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Abstract: An effective equaliser is crucial for eliminating inconsistencies in the connected serial
batteries and extending the life of the battery system. The current equalisers generally have the
problems of low equalisation efficiency, slow equalisation speed, and complex switching control.
A layered parallel equaliser based on a flyback transformer multiplexed for a lithium-ion battery
system is proposed. The equaliser employs both hierarchical and parallel equalisation techniques,
allowing for simultaneous processing of multiple objectives. This enhances both the efficiency
and speed of the equalisation process. The efficiency of equalisation can be further improved by
implementing PWM control with deadband complement. Additionally, the flyback transformer serves
as an energy storage component for both layers of the equalisation module, resulting in a significant
reduction in the size and cost of the equaliser. The circuit topology of the equaliser is presented,
and its operational principle, switching control, and equalisation control strategy are analysed in
detail. Finally, an experimental platform consisting of six lithium-ion batteries is constructed, and
equalisation experiments are conducted to verify the advantages of the proposed equaliser in terms
of equalisation speed, efficiency, and cost.

Keywords: equaliser; multiplexed flyback transformer; layered parallel equalisation; ithium-ion battery

1. Introduction

Lithium-ion batteries are commonly used in grid energy storage and electric vehicles
due to their high energy density, lack of memory effect, and long cycle life [1]. However,
individual lithium-ion batteries have a low nominal voltage that does not meet the re-
quirements for applications such as electric vehicles and energy storage. To achieve the
necessary power levels, a large number of individual batteries must be connected in series
and parallel [2]. However, lithium-ion batteries inevitably vary in terms of individual
capacity and internal resistance during the manufacturing process, leading to inconsistency
between batteries. This inconsistency gradually increases during the use cycle, making
the battery pack prone to a single overcharge or overdischarge, which seriously affects the
overall performance of the battery system. Thus, it is imperative to address the issue of
inconsistency among battery system monomers. Battery equalisation technology proves to
be an effective solution [3].

There are two main types of equalisation methods: passive equalisation and active
equalisation [4,5]. The passive consumes the excess energy through a parallel resistor.
Despite its simplicity, the passive equalisation structure results in high energy loss and
slow equalisation speed [6].

The active equalisation employs an inductor, capacitor, and transformer as the energy
storage elements to transfer energy between batteries. Capacitor-based equalisation is a
method of transferring battery energy using capacitance. It controls the on-off of switching
devices to transfer energy between adjacent batteries. This method avoids the need for
direct electrical connections between batteries [7–9]. Inductor-based equalisation is a
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method of transferring battery energy using inductance, allowing for highly controllable
equalisation currents. However, the process is time-consuming and can negatively impact
efficiency [10–14]. LC-based equalisation utilises an inductor (L) and capacitor (C) to form
a resonant tank for achieving energy equalisation. However, this method can only work at
a specific frequency and duty cycle range, leading to a more complex design and control of
LC-based equalisation circuits [15–19].

According to the type of the transformer, transformer-based equalisation can be
divided into four types: forward transformer-based equalisation [20], flyback transformer-
based equalisation [21,22], forward-flyback transformer-based equalisation [23–25], and
multi-winding transformer-based equalisation [16,26–29]. Shang et al. [20] proposed a for-
ward transformer equaliser that uses the voltage difference to automatically transfer energy
between batteries. However, as the voltage difference decreases, equalisation becomes
more difficult, resulting in poor equalisation results. Guo et al. [21] proposed a flyback
transformer equaliser, which has the advantages of easy electrical isolation and simple
control. However, the equalisation speed decreases, and the cost and volume increase as
the number of series-connected batteries increases. Shang et al. [23] proposed a forward-
flyback transformer-based equaliser that reduces the voltage difference between batteries
by combining the characteristics of forward and flyback transformers. The equalisation
speed is improved because the forward transformer is used before the flyback transformer.
However, the equalisation effect of the forward transformer is poor when the voltage
difference is small. Liu et al. [26] proposed a multi-winding transformer-based equaliser
using forward conversion, which is easy to control, but the equalisation speed is slow, and
the equalisation effect is poor when the voltage difference is low.

This paper proposes a layered parallel equaliser based on a flyback transformer
multiplexed for a lithium-ion battery system to address the design issues mentioned above.

(1) The equaliser uses a layered equalisation mode to double the input voltage and
improve equalisation efficiency. Additionally, the use of complementary PWM control
with a dead band reduces switching loss, further improving equalisation efficiency.

(2) The parallel equalisation mode is utilised to enable simultaneous charging or dis-
charging of multiple batteries or battery units, resulting in a significant improvement
in equalisation speed.

(3) The equaliser employs flyback transformers as multiplexed energy storage elements,
reducing both cost and size. The primary winding of the flyback transformer acts as
an inductor in the first-layer equalisation, facilitating energy transfer between the two
batteries. In the second-layer equalisation, the flyback transformer functions as an
energy storage element, facilitating energy transfer between battery units through an
energy transfer unit.

(4) The equaliser has a modular design, allowing for the simple addition of equalisation
modules as the number of batteries connected in series increases while maintaining
the parameters within the equalisation module.

The paper is structured into six sections. Section 2 provides a detailed explanation
of the layered equalisation working principle and MOSFET control. Section 3 introduces
the equalisation control strategy. Section 4 presents the experimental platform parameters,
procedure, and results. Section 5 presents a comparative analysis of the proposed equaliser
with various types of equalisers. Section 6 provides a general description of the main
features of the proposed equaliser and identifies areas for improvement. Finally, Section 7
analyses the conclusion.

2. Proposed Equaliser
2.1. Structure of the Proposed Equaliser

The architecture of the proposed equaliser is illustrated in Figure 1 and consists of
two equalisation modules: the first-layer equalisation module (FMi) and the second-layer
equalisation module (SMi). The battery pack is divided into a single battery (Bi) and a
battery unit (BUi) according to the equalisation process. The first-layer equalisation module
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primarily achieves energy equalisation between two single batteries within the battery unit.
The second-layer equalisation module aims to achieve energy balance between the battery
units. Once the first-layer equalisation is complete, the second-layer equalisation begins.
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Figure 1. The architecture of the proposed equaliser.

The circuit topology of the proposed equaliser is shown in Figure 2, which consists
of a battery system of n single batteries connected in series, n/2 flyback transformers,
3n MOSFETs, and an energy transfer unit E. Six MOSFET switches with anti-parallel diodes
(Mi1 to Mi6) and a flyback transformer Ti form an equalisation module. Each battery unit
BUi consists of two single batteries, which correspond to an equalisation module. The
energy transit unit E is composed of two single batteries connected in series.

2.2. Operating Principle of the Proposed Equaliser
2.2.1. Operating Principle of the First-Layer Equalisation

To address the energy equalisation issue between two single batteries in the battery
unit, the primary winding Li1 of the transformer is utilised as the energy storage component.
The first-layer equalisation works in DCM mode in order to avoid the situation of magnetic
saturation of the inductor. The corresponding switches adopt complementary PWM with a
headband in order to further improve equalisation efficiency.

SOCBij represents the state of charge of the battery Bij. Taking batteries B11 and B12
as an example, assuming SOCB11 > SOCB12. Figure 3 shows the key waveforms of the
first-layer equalisation. The first-layer equalisation stage can be divided into four steps.
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State I [0−t1]: As shown in Figure 4a, M11 is turned on, M12 and M14 and M14 are
stayed on, and the energy of B11 is transferred to the primary winding L11 of transformer
T1. In this state, the current of the inductor L11 can be expressed as

iL11 =
VB11 − 2Vmos

L11
t (1)

where iL11 and L11 are the current and the inductance of L11, respectively. VB11 is the input
voltage, Vmos is the conduction voltage drop of MOSFET.
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State II [t1−t2]: As shown in Figure 4b, M11 is turned off, and then the energy in L11
flows to the battery B12 through the reverse parallel diode of M15. In this state, the current
of L11 can be expressed as

iL11 = iL11(t1)−
Vout+2Vmos + VD

L11
(t − t1) (2)

where t1 is the turn-on time of M11, t1 is the output voltage, VD is the forward voltage of
the reverse parallel diodes of MOSFETs.

State III [t2−t3]: As shown in Figure 4c, M15 is turned on, and then the energy of L11
is transferred to battery B12. In this state, the current of L11 can be expressed as

iL11 = iL11(t2)−
Vout+3Vmos

L11
(t − t2) (3)

State IV [t3−t4]: As shown in Figure 4d, M11, M13, M15 are turned off, and the current
of L11 is zero. This indicates that the first-layer equalisation has been completed.
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Considering the conduction losses of diodes and MOSFETs, the efficiency of the
first-layer equalisation is:

η1= 1 −
2
∫ t1

0 RdsiL11
2dt +

∫ t2
t1

iB12(VD + 2RdsiL11)dt + 3
∫ t3

t2
RdsiL11

2dt∫ t1
0 VB11iL11dt

(4)

where Rds is the on-resistance of MOSFETs, iL11 is the RMS current of L11.

2.2.2. Operating Principle of the Second-Layer Equalisation

The second-layer equalisation utilises the flyback transformer to transfer energy between
different battery units via the energy transfer unit E. This process ultimately achieves energy
equalisation among all battery units within the entire battery system. The equalisation process
can be carried out simultaneously on multiple battery units during discharging or charging.
High-energy battery units transfer energy to the energy transfer unit E during discharging,
and the energy of E is transferred to low-energy battery units simultaneously. Additionally,
the equalisation speed increases with the number of parallel equalisation targets.

To determine which battery unit is discharged or charged in the second-layer equali-
sation, it is necessary to compare the average value of all battery units, SOCBUi, with the
average value of the SOC of the battery pack, SOCavg. As the first-layer equalisation is
complete, the SOC values of B11 and B12 are equal, the SOC values of B21 and B22 are equal,
and the SOC values of B31 and B32 are equal, respectively: SOCBU1 = SOCB11 = SOCB12,
SOCBU2 = SOCB21 = SOCB22, and SOCBU3 = SOCB31 = SOCB32. For instance, let us
consider the battery units BU1, BU2, and BU3. It is assumed that SOCBU1 > SOCBU2 > SO-
Cavg > SOCBU3. The equalisation process can be divided into two states.

State I: As shown in Figure 5a, M11 and M21 are turned on, while M13 and M23
remain on. L11 absorbs and stores the energy released by battery units BU1 and BU2. The
current on L11 can be expressed as

iL11 =
VBU1 − 2Vmos

L11
t (5)

where VBU1 is the voltage of BU1 and L11 is the inductance of the primary winding of T1.
The current iL21 on the primary winding L21 of T2 is as stated above.
When M11 and M21 are turned off, the energy induced by the secondary winding

flows to E through the anti-parallel diodes of switches M16 and M26. At this stage, the
current on the secondary winding L12 of T1 can be expressed as

iE =
VBU1 − 2Vmos

L11
DT +

VBU2 − 2Vmos

L21
DT − Vout + VD

L12
(t − DT)− Vout + VD

L22
(t − DT) (6)

where L12 and L22 are the inductance of the secondary winding of T1 and T2, respectively.
Vout is the out voltage, D is the duty cycle of MOSFETs, T is the cycle-time.

State II: As shown in Figure 5b, M36 is turned on, and then E releases energy to the
secondary winding L32 of T3. The current of E can be expressed as

iE =
VE − Vmos

L32
t (7)

where VE is the voltage of E.
When M36 is turned off, M13 remained on. The energy stored in L31 is transferred

to the battery unit BU3 through the anti-parallel diode of M31. The current of E can be
expressed as

iL31 =
VE − Vmos

L32
DT − Vout + Vmos + VD

L31
(t − DT) (8)
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Using the BU1 discharging as an example and considering the conduction losses of
diodes and MOSFETs, the efficiency η2 of the second-layer equalisation is:

η2= 1 −
2
∫ DT

0 RdsiL11
2dt +

∫ (D+α)T
DT VDiL12dt∫ DT

0 VBU1iL11dt
(9)

where α is the duty cycle required to release energy from the secondary winding L12 of T1.
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3. Equalisation Strategy Design

Figure 6 shows the equalisation control strategy of a layered parallel equaliser based on
a flyback transformer multiplexed for a lithium-ion battery system. The control procedure
for MOSFET equalisation is divided into two sequential layers. Before beginning the
first-layer equalisation, it is necessary to estimate the quiescent state of charge (SOC) for
all batteries.

The first-layer equalisation occurs when the difference in SOC between two batteries
within the battery units exceeds the threshold value ε. The battery with the higher SOC
value discharges, while the battery with the lower SOC value charges. The second-layer
equalisation can only occur after all battery units have undergone internal equalisation.
If any battery units remain unequalised, the first-layer equalisation will be repeated. The
second-layer equalisation begins when the average SOC value SOCBUi of each battery
unit differs from the average SOC value SOCavg of the battery pack by ε. Battery units
larger than SOCavg discharge to the energy transfer unit E, while battery units smaller
than SOCavg absorb energy from E. When the difference between the average SOC value
SOCBUi of all the battery units and the average SOC value SOCavg of the battery pack is
within the threshold value ε, the equalisation process ends.
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4. Equalisation Experiment
4.1. Experimental Platform and Parameters

To demonstrate the effectiveness of this equaliser, an equalisation experimental plat-
form consisting of six series-connected batteries was built, as shown in Figure 7. The
rated voltage of the battery is 3.6 V, and the rated capacity is 2600 mAh. The equalisation
experimental platform mainly consists of Labview, Battery String, Energy Transfer Battery,
Measurement Module, Isolated Drive Supplies, Equaliser, Controller, DC Power Source
and Oscilloscope. Table 1 shows the important parameters of the equalisation circuit.
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Table 1. Experimental parameters.

Parameters Value

Battery
Model LS18650-10A

Nominal capacity 2600 mAh
Nominal voltage 3.6 V

MOSFET Mij

TTD85N03AT
(VDS = 10 V, ID = 85 A,

RDS = 4.5 mΩ)

Transformer
N1:N2 1:1

Lm 21 µH
Lk 0.1 µH

Equalisation start threshold (ε) 0.1%
Switching frequency of the first-layer

equalisation (f 1) 50 kHz

Switching frequency of the second-layer
equalisation (f 2) 50 kHz

The parameters for the equalisation circuit above are also applicable to a battery
system composed of 2n (where n = 1, 2. . ., ∞) batteries connected in series.

4.2. The First-Layer Equalisation Experiment

Table 2 displays the initial SOC values of each battery. During the first-layer equalisa-
tion process, batteries B11, B21, and B31 are discharged simultaneously, while batteries B12,
B22, and B32 are charged simultaneously. This allows for internal equalisation of the three
battery units to occur simultaneously.

Table 2. Initial SOC value of each single battery.

Battery
Number SOC (%) Voltage (V) Battery

Number SOC (%) Voltage (V)

B11 82.39 3.898 B22 67.34 3.891
B12 76.88 3.896 B31 62.75 3.888
B21 72.68 3.894 B32 57.28 3.884

Figure 8a shows the waveform of the current in the battery unit BU2 when the battery
B21 is discharged and the waveforms of the complementary PWM driving signals of the
switches M11 and M14 in the course of the experiment. Figure 8b shows the waveform of
the current in the battery unit BU2 when the battery B22 is charged and the waveforms of
the complementary PWM driving signals of the switches M11 and M14 in the course of the
experiment. The equalisation current is about 2 A, the duty cycle for M11 is about 31%, the
conduction duty cycle of M14 is about 67%, and the driving signals for both switches have
a dead time of about 2%.

4.3. The Second-Layer Equalisation Experiment

The second-layer equalisation experiment of the battery system contains three battery
units, where the battery unit whose average SOC value SOCBUiavg is higher than the
battery system average SOC value SOCavg releases energy, and the battery unit whose
average SOC value SOCBUiavg is lower than the battery system average SOC value
SOCavg absorbs energy.
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M11, M14 and discharging current waveform of B11. (b) PWM signal waveforms of M11, M14 and
charging current waveform of B12.

Figure 9a shows the discharging current waveform of battery unit BU1 and the driving
signal waveform of switching device M11 intercepted during the experiment. Figure 9b
shows the charge current waveform of the energy transit battery E and the driving signal
waveform of the switching device M11. The equalisation current is 2.467 A, and the
conduction duty cycle of M11 is about 35%.

4.4. Equalisation experiment results

Figure 10 shows that the battery with a high SOC value in each battery unit releases
energy, the battery with a low SOC value absorbs energy, and finally the SOC values
between the two batteries reach the same. The equalisation times for the three battery
units are 20 min, 21 min and 21 min, respectively, so the time required for the first layer of
equalisation is 21 min. After equalisation, the SOCs of the three battery units are 79.44%,
70.11% and 59.89%, respectively.

Figure 10 also shows that the battery unit with a high SOC value in the battery system
releases energy, and the battery unit with a low SOC value absorbs the energy. This process
continues until the SOC values of all three battery units in the system are equalised. The
second-layer equalisation process takes 77 min. Following equalisation, the SOC values of
all three battery units are 69.85%.
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5. Analysis of Experimental Results
5.1. Calculation of Equalisation Efficiency
5.1.1. Equalisation Efficiency of the First-Layer Equalisation

The first-layer equalisation utilises PWM with deadband complementary to operate
the MOSFETs, resulting in reduced switching losses and improved equalisation efficiency.
For instance, when considering batteries B11 and B12, the equalisation efficiency of the
first-layer can be calculated using Equation (4) according to the relevant parameters and
graphs from the equalisation experiment. The calculation process is shown as follows:

η1 = 1 − 2
∫ 0.31T

0 4.5×10−3×0.7362dt+
∫ 0.32T

0.31T 0.651×(0.6+2×4.5×10−3×0.651)dt+3
∫ 0.65T

0.32T 4.5×10−3×0.6512dt∫ 0.31T
0 3.898×0.736dt

≈ 98.8%
(10)

5.1.2. Equalisation Efficiency of the Second-Layer Equalisation

The second-layer equalisation process doubles the voltage of the battery unit by using
it as the equalisation object. For instance, in the case of battery unit BU2, the equalisation
efficiency of the second layer is calculated using Equation (9) and the relevant parameters
and graphs from the equalisation experiment. The calculation process is shown as:

η2 = 1 −
2
∫ 0.35T

0 4.5 × 10−3 × 0.9612dt +
∫ 0.67T

0.35T 0.6 × 0.767dt∫ 0.35T
0 (3.894 + 3.891)× 0.961

≈ 94.3% (11)

5.2. Comparison with Other Methods

To demonstrate the advantages of the proposed layered parallel equaliser based on a
flyback transformer multiplexed for a lithium-ion battery system. Table 3 lists the equalisers
that are compared with different types of equalisers in terms of the number of devices and
equaliser performance. The number of devices included in the equaliser determines the
size and cost of the equaliser, which is mainly compared to the number of MOSFETs (M),
diodes (D), inductors (L), capacitors (C), and transformers (T) included in different types of
equalisers. This paper classifies the comparison of equalisers into three categories: low (L),
medium (M), and high (H), based on their cost, complexity, speed, efficiency, and size.

Table 3. Comparison of existing equalisers.

Equalisers
Components Equalisation Performance

M D L C T Cost Efficiency Speed Complexity Volume

[9] 2N 0 0 N − 1 0 L 93.1% L M L
[10] 4N + 2 0 N − 1 0 0 H 80% M H M
[15] 4N 0 N N 0 H 95.2% L H L
[16] 2N 0 2N N N H 92% M H H
[18] 4N + 1 0 1 1 0 M 96.05% L H L
[19] N/2 0 N/2 0 0 M / M H M
[20] N 1 N/2 0 N/4 L 95.6% M L H
[22] 2N + 6 0 1 0 1 M 80.4% L M L
[25] 5/4N 0 5/4N 0 N/4 M 93.15% M L M
[28] 2N 0 N 0 1 M 70.14% L M L

Proposed
equaliser 3N 0 0 0 N/2 M 98.8%/94.3% H M M

The proposed equaliser uses a flyback transformer as an equalisation element. To pro-
vide a more intuitive comparison, it will be compared with a design based on transformer
equalisation. In [16], half-bridge LC transformers are used as an equalisation topology.
This topology uses more transformers and inductors, which are larger in size. Due to the
fact that equalisation circuit is more intricate, the MOSFET control method is complex. The
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equaliser described in [22] only requires a flyback transformer, and the volume is small.
Equalisation can only be conducted sequentially between batteries, and the equalisation
speed is slow. The equalisation path contains more MOSFETs for energy flow, resulting
in high switching losses and low equalisation efficiency. The topology in [25] employs
multi-winding transformers as the equalisation element, resulting in faster equalisation
with fewer MOSFETs and higher efficiency. However, it is unable to selectively charge
during the charging process. In [28], the topology also employs multi-winding transform-
ers as equalisation elements. However, as the number of batteries in series increases, the
transformer has too many windings, resulting in poor equalisation efficiency.

Table 3 compares the proposed equaliser with various types of equalisers. It is evident
that the proposed equaliser outperforms other equalisers in terms of efficiency and speed.
Additionally, the proposed equaliser requires fewer components, resulting in a smaller size
and lower cost.

6. Discussion

This paper proposes a layered parallel equaliser based on flyback transformer mul-
tiplexing for a lithium-ion battery system that has higher equalisation efficiency, faster
equalisation speed, and greater scalability than other transformer-based equalisation de-
signs. The equaliser employs layered and parallel equalisation to improve efficiency and
speed. Additionally, the size of the equaliser is reduced by using a flyback transformer as a
two-layer energy storage element. The efficiency of the equaliser is further improved by
the short energy path and the small number of MOSFETs passing through the equalisation
loop. The equaliser has a modular design and is highly scalable, with component param-
eters remaining constant as the number of series-connected batteries increases, making
it suitable for large-scale energy storage battery systems. However, there are some areas
for improvement in this proposed equaliser. For instance, the suggested equaliser uses
a greater number of MOSFETs. By decreasing the number of MOSFETs, the cost of the
equaliser can be further reduced. Additionally, MOSFET losses can be minimised through
the implementation of resonant soft-switching techniques. It is anticipated that this can be
improved in future research.

7. Conclusions

Aiming at the problems of slow equalisation speed, low equalisation efficiency and
weak modularity in the large-scale energy storage lithium-ion battery system, this paper
proposes a layered parallel equaliser based on a flyback transformer multiplexed for a
lithium-ion battery system. The equaliser has the following characteristics:

1. High equalisation efficiency. The equaliser adopts a layered equalisation strategy.
The first-layer equalisation targets a single battery and utilises a Buck-Boost circuit
and complementary PWM driving method to prevent energy reflux. This approach
results in low equalisation loss and high efficiency. The second-layer equalisation
focuses on the battery unit and doubles the voltage to improve equalisation efficiency.
This is achieved through a multi-winding transformer equalisation circuit. The first
and second layer equalisation experiments resulted in an efficiency of 98.8% and
94.3%, respectively.

2. Fast equalisation speed. The multi-objective parallel equalisation method is utilised
by the equaliser. The first-layer equalisation ensures that equalisation within each
battery cell does not interfere with each other. The more parallel equalisation targets
there are, the faster the entire battery system can be equalised. The second-layer
equalisation module uses flyback transformers to parallel discharge or charge multiple
battery units. It also enables simultaneous charging and discharging of multiple units,
significantly increasing the speed of equalisation.

3. Strong modularity. With an increase in the number of series-connected batteries,
the hardware parameters of the equaliser remain unchanged. It is only necessary to
adjust the number of corresponding equalisation modules according to needs, which
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greatly improves the equaliser’s scalability. The equaliser is suitable for a large-scale
lithium-ion battery energy storage system.
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