Based on this, a fast control strategy for simultaneous equalizations within and between groups was
proposed. Taking a four-cell battery as an example, online simulation and experimental verifications
of the equalization process of the battery pack were performed in the stationary state, the charging
state, and the discharging state. The simulation and experimental results showed that the designed
battery equalization system could achieve fast equalization of the series battery pack in the three states.
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Compared with the equilibrium strategy that performs equalization between the first and the latter
groups, the proposed equalization strategy, which achieves simultaneous equalizations within and
between the packs, has obvious advantages in terms of equalization speed and equalization time.
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