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Letters

An Any-Cell-to-Any-Cell Battery Equalizer Based on Half-Bridge LC Converter

Fulin Liu , Runmin Zou , Member, IEEE, and Yonglu Liu , Member, IEEE

Abstract—This letter proposes an any-cell-to-any-cell battery
equalizer based on the half-bridge LC converter. Cell-to-cell, cell-
to-multicell, multicell-to-cell, and multicell-to-multicell balancing
modes can be flexibly realized regardless of the number and lo-
cation of target cells. The energy transfer between cells is con-
trolled by modulating the fundamental harmonic voltage for each
half-bridge. Meanwhile, the equalizer benefits from the resonant
operation and uses the small-capacity passive components to re-
alize lower cost and smaller size. In addition, an easy-to-realize
modular structure is presented to enhance the circuit extensibility.
The prototypes for five cells and three modules (nine cells) are
built and tested. Experimental results confirm the validity and
characteristics of the proposed equalizer.

Index Terms—Any cell to any cell (AC2AC), battery string,
equalizers, LC converter, multiwinding transformer.

I. INTRODUCTION

ACCOMPANYING the rapid expansion of the electric
vehicle (EV) market, it is anticipated that the disposal

of retired lithium-ion batteries will be a new problem in the
foreseeable future. Compared with the conventional material
recycling solutions, the recycling of retired batteries is more
economical and environmental. In fact, the retired batteries can
still remain at almost 70–80% of the initial capacity, which
is sufficient for safe usage in some scenarios, such as electric
bicycles, low-speed EVs, and energy storage systems. However,
the reassembled battery string may suffer from severe energy
mismatch risk because of the different aging degrees of each
recycled cell. Hence, an active battery equalizer is necessary to
make the best use of recycled batteries [1].

The active equalizers can transfer energy from high-voltage
cells to low-voltage ones to mitigate the energy mismatch.
According to the energy balancing modes, they can be divided
into five categories: adjacent cell to cell (AC2C), direct cell
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to cell (DC2C), cell to string (C2S), string to cell (S2C), and
any-cell-to-any-cell (AC2AC). The AC2C equalizers transfer
energy between adjacent cells [2], [3]. Its highlights lie in the
simple structure and strong extensibility. However, several trans-
formations are required when the target cells are far from each
other. This reduces the overall efficiency, especially in the case of
long battery strings [4]. The DC2C equalizers utilize selection
switches to directly transfer energy from the highest voltage
cell to the lowest voltage one, to some extent, improving the
balancing efficiency [5]. However, numerous selection switches
make the system large and complex. The C2S and S2C equalizers
transfer energy between the imbalanced cell and the battery
string [6], [7], [8]. Since the battery string works as a whole,
some balanced cells may suffer from undesired charging or
discharging. In addition, when the above equalizers balance the
target cells, the other cells must wait until the target cells finish
balancing. Hence, it takes a long time to balance the battery
string with numerous imbalanced cells [9].

For the AC2AC equalizers, the mismatched energy is directly
and simultaneously transferred from any high-voltage cells to
any low-voltage ones, which realizes higher balancing flexibility
[9], [10], [11], [12]. The early AC2AC equalizers remove all
sensors to reduce the cost and control complexity. They operate
in the fixed mode and transfer energy according to the voltage
difference between cells. However, the balancing current will
decrease as the voltage differences decrease, resulting in a slow
overall balancing speed. In [13], a clamping structure is used
to alleviate this issue. However, the balancing current under
low voltage differences is still unsatisfactory. To overcome this
problem, an AC2AC equalizer based on the cell voltages instead
of the voltage differences is proposed in [14]. The balancing
speed is greatly improved. However, to simplify the control
complexity, this method only controls the balancing current
direction without considering the value of the current. In addi-
tion, this method employs numerous passive components with
high voltage stress and capacity to realize the low-frequency
operation and capacitive isolation, making the system bulky and
costly.

This letter proposes an LC-based AC2AC battery equalizer. It
consists of a half-bridge, two resonant capacitors, a resonant
inductor, and a transformer winding per cell. Owing to the
resonant operation mode, the equalizer can use small-capacity
passive components, realizing the compact-size structure. A fun-
damental modulation method applied to the half-bridge circuit
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Fig. 1. Proposed AC2AC equalizer for n cells. (a) Topology structure. (b)
Equivalent circuit model. (c) Simplified equivalent model.

is presented to control the energy transfer between cells. The
balance between any cells can be simultaneously carried out
regardless of the number and location of the target cells. More-
over, an improved modular structure is presented to enhance the
circuit extensibility.

II. PROPOSED BATTERY EQUALIZER

A. Topology Description

The structure of the proposed equalizer is shown in Fig. 1(a).
The battery cell Bi (i = 1, 2, …, n) corresponds to a transformer
winding, a half-bridge (Sij, j = 1, 2), and a resonant tank (Li and
Cij). The resonant frequency fr of the resonant tanks is calculated
as

fr = 1
/(

2π
√
2LC

)
(1)

where L is the inductance of the inductor Li and C is the
capacitance of the capacitors Cij. In addition, Ui, ucij, and uM are
the terminal voltages of cell Bi, capacitor Cij, and magnetizing
inductor LM, respectively. iBi, ii, and iM are the current of cell
Bi, inductor Li, and magnetizing inductor LM, respectively. The
number of turns of each winding is the same.

The proposed equalizer always operates at resonance, and
the fundamental harmonic output of each half-bridge must be
synchronized. Hence, the driving signals of the upper switches
Si1 are in phase, and the duty cycle is defined as di. The driving
signals of Si2 are complementary to that of Si1. The dead time
of driving signals is negligible, and the switching frequency fs
is equal to the resonant frequency fr.

B. Operating Principles

Without loss of generality, cell Bi is taken as an example to
introduce the operating principle.

Since the capacitor Cij works as both a split capacitor and a
resonant capacitor, its voltage ucij can be expressed as

ucij = Ucij + urij (2)

where Ucij and urij are the dc and ac components of the voltage
ucij, respectively. Considering the volt–second balance principle
and Ui = uci1+uci2, the voltages are obtained

Uci1 = (1− di)Ui (3)

Fig. 2. Typical waveforms of the proposed equalizer.

Uci2 = diUi (4)

uri1 = uci1 − Uci1 = Uci2 − uci2 = −uri2. (5)

When switch Si1 is turned ON and Si2 is turned OFF, the
following differential equations are obtained:

C
duci1

dt
+ i1 = C

duci2

dt
(6)

L
di1
dt

= uci1 − uM −Ri1. (7)

According to (2)–(5), (6) and (7) can be further rewritten as

C
duci2

dt
− C

duci1

dt
= 2C

duri2

dt
= ii (8)

L
di1
dt

+ uM +Ri1 + uri2 = (1− di)Ui. (9)

When switch Si1 is turned OFF and Si2 is turned ON, by similar
calculations, the following differential equations are obtained:

L
di1
dt

+ uM +Ri1 + uri2 = −diUi. (10)

It can be seen that the difference between (9) and (10) is
the polarity and value of the equivalent output voltage. From
(8)–(10), an equivalent circuit is obtained, as shown in Fig. 1(b).
An equivalent capacitor Cri with capacitance 2C and voltage uri2
is regarded as the resonant capacitor. The cell and switches are
replaced by the voltage source ui, which is approximated to an
ideal square wave with amplitude (1–di)Ui and –diUi.

The typical waveform is illustrated in Fig. 2. According to the
origin defined in Fig. 2, the square wave ui can be regarded as
an even function. By using Fourier transform, ui is decomposed
into cosine function, which can be expressed as

ui =

∞∑
k=1

∫ 1/fr

0

2frui cos (2πkfrt) dt cos (2πkfrt). (11)

Since other harmonics make up a small proportion of the
square waveform, only the fundamental harmonic is considered
[9]. When k = 1, the fundamental harmonic ueqi is obtained

ueqi =
2Ui sin (diπ) cos (2πfrt)

π
. (12)
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The amplitude of ueqi increases with increasing di within 0
< di ≤ 0.5. When duty cycle di reaches 0.5, the amplitude of
ueqi reaches the maximum value 2Ui/π. Hence, to facilitate the
calculation, the adjustment range of duty cycles is set to 0–0.5.

At the resonant frequency fr, the equivalent impedance of Li

and Cri is equal to zero. Hence, the equivalent model can be
further simplified in Fig. 1(c). R is the parasitic resistance of the
circuit. The voltage of the neutral point is expressed as

uN =
(ueq1 + ueq2 + · · ·+ ueqn)

n
. (13)

According to Fig. 1(c), equivalent current ieqi is expressed as

ieqi =
(ueqi − uN )

R
. (14)

Considering the impact of the half-bridge structure and duty
cycle di, the average balancing current iBeqi of cell Bi is obtained
as ⎧⎪⎪⎨

⎪⎪⎩
iBeqi = fr

∫ 1/fr
0 iBidt = 4fr

∫ di/2fr
0 0.5ieqidt

= 2[Ui sin(diπ)−M ] sin(diπ)
Rπ2

M = [U1sin(d1π)+···+Unsin(dnπ)]
n

. (15)

If iBeqi > 0, cell Bi releases energy; otherwise, it absorbs
energy. Therefore, the balance current between cells can be
controlled flexibly by adjusting the duty cycle di.

C. Balancing Strategy

In this letter, the equalizer adopts the open-loop balancing
strategy to avoid using costly current sensors and reduce the
computation burden [14]. The equalization between cells B1,
B2, B3, B4, and B5 is taken as an example to calculate the duty
cycles, and other cases can be similarly analyzed. It is assumed
that the cell voltages satisfy U1 = U2 > U3 > U4 > U5. The
calculation steps are as follows.

1) According to the voltage relationship, the energy should
be delivered from B1 and B2 (the highest voltage cells) to
B5 (the lowest voltage cell). Hence, the expected balancing
currents are set to iBeq1 = iBeq2 = 0.5Iset, iBeq3 = iBeq4

= 0, and iBeq5 = –Iset.
2) The duty cycle first to be set is determined by the enumer-

ation method.
First, d1 is set to 0.5. Because iBeq1 = iBeq2 and U1 = U2,

d2 should also be set to 0.5. According to iBeq1 = 0.5Iset,
d1 = 0.5, and (15), M is obtained as

M = U1 sin (d1π)− π2RiBeq1

2 sin (d1π)
= U1 − π2RIset

4
. (16)

Then, according to iBeq3 = 0, M, and (15), duty cycles d3 can
be calculated as

d3 =

{
arcsin

[(
M +

√
M2 + 2Rπ2iBeq3U3

)/
2U3

]}
π

=
[arcsin (M/U3)]

π
. (17)

Similarly, d4 and d5 are calculated by (17). If all duty cycles
can be solved, the equalizer will be controlled by these duty

Fig. 3. Modular equalizer for m modules. (a) Conventional method [10].
(b) Equivalent model of the conventional method. (c) Proposed method. (d)
Simplified circuit model of the proposed method.

cycles, and steps 3 and 4 are skipped. Otherwise, step 3 should
be continued.

3) Because U1 = U2, the enumeration on d2 is skipped. For
d3 and d4, because iBeq3 = iBeq4, the amplitudes of ueq3
and ueq4 should be equal. Hence, we can obtain

2U3 sin (d3π) = 2U4 sin (d4π) . (18)

Considering U3 > U4, d3 must be less than d4. Hence, the
enumeration on d3 is also skipped. Next, d4 is set to 0.5. M, d1,
d2, d3, and d5 are calculated by the similar method of step 2.
Similarly, if all duty cycles can be solved, the equalizer will be
controlled by these duty cycles, and step 4 is skipped. Otherwise,
step 4 should be continued.

4) d5 is set to 0.5. M, d1, d2, d3, and d4 are calculated in turn
by the similar method of step 2. If the duty cycles still
cannot be solved in this step, it means that the used equiv-
alent resistance R or the set balancing current Iset is too
large. The circuit parameter R and the expected balancing
current can be adjusted appropriately to recalculate.

5) As the equalizer operates, the cell voltage will converge
gradually. Hence, after a time interval, step 1 should be
restarted to recalculate the duty cycles. In addition, consid-
ering the polarization effects and nonlinear characteristics
of cells, the update interval of the duty cycle can be
appropriately lengthened to avoid oscillating duty cycles
and unnecessary equalization progress.

D. Modular Equalization

In the practical high-power energy storage system, the num-
ber of serial cells is very large. The design difficulty of the
equalizer used for a whole battery string increases sharply with
increasing the cell count. Many modular equalization methods
are developed to overcome this problem and improve the circuit
extensibility. For the transformer-based equalizers, a conven-
tional modular method is shown in Fig. 3(a) [10]. The circuit is
equivalent in Fig. 3(b). The resonant frequency of the resonant
tank between cells in different modules is changed to

fr1 =
1[

2π
√
2 (L+ Llk)C

] (19)
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Fig. 4. Experimental prototype. (a) Equalizer for five cells. (a) Modular
equalizer for nine cells (three modules).

TABLE I
EXPERIMENTAL PARAMETERS

where Llk is the leakage inductance. The resonant frequency fr1
decreases with the increase of Llk. The mismatch between the
resonant period and the turn-ON time results in backflow energy,
which reduces the balancing performance [13].

To eliminate the effect of Llk, an auxiliary resonant tank
is added to each auxiliary winding. The modular structure is
presented in Fig. 3(c). The resonant frequency of the resonant
tank between cells in different modules is modified to

fr2 =
1[

2π
√
2 (L+ Llk + LA)CCA/(2C + CA)

] (20)

where CA is the capacitance of auxiliary capacitors and LA is
the inductance of auxiliary inductors. According to (20), the res-
onant frequency can be corrected to fr by the auxiliary resonant
tank. The simplified circuit model is shown in Fig. 3(d). The cells
in different modules can be balanced similarly by adjusting the
duty cycle. Unfortunately, the double-layer modular structure
requires complex control algorithms, and the control complexity
will increase with increasing the cell count.

III. EXPERIMENTAL RESULTS

Two prototypes are built to verify the feasibility of the pro-
posed equalizer and modular structure. Fig. 4(a) shows the pro-
totype applied to five serial lithium-ion cells (INR18650-15M).
And the prototype shown in Fig. 4(b) is used to balance three
modules, each consisting of three cells. Table I lists the circuit
components and main parameters.

The multiwinding transformer is made by using twisted mul-
tistrand magnet copper wires. The twist process makes the wind-
ings evenly distributed, and a high spatial symmetry is realized.
This coiling method helps to realize consistent windings [13].
The actual leakage inductance is near 0.17 μH. An additional

Fig. 5. Current waveforms of the resonant inductors in different cases. (a) One
cell to one cell. (b) One cell to multicell. (c) Multicell to one cell. (d) Multicell
to multicell.

inductance of 2 μH is connected in series to each winding. To
reduce the high-frequency ac impedance and the size of passive
components, the resonant frequency is set to 85 kHz. According
to (1), the capacitance C is calculated at around 0.81 μF. To
reduce the tolerance, three 0.27-μF capacitors are connected
in parallel to replace a 0.81-μF resonant capacitor. Note that
the passive components with small tolerances should be used to
ensure identical resonant parameters. Considering the dead time,
the switching frequency is selected to 84 kHz. The maximum
balancing current is set to 0.5 A. In addition, the equivalent
resistance R is measured around 70 mΩ.

Fig. 5 shows the resonant current waveforms of five resonant
tanks in different cases. In Fig. 5(a), according to the amplitude
and direction of the resonant currents, it can be seen that the
energy is delivered from cell B1 to B5, and other cells are in idle.
The different states of cells are adjusted by the duty cycle of
each half-bridge. In Fig. 5(b) and (c), the equalizer transfers
energy between a selected cell and others. In Fig. 5(d), the
energy is delivered from B1, B2, and B3 to B4 and B5. Hence,
the equalizer can achieve flexible balancing modes (cell to cell,
cell to multicell, multicell to cell, and multicell to multicell).

Fig. 6 shows the current waveforms of auxiliary windings with
different modular structures. In Fig. 6(a) and (b), the auxiliary
windings of cell-level equalizers are connected directly in par-
allel. In Fig. 6(c) and (d), an auxiliary structure is added to each
auxiliary winding to correct the resonance parameters between
modules. Compared to the waveforms of Fig. 6(a) and (b), it can
be seen that the backflow energy is significantly reduced.

Fig. 7 shows the equalization results for five cells. To show the
balancing performance, the initial voltage differences are set to
be relatively large to simulate the bad energy mismatch. In these
experiments, energy is delivered from the cells with the highest
voltage to the cells with the lowest voltage. In addition, the
hysteresis comparison between voltages and an update interval
of 3 min are adopted to avoid oscillating duty cycles. As shown
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Fig. 6. Current waveforms of the auxiliary windings in different voltage
conditions. (a) Case 1 without auxiliary resonant tanks. (b) Case 2 without
auxiliary resonant tanks. (c) Case 1 with auxiliary resonant tanks. (d) Case 2
with auxiliary resonant tanks.

Fig. 7. Equalization results for five cells in different voltage conditions.
(a) Case 1. (b) Case 2.

Fig. 8. Equalization results for nine cells (three modules).

in Fig. 7(a), the maximum voltage difference is reduced from
0.85 V to 20 mV. As shown in Fig. 7(b), the maximum voltage
difference is reduced from 1.06 V to 60 mV. Fig. 8 shows the
equalization results for three modules. The voltage difference
between cells is reduced from 1.11 V to 40 mV. In practical
applications, the voltage differences are much smaller due to
correction in real time, resulting in a shorter balancing time.
Besides, a larger balancing current can be set to accelerate the
equalization.

The balancing efficiency is measured and shown in Fig. 9. A
peak conversion efficiency of 92% and overall good efficiency
performance are recorded. By calculating the loss breakdown,
it is found that the proportion of conduction loss is obvious
and increases with increasing transmission power. Hence, some
methods to reduce the circuit parasitic resistance can be used to
improve the efficiency.

Fig. 9. Measured efficiency with respect to the transmission power.

TABLE II
COMPARISON BETWEEN EQUALIZERS IN TERMS OF COMPONENTS

The automatic AC2AC equalizers remove sensors to reduce
the cost and size [9], [10], [11], [12], [13]. However, the balanc-
ing performance under low voltage differences is unsatisfactory.
In [14] and this letter, the balancing current is under control,
which greatly improves the balancing speed. Compared with the
equalizer of [14], the cost and size of the proposed equalizer are
significantly reduced. Table II presents the comparative results
in terms of the main components. To make a fair comparison,
the size and cost are evaluated at the same cell voltage and
balancing power [16]. Hence, the size and cost mainly depend
on the number and specification of components. The comparison
results show that the components of the proposed equalizer have
a 50% lower cost and a 57% lower size.

IV. CONCLUSION

An AC2AC battery equalizer based on the half-bridge LC
converter was proposed in this letter. The energy can be flexibly
and directly transferred between any cells by adjusting the duty
cycle for each half-bridge. To enhance the circuit extensibility,
an improved modular structure was presented. The proposed
equalizer benefits from the resonant operation to use compact-
size passive components, compared with the existing half-bridge
converter-based equalizer, reducing the cost and size of the main
components by 50% and 57% separately. Finally, theoretical
analysis and experimental results confirmed the validity of the
proposed equalizer.
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