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Abstract—The equalizer can greatly improve the consistency of
the series-connected battery string, which has been widely used
in the field of electric vehicles. However, the existing equalization
topology suffers from the disadvantages of slow equalization, large
size, and complex control. Therefore, a compact equalization topol-
ogy is proposed based on flyback conversion. Distinguishing from
the traditional flyback conversion topology, the proposed equalizer
divides the series-connected battery cells into odd and even groups.
The neighboring battery cells share a pair of MOSFETs, which
greatly reduces the number of switches and costs. Moreover, the
proposed equalizer has both equalization and charge equalization
modes, which can be flexibly applied in different situations. An
experimental prototype is designed for 12-cell large-capacity bat-
teries. The experimental results show that the peak equalization
current reaches 10 A, which is five times higher than the traditional
active equalization topology. The voltage difference is less than
5 mV after equalization. Compared with the existing equaliza-
tion topologies, the proposed equalizer has a smaller size, faster
equalization speed, and optional equalization modes, which can be
applied to large-scale battery pack scenarios.

Index Terms—Battery equalization, flyback converter,
transformer.

I. INTRODUCTION

A S THE energy problem becomes more and more promi-
nent, all fields are pursuing energy efficiency and envi-

ronmental protection [1]. Due to the advantages of high energy
density and long cycle life, lithium-ion batteries are being widely
used in the field of energy storage and electric vehicles [2], [3],
[4]. However, the quality of lithium-ion batteries is not easy to
control in mass production, which leads to slight differences as
they leave the factory. More seriously, the inconsistency in bat-
teries is magnified when thousands of batteries are used in series
[5], [6], [7], [8]. Specifically, the charging and discharging pro-
cess of the battery will be affected. When a certain cell reaches
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the threshold voltage, the charging or discharging process of
the whole battery pack will be terminated [9]. Furthermore, the
inconsistency will become more and more obvious in use with
the change in the environment. Finally, the efficiency, service
life, and usable capacity of the battery pack will decrease and
even cause a thermal runaway explosion [10], [11]. Therefore,
battery equalization is particularly important.

Equalization topologies have received widespread attention.
Existing equalization circuits are mainly divided into passive
and active equalization based on whether has energy dissipation
or not [12], [13], [14], [15]. Passive equalization releases excess
energy by discharging the cell in parallel with a resistor. Due to
the advantages of simple structure, easy control, and small size,
passive equalization has become the mainstream equalization
method at present. However, passive equalization suffers from
serious energy waste during use, where energy is consumed
through the resistance rather than being stored or converted. In
contrast, the active equalization circuit can redistribute energy
between the series-connected battery cells without energy waste,
which is a much more efficient method.

According to the different equalization strategies, active
equalization can be divided into state of charge (SOC)-based
equalization and voltage-based equalization [16]. Equalization
based on SOC provides a more rational distribution of the
battery energy. However, it is difficult to accurately estimate
SOC because the battery charging and discharging process is
nonlinear and easily affected by temperature, and other factors.
Compared to SOC, the voltage of the battery is a much easier
parameter to measure. Therefore, voltage-based equalization is
easier to implement in practical applications.

According to the energy conversion device, active equaliza-
tion can be classified as capacitor-based [17], [18], [19], [20],
inductor-based [21], [22], [23], [24], and transformer-based
equalization [15], [25], [26], [27], [28], [29], [30], [31], [32].
Chen et al. [19] proposed an equalizer using two capacitors along
with a resistor. This equalizer achieves the effect of charging
when the capacitor is in series and discharging when it is in
parallel by changing the capacitor series or parallel state, which
has the advantages of simple circuit structure and high reliability.
However, the state of the capacitor needs to be changed all the
time during the battery pack balancing, which reduces the speed
of equalization, and the circuit works at a lower switching fre-
quency which results in a larger circuit volume. Shang et al. [20]
proposed an automatic switched-coupling-capacitor equalizer,
which achieves automatic equalization between cells without
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the need for additional voltage monitoring circuits. All cells and
modules can share a single converter in the equalizer. Therefore,
it has a distinct advantage that is small in size. Nevertheless, the
low balancing current, results in a long equalization time, which
is difficult to apply to large-scale battery packs. Ding et al. [23]
proposed a novel active equalization topology, which is based on
the traditional Buck–Boost circuit with a two-stage hierarchical
architecture. However, the energy exchange is only between
adjacent batteries. Specifically, it is unable to directly transfer
the energy from the high-voltage cell to the low-voltage cell
arbitrarily, making a lower equalization speed. Moreover, the
two-stage hierarchical architecture uses more inductive devices
and MOSFETs, leading to a large circuit size and high cost,
making it difficult to apply. Lu et al. [24] proposed a novel
inductor-based nondissipative equalizer, which replaces part of
the energy storage inductors with MOSFETs. Compared to the
traditional multiple switch-inductors equalizer, it reduces the
number of inductors by about 50%. However, the decrease of the
energy storage element leads to an increase in the equalization
time. Also, more MOSFETs are used, leading to a larger circuit
loss.

Unlike capacitor-based and inductor-based equalization,
transformer-based equalization circuit has the advantages of
simple control, easy isolation, and high efficiency. Kim et al.
[29] proposed a modularized two-stage charge equalizer, which
uses a two-stage dc–dc isolation converter to reduce the volt-
age stress on the electrical components. However, each cell
unit requires four pairs of MOSFETs in the equalizer, and the
two-stage architecture leads to a large circuit size. Therefore, Li
et al. [30] proposed a high-efficiency active battery-balancing
circuit using a multiwinding transformer, which realizes energy
exchange from any cell to any cell through a symmetrical
multiwinding transformer. Each cell only needs one MOSFET

and one capacitor achieving efficient equalization. However, for
long battery strings, multiwinding transformers are complicated
to design and difficult to match between different windings.
Shang et al. [31] proposed a modularization method using
multiwinding transformers for battery equalizers, which divides
series-connected batteries into different modules. Intramodule
batteries are equalized using forward conversion and intermod-
ule batteries using flyback conversion. In addition, this equalizer
realizes automatic equalization without extra voltage monitoring
circuits. Nevertheless, the multiwinding transformer leads to
complex circuit design, large size, and high cost.

The flyback converter is noteworthy for its natural electrical
isolation, superior electrical performance, and control flexibility,
which has great potential in the equalization area. As shown in
Fig. 1, Yu et al. [32] proposed a multicell-to-multicell equalizer,
which is based on the flyback conversion. Two pairs of MOSFET

switches are equipped for each cell. By controlling the ON-OFF

state of the MOSFETs, different batteries can be charged or
discharged through a common transformer. However, the equal-
ization circuit requires a large number of MOSFETs. In short, it is
still challenging to achieve a balance of small size, low cost, and
high speed. To address the above problems, a small size and large
current equalizer suitable for large battery packs is proposed in
this article. By sharing the MOSFET array, neighboring battery

Fig. 1. Multicell-to-multicell equalizer based on flyback conversion [32].
(a) One module. (b) Two modules.

cells can share a pair of switches. Compared to [32], the power
devices are halved overall. However, the equivalent circuit does
not change during a single equalization process, as shown in
Fig. 4. By rationally designing the flyback converter parameters,
the equalizer can continuously charge and discharge the cell with
a large current throughout the equalization process.

This article has three main contributions. First, compared with
the traditional flyback converter topology, the proposed equal-
izer reduces by about 50% MOSFETs, leading to a low cost and
small size. Second, by rationally designing the flyback converter
circuit, large-current equalization is ensured. The equalization
current is five times larger than the traditional active equalization
topology, which is more suitable for large battery packs. Finally,
the proposed equalizer provides selectable operating modes, not
only in pure equalization mode (Mode I) but also in charging
equalization mode (Mode II). The dual-purpose machine design
enables the equalizer to be suitable for more diverse application
scenarios.

The rest of this article is organized as follows. Section II
presents the fundamentals of the proposed equalization topol-
ogy. Section III analyzes the design process of the flyback
converter. Section IV verifies the effectiveness of the equalizer.
The various existing equalization topologies are compared in
Section V. Finally, Section VI concludes this article.

II. PROPOSED EQUALIZER

A. Circuit Structure of Proposed Equalizer

Fig. 2(a) illustrates the equalization topology, which contains
twelve batteries Bi (i= 1, …,12). All twelve batteries are divided
into two groups (P1 and P2). The odd group (P1) includes
batteries B1, B3, B5, B7, B9, and B11. The even group (P2)
includes batteries B2, B4, B6, B8, B10, and B12. The batteries
in P1 are equalized by transformer T1. Similarly, the batter-
ies in P2 are equalized by transformer T2. The MOSFETs on
the primary branch of the transformer can be shared by two
neighboring batteries. For example, Q21 and Q22 are shared by
B1 and B2. Fig. 2(b) illustrates the equalization topology for
n series-connected battery cells. The added cells only need to
be attached to the T1 or T2 ends through a pair of MOSFETs.
From the topology, the positive and negative terminals of the
long battery string are linked to the high-voltage terminals of
the battery charger through a pair of relays. The primary side of
the transformer is attached to the batteries and the secondary side
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Fig. 2. Proposed equalization topology based on the flyback converter. (a) For
twelve cells. (b) For n cells.

is attached to the low-voltage terminals of the battery charger.
This circuit structure is expandable and more suitable for long
battery strings.

B. Equalization Strategy

The circuit topology is based on 12 batteries. The circuit
working flow chart is shown in Fig. 3. First, the cell voltage

Fig. 3. Circuit working flow chart.

is obtained according to the sampling circuit. Then depending
on the cell voltage status, the circuit will work in different modes.
Specifically, the two operating modes are as follows.

Mode I:
When the initial voltage of the battery cell is high without

additional charging, only the battery consistency is poor, the
circuit will work in mode I (equalization). The battery cells are
connected to the low-voltage terminals of the battery charger
through the flyback converter for charging or discharging. The
specific steps are as follows.

1) Collect the voltage of 12 batteries, i.e., Vi (i = 1, 2 …, 11,
12), and calculate the average voltage, i.e., Vaver.

2) Calculate the voltage difference between each cell and
Vaver, i.e., Vdif, Vdif = Vi - Vaver. The maximum positive
voltage of Vdif is recorded as Vmax1. The maximum
negative voltage of Vdif is recorded as Vmax2.

3) If Vmax1>Vmax2, the corresponding MOSFETs are driven
for indirect discharge, as shown by the orange dotted line
in Fig. 2. If Vmax1<Vmax2, the cell is charged indirectly,
as shown by the blue dotted line in Fig. 2.

4) When the differential voltage between cells is less than
5 mV, the equalization is ended.

Mode II:
When the voltage of the series-connected battery pack is low,

the circuit works in mode II (charge equalization). The battery
pack is first charged directly through the high-voltage terminals
of the battery charger, as shown by the red dotted line in Fig. 2.
When the voltage of a cell in the battery pack reaches the charg-
ing threshold voltage, the high-voltage circuit is cut off. The
battery cell is then connected to the low-voltage terminal of the
battery charger for charging through the flyback converter until
the voltage of all battery cells reaches the charging threshold
voltage.

C. Operation Principles

Figs. 4 and 5, respectively, illustrate the equivalent circuits of
the discharging and charging processes for a single battery cell.
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Fig. 4. Battery cell discharge equivalent circuit diagram. (a) State I. (b) State II. (c) State III.

Fig. 5. Battery cell charge equivalent circuit diagram. (a) State I. (b) State II. (c) State III.

The equivalent circuit contains a cell B1, a 12 V voltage source
B0, a transformer T1, two resistance-capacitance-diode (RCD)
absorber circuits, and five MOSFETs. The primary side winding
inductance can be seen as consisting of an ideal transformer
primary inductance LP and a leakage inductance LLK1 in series.

Similarly, the secondary side winding inductance consists of
the LS and LLK2 in series. During the equalization process, the
circuit state can be easily controlled with a pair of pulsewidth
modulation (PWM) signals. Comparing the charging and dis-
charging in equalization, it is easy to see the two processes are
symmetrical and opposite. The only difference is that the energy
flows in the opposite direction.

The following descriptions and assumptions are made about
the key parameters in the equalization process.

1) The two transformers of T1 and T2 have the same number
of turns ratio, excitation inductance, leakage inductance,
and equivalent resistance.

2) Specify that the current flowing from the primary side of
the transformer to cell B1 is positive. The current flowing
from the secondary side to cell B0 is positive.

3) PWM1 and PWM2 are the MOSFET drive signal outputs.
PWM+ drives the MOSFET turning ON. PWM- drives the
MOSFET turning OFF. The specific waveform is shown in
Fig. 6.

The charging and discharging principles of the cell are similar.
To better analyze the equalization circuit, B1 charging is illus-
trated as an example. During the steady charging of B1, four
main stages exist in a switching cycle (t0–t4). Fig. 6 illustrates
the theoretical waveforms of the voltage and current. VL1 and
VL2 are, respectively, the voltages on the primary and secondary
sides of the transformer. Vc2 is the voltage across the absorbing
capacitor. Vds is the drain-source voltage of the MOSFET. i1 and
i2 are respectively the currents flowing through the primary and
secondary sides of the transformer.

Fig. 6. Key waveforms of voltage and current.

State I (t0–t1): At the moment of t0, the primary side switches
Q11, Q12, Q21, and Q22 keep OFF. The secondary side switch
Q3 keeps ON.

As shown in Fig. 5(a), a pair of PWM signals is applied
to the switch, where PWM+ drives the secondary side switch
to turn ON. When Q3 turns ON, the secondary side of the
transformer generates an induced electromotive force, which is
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approximately equal to the supply voltage B0. The direction is
“positive up and negative down”. According to the principle of
electromagnetic induction, the primary side of the transformer
generates an induced electromotive force in the opposite direc-
tion, whose direction is “positive down and negative up”. Based
on the turns ratio of the transformer, the value of the primary
side voltage is

VL1 = −VB0

n
(1)

where VB0 is the low voltage supply from the battery charger,
and n is the transformer turns ratio.

At this moment, the primary side is open without the current
path. The secondary side current rises linearly from zero by the
transformer inductor coil. The rate of change can be expressed
as

di2
dt

=
VL2

LS
(2)

where VL2 is the voltage across the secondary side inductor coil
and LS is the secondary side excitation inductance.

The secondary side peak current is

i2max =
VL2

LS
· (t1 − t0) . (3)

As the current gradually increases, the flux in the core of the
transformer gradually increases. The increased magnetic flux
can be expressed as

ΔΦ+ =
VL2

N1
· (t1 − t0) (4)

where N1 is the number of turns on the primary side of the
transformer.

The external power supply B0 releases energy to the trans-
former. The electrical energy is stored as magnetic energy in the
secondary winding inductance LS and leakage inductance LLK2.
The magnitude of the stored energy can be expressed as

QLS
=

1

2
LSI

2
LSK

(5)

QLLK2
=

1

2
LLK2I

2
LLK2K

(6)

where ILSK and ILLK2K are the peak currents on the secondary
side of the transformer. LS and LLK2 are the excitation induc-
tance and leakage inductance on the secondary side.

During the current build-up on the secondary side of the
transformer, the energy stored in the absorption capacitor will
release energy through the absorber resistor. Since the MOSFET

ON-resistance is very small, the drain-source voltage Vds is
approximately zero during the secondary side conducts.

State II (t1 - t2): At the moment of t1, the primary side switches
Q11, Q12, Q21, and Q22 keep ON. The secondary side switch
Q3 keeps OFF.

As shown in Fig. 5(b), PWM- drives the secondary side
switch to turn OFF. At the moment when the secondary side of
the transformer is disconnected, the secondary side induces an
induced electromotive force whose direction is “positive down

and negative up” according to the principle of electromagnetic
induction. At the same time, the primary side induces an elec-
tromotive force in the opposite direction, whose direction is
“positive up and negative down”. The magnetic energy stored
in the transformer is released to the battery cell B1 starting to
charge.

In this case, the energy stored in the excitation inductance LS

can be transferred to the primary side after the switch is turned
OFF, while the energy stored in the leakage inductance LLK2

cannot be transferred to the primary side. When Q3 turns OFF,
the secondary side leakage current first charges the parasitic
capacitor CDS on D-S of the MOSFET, causing the voltage Vds

to rise from zero to VB0. When D2 conducts, the energy stored
in the leakage inductance is released into capacitor C2, causing
the voltage VC2 to rise rapidly across capacitor C2. At the same
time, the voltage Vds rises quickly, which can be expressed as

Vds = VClamp + VB0 (7)

where VClamp is the capacitor voltage.VB0 is the external supply
voltage on the secondary side of the transformer.

The secondary side current i2 drops rapidly to zero at the
moment of t1. As the primary side conducts, the current is then
renewed through the primary side. The primary side current i1
begins to gradually decrease from the maximum value.

State III (t2 - t3): The primary side switches keep on and the
secondary side switch keeps OFF.

At the moment of t2, all of the energy in the leakage induc-
tance is transferred to the absorption capacitor C2. As shown
in Fig. 5(c), the primary side current continues to decrease
gradually from the maximum value. The maximum value of
the current when it starts to decrease can be expressed as

i1max =
VL1

LP
· (t3 − t1) (8)

where VL1 is the voltage at both ends of the inductor coil on
the primary side. LP is the excitation inductance of the primary
side.

The reduction of magnetic flux in the core meets

ΔΦ− =
VL1

N2
· (t3 − t1) . (9)

Since all of the energy in the leakage inductance is released
into the capacitor C2. The voltage Vds on the D-S terminal at
this stage can be expressed as

Vds = VOR + VB0 (10)

where VOR is the reflected voltage from the primary side to the
secondary side of the transformer.

State IV (t3 - t4): all switches keep OFF.

During the period t3-t4, the circuit remains stationary without
current flowing. CDS and the secondary side inductor LS form
a low-frequency oscillation. The voltage VDS is approximately
equal to VB0.
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D. Analysis of the Circuit Loss

The losses of the circuit mainly include transformer winding
loss Pcu and magnetic loss Pcore, switches loss PSW, and the
loss PLK caused by leakage inductance.

Winding loss in flyback transformers is mainly due to the
proximity effect and skin effect. The winding excitation of the
flyback transformer is a triangular wave with a phase difference
of 110° between the fundamental components of the primary and
secondary currents, which is different from the ideal transformer
when calculating the winding losses. By a Fourier transform, the
current is decomposed into an ideal transformer current com-
ponent and an ideal inductor current component by orthogonal
decomposition. Then according to the ideal transformer winding
loss model [33], it can be obtained the winding loss of the flyback
transformer can be expressed as

Pcu = PT + PLm (11)

where PT is the loss caused by the transformer current compo-
nent. PLm is the loss caused by the inductor current component.

According to the modified Steinmetz equation (MSE) model
[34], [35], the transformer magnetic loss can be expressed as

Pcore = k · f · feqα−1 ·Bβ
m (12)

where Bm is the peak magnetic induction strength, and k, α, and
β are frequency-dependent parameters that are generally given
by the core manufacturer based on test data. f is the frequency of
sinusoidal excitation. feq is the equivalent frequency in the case
of non-sinusoidal excitation, which can be expressed as

feq=
2

ΔB2π2

∫
T

(
dB

dt

)2

dt. (13)

MOSFET loss PSW mainly includes conduction loss, output
capacitor charging and discharging loss, and switches loss [36],
[37], which can be expressed as

PSW = RDSONIDSrms
2 +

1

2
CDSVDS

2f+PO_F (14)

where PO_F is the switched loss as

PO_F =
1

2
((tD_ON + tr)+ (tD_OFF + tf))VDSIDSf. (15)

The loss PLK consists of the energy stored by the leakage
inductance PRCD and the loss POR of the reflected voltage
source on the core, which can be expressed as

PLK = PRCD + POR =
1

2
LLKI2LLK

f
VClamp

VClamp − VOR
. (16)

Based on the abovementioned analysis, equilibrium efficiency
is defined as

η =
PO

PO + Pcu + Pcore + PSW + PLK
× 100%. (17)

III. DESIGN RULES FOR EQUALIZER

To design an equalizer with superior performance, parameters
such as transformer winding turns ratio n, winding inductance,
switching frequency f, duty cycle D, and core air gap δ must be

considered. Because the proposed equalizer operates in discon-
tinuous conduction mode (DCM) mode, the flux variation of the
transformer needs to be zero in one switching cycle to ensure
complete demagnetization, which can be expressed as

ΔΦ+=ΔΦ−. (18)

Substituting (4), (9) into (18), the transformer turns ratio,
winding voltage, and switching time meet

VL2

VL1
=

N2

N1
· t1 − t0
t3 − t1

. (19)

1) Winding Turns Ratio n: In the core containing the air gap,
the remanent magnetic flux density of the transformer is close
to zero. In this case, the number of inductor turns meets

n =
LILK

AeBPK
. (20)

The calculated turns ratio n is the minimum value, the actual
turns ratio must be larger than the calculated value, otherwise, the
magnetic induction strength will be greater than 0.3 T, resulting
in magnetic saturation. Meanwhile, the turns ratio of the coil
should not be too large, otherwise, it will lead to a rapid increase
in winding losses. When the low voltage terminal of the Battery
Charger is set to 12 V, the primary and secondary winding
voltages are about 1:4, thus setting the initial transformer turns
ratio to 1:4.

2) Duty Cycle D: To ensure that the flyback converter is
sufficiently demagnetized in one cycle. Equation (19) needs to
be satisfied. With a transformer turns ratio of 1:4 and a primary
and secondary voltage ratio of 1:4, the duty cycle D needs to be
set to 50%. The circuit inevitably has various losses, in which
case the equalizer will be in DCM mode.

3) Switching Frequency f : According to (3) and (8), the
lower the switching frequency, the larger the equalization cur-
rent. However, the transformer size becomes larger as the switch-
ing frequency decreases. The hysteresis loss and eddy current
loss of the iron core increase when the frequency of the trans-
former increases, making the iron loss of the transformer higher.
Usually, the switching frequency of the flyback converter is set
between 20–100 kHz.

4) Winding Inductance: According to (3) and (8), the value
of winding inductance will directly affect the magnitude of
the equalization current. By reducing the winding inductance,
a larger equalizing current can be obtained. But the winding
inductance cannot be reduced all the time. Too small of the
inductance value will result in the transformer not being able to
store energy, making it less efficient. Under the above conditions
of duty cycle D and switching frequency f, the transformer
primary-side inductance is set to be 4 μH. The transformer turns
ratio is 1:4, and the theoretical inductance of the secondary side
is 64 μH.

5) Transformer Air Gap δ: In the process of designing the
transformer, the inductance is usually controlled by changing
the core air gap length. The inductance can be reduced by
increasing the length. Similarly, the inductance can be increased
by decreasing the air gap length. Usually, the operating state of
the converter and the transformer turns ratio is not changeable at
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Fig. 7. Transformer transient field finite element model. (a) Magnetic field
strength distribution. (b) Transformer losses.

TABLE I
TRANSFORMER PARAMETERS

will. The only feasible way to adjust the inductance is to change
the air gap length. A large air gap length leads to a leakage
flux rapidly increasing, which will higher the coil eddy current
losses. On the contrary, when the air gap length is small, the
machining accuracy requirement becomes high, which is not
favorable to the design of the transformer. According to the
design experience, the core air gap length is usually set between
0.1–1.5 mm.

Based on the analysis, a transient field finite element model
of the flyback converter is built by Maxwell simulation software
from Ansys. The transformer primary and secondary turn ratio is
set to 1:4. Fig. 7(a) shows the transformer model. The maximum
magnetic flux is 270 mT, which is less than the core saturation
value. Fig. 7(b) illustrates the core loss and the losses in each
winding of the transformer. It can be seen that the maximum
magnetic loss is 0.2 W, which meets the theoretical calculations.

Table I gives the relevant parameters of the designed two
transformers T1 and T2.

IV. EXPERIMENTAL RESULTS

An experimental prototype with 12 series-connected batteries
is built to verify the effectiveness of the equalizer. The experi-
mental platform is shown in Fig. 8. The experimental prototype
includes an equalizer, a central control unit, and a series battery
pack.

Switches Q1–Q6 in the equalizer are a single N-channel
MOSFET, model WSP16N10, with an ON-resistance of 8.9 mΩ.
The remaining MOSFET are two N-channel MOSFET, model
WSP11N10T, with an ON-resistance of 70 mΩ. The withstand
voltage of all MOSFET is 100 V. The relays K1 and K2 are
selected from the small high-power dc relay HF115F. The
voltage acquisition chip is XL8812, which can simultaneously

Fig. 8. Experimental prototype with 12 series-connected batteries.

Fig. 9. Battery cell charging experimental waveforms. (a) Secondary side
waveform of the transform. (b) Primary side waveform of the transform.

collect twelve-channel voltage information and transmit it to
the central control unit via SPI. The central control unit uses the
STM32 microcontroller. According to the equalization strategy,
the microcontroller outputs the corresponding PWM signals
to control the MOSFET and relays. The battery used is a high-
capacity lithium iron phosphate battery. The nominal voltage of
the battery cell is 3.2 V and the nominal capacity is 30 Ah. The
charging cut-off voltage is 3.65 V and the discharging cut-off
voltage is 2.5 V.

A. Experimental Waveform Analysis

During the equalization process, the primary and secondary
sides of the transformer conduct alternately. Particularly, accord-
ing to the hardware schematic of the designed circuit, the low
level of PWM drives the MOSFET on and the high level drives the
MOSFET OFF. The circuit switching frequency is set to 50 kHz.

The charging waveforms are shown in Fig. 9. During the PWM
low level, the secondary side switch Q3 turns ON. The current
i2 on the secondary side of the transformer is established first
and the current rises linearly. The secondary side voltage VL2 is
approximately equal to the battery charger voltage 12 V. During
the PWM high level, the primary side switches Q11–Q22 turn
ON. The primary side current i1 decreases linearly from the
maximum value. The battery cell starts to charge. The peak
charging current is 5 A and the rms value of the current is
approximately 2.45 A. The discharging waveforms are shown in
Fig. 10. During the PWM low level, the primary side switches
Q11–Q22 turn ON. The current i1 on the primary side of the
transformer is established first and the current rises linearly. The
battery cell starts to discharge. During the PWM high level, the
secondary side switch Q3 turns ON. The secondary side current i2
decreases linearly from the maximum value. The peak discharge
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Fig. 10. Battery cell discharging experimental waveforms. (a) Primary side
waveforms of the transform. (b) Secondary side waveforms of the transform.

Fig. 11. Equalization current waveforms at different frequencies. (a) Charging
current at 100 kHz. (b) Charging current at 25 kHz.

current is 3 A and the rms value of the current is about 1.2 A.
The experimental results show that the measured waveforms are
in good agreement with the theoretical values.

B. Equalization Current at Different Frequencies

According to (8), the equalization current value is closely
related to the circuit switching frequency. The parameters of the
transformer are kept consistent with Table I. The secondary side
of the transformer is connected to the 12 V low-voltage terminal
of the battery charger. Figs. 11(a), (b), and 9(b), respectively, il-
lustrate the equalized current waveforms at 100 kHz, 25 kHz, and
50 kHz switching frequencies. The peak equalization currents
correspond to 2.6 A, 10 A, and 5 A. As the switching frequency
decreases, the equalization current gradually increases, which is
in good agreement with the theoretical values.

C. Voltage Equalization Results Analysis

To reduce the influence of the polarization reaction inside
the cell during the equalization process on the experimental
results, a certain resting time was set in the experiment. Here,
the experiments are set for a resting time of 20 s. The initial
distribution of cell voltages for the four tests is shown in Table II.

Three sets of experiments were conducted to see the equal-
ization effect at different switching frequencies and different
initial voltage distributions. Fig. 12(a) illustrates the equalization
results at a maximum pressure difference of 196 mV and a
switching frequency of 50 kHz. The equalization time is ap-
proximately 370 min, and the maximum pressure difference is
6 mV at the end of the equalization. Fig. 12(b) illustrates the
equalization results at a maximum pressure difference of 80 mV
and a switching frequency of 50 kHz. The equalization time is
approximately 130 min, and the maximum pressure difference
is 6 mV at the end of the equalization. Fig. 12(c) illustrates the
equalization results at a maximum pressure difference of 84 mV
and a switching frequency of 100 kHz. The equalization time is

TABLE II
INITIAL BATTERY VOLTAGE

Fig. 12. Voltage waveform in equalization mode. (a) Maximum differential
pressure 196 mV, frequency 50 kHz. (b) Maximum differential pressure 80 mV,
frequency 50 kHz. (c) Maximum differential pressure 84 mV, frequency 100 kHz.

approximately 180 min, and the maximum pressure difference
is 5 mV at the end of the equalization. It can be seen that the
battery cells start charging and discharging from the cell with the
largest voltage difference. As equalization proceeds, the battery
pack voltage gradually converges. And the equalization time
decreases gradually as the maximum voltage difference reduces
and the switching frequency drops. The equalization effect is
superior.

Fig. 13 illustrates the charging equalization results at a max-
imum voltage difference of 101 mV and a switching frequency
of 50 kHz. At lower voltages, the battery pack is first charged
through the high voltage of the battery charger. After reaching
the charging threshold voltage, the single cell is then charged
through the low voltage of the battery charger. All batteries can
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TABLE III
COMPARISON OF SEVERAL EXISTING EQUALIZERS

Fig. 13. Voltage waveform in charge equalization mode.

Fig. 14. Statistical results of experiments under different conditions.

reach 3.6 V at the end of charge equalization, which greatly
increases the usable capacity of the battery pack.

Fig. 14 illustrates the results of the four sets of experiments.
It can be seen that after the equalization, the maximum pressure
difference of the battery pack is less than 6 mV with good con-
sistency. Moreover, while ensuring large current equalization,
there is a high equalization efficiency up to 87%.

V. COMPARISON WITH EXISTING EQUALIZERS

Table III illustrates the comparison of the proposed equalizer
with the existing equalizer. The comparison includes the number
of various electrical components required for the equalizer to
perform its function and the equalization current. The indicators
of circuit cost, compactness, control simplicity, and equalization
speed were also evaluated. The various indicator scores are
categorized as high, medium, and low from best to worst.

It is worth mentioning the comparison in terms of equalization
current. In capacitor-based circuits, the larger the capacity of the

condenser, the faster the charge transfer, and the larger the cur-
rent. However, it will lead to an increase in the size of the circuit.
Typically, the current of capacitor-based equalization circuits is
in the range of tens to hundreds of milliamps. In circuits based on
inductors and transformers, by decreasing the inductance value
or increasing the switching frequency, the theoretical current can
be increased in this type of topology. However, as the inductance
value decreases, the inductor may no longer exhibit inductance.
Also, as the switching frequency gradually increases, the circuit
losses gradually increase. Usually, equalization current is limited
by a number of factors such as circuit size and cost. It is the
result of a combination of various variables. In order to be closer
to the engineering reality, the circuit size, cost, and efficiency
are combined to calculate the current when the equalizer works
optimally.

The equalization topologies based on capacitors and induc-
tors proposed in [20] and [24] tend to require a large num-
ber of switching devices and energy storage elements, which
leads to a high circuit cost and low circuit compactness. It is
worth mentioning that the equalization topology in [20] does
not require additional voltage monitoring circuits to achieve
automatic equalization, which is simple to control. The mod-
ular two-stage charge equalization topology proposed in [29]
achieves equalization with greatly reduced voltage stresses on
the electrical components. However, it requires a large num-
ber of switching devices, which makes the circuit cost high
and the control complex. Distinguishing from the capacitor
and inductor equalization methods, the equalization topology
based on the multiwinding transformer proposed in [30] and
[31] requires only one switch control for each cell, with lower
cost and high circuit compactness. However, the fabrication of
the multiwinding transformer and its control process are very
complicated. Meanwhile, the circuit design is not reasonable
resulting in a small equalization current and low equalization
speed. The equalization topology based on flyback conversion
proposed in [32] achieves large current equalization without an
additional degaussing circuit. However, (4n+4) switches are
required leading to a large circuit size. From the table, it can
be seen that the past equalizers have been somewhat flawed to
varying degrees.
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The proposed equalizer requires only (2n+8) switches and
two transformers, without additional inductors and capacitors.
By comparing with [32], it can be seen that about half of the
MOSFETs are reduced, which greatly reduces the cost and im-
proves the compactness of the circuit. Moreover, the maximum
equalization current rms of the circuit is as high as 2.4 A, which is
much better than the previous equalizer. Equalization speed has
been greatly improved, making it more suitable for equalizing
large battery packs. In conclusion, the proposed equalizer has
the advantages of low cost, small size, simple control, and fast
equalization at the same time, which is a superior performance
equalizer.

VI. CONCLUSION

In this article, a compact equalizer with a large current based
on flyback conversion for large battery packs is proposed. First,
the different types of existing equalization topologies are de-
scribed. Then, the working principle of the proposed equal-
ization topology is explained. And analyzed the experimental
waveforms under different working conditions. Subsequently, a
12-cell series battery pack experimental platform was built to
verify the feasibility of the circuit topology. The experimental
results show the proposed equalizer has the following superior
performance.

1) By sharing the MOSFETs array, the equalizer reduces the
number of switching devices by about 50%.

2) By rationally designing the converter, large-current equal-
ization is realized. The equalization speed is improved,
which is suitable for large battery packs.

3) The equalizer has both equalization and charge equal-
ization modes, achieving the effect of a dual-purpose
machine.

To improve the applicability of the topology, in our future
work it will be explored to optimize the circuit structure. The
cell-to-module and module-to-module equalization will be de-
signed, continuing to improve the equalization speed.
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