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Analysis and Design Considerations of Efficiency
Enhanced Hierarchical Battery Equalizer Based on

Bipolar CCM Buck–Boost Units
Faxiang Peng , Student Member, IEEE, Haoyu Wang , Senior Member, IEEE, and Liang Yu

Abstract—Compared with the conventional hard switching bat-
tery equalizers, hierarchical battery equalizer based on the bipolar
continuous-conduction mode buck–boost units could effectively re-
duce the switching loss and improve the conversion efficiency. This
paper mainly addresses the key technical challenges associated with
the optimal design of this battery equalizer. The inductor current
is controlled to enter into the negative region. Thus, the MOSFET
body diode provides a freewheeling path for the inductor current
during the dead band. This ensures zero-voltage switching turn-ON
of both power MOSFETs in each buck–boost unit without auxiliary
snubbers. Therefore, the switching losses are significantly reduced.
Meanwhile, the integral of the inductor negative current is pre-
cisely controlled to minimize the circulating current. This guaran-
tees both minimized conduction losses and suitable equalization
speed. Furthermore, an equalization algorithm, which compen-
sates the battery internal resistance induced state-of-charge error,
is proposed to improve the equalization accuracy. The operating
principles and design considerations are analyzed in detail. An ex-
perimental prototype to balance four series-connected lithium-ion
battery cells is implemented. The experimental results validate the
design of the equalizer and demonstrate obvious efficiency enhance-
ment over the conventional method.

Index Terms—Battery equalizer, bipolar continuous-conduction
mode (CCM), buck–boost converter, lithium-ion battery, zero-
voltage switching (ZVS).

Manuscript received October 24, 2018; revised February 11, 2019; accepted
May 4, 2019. Date of publication May 12, 2019; date of current version June
29, 2019. Paper 2018-IPCC-1045.R1, presented at the 2018 IEEE Energy Con-
version Congress and Exposition, Portland, OR, USA, Sept. 23–27, and ap-
proved for publication in the IEEE TRANSACTIONS ON INDUSTRY APPLICATIONS

by the Industrial Power Converter Committee of the IEEE Industry Applica-
tions Society. This work was supported in part by the National Natural Sci-
ence Foundation of China under Grant 51607113 and in part by the Shanghai
Sailing Program under Grant 16YF1407600. (Corresponding author: Haoyu
Wang.)

F. Peng is with Power Electronics and Renewable Energies Laboratory, School
of Information Science and Technology, ShanghaiTech University, Shanghai
201210, China, also with the Shanghai Institute of Microsystem and Information
Technology, Chinese Academy of Sciences, Shanghai 200050, China, and also
with the University of Chinese Academy of Sciences, Beijing 100049, China
(e-mail: pengfx@shanghaitech.edu.cn).

H. Wang and L. Yu are with Power Electronics and Renewable Energies
Laboratory, School of Information Science and Technology, ShanghaiTech Uni-
versity, Shanghai 201210, China (e-mail: wanghy.shanghaitech@gmail.com;
yuliang@shanghaitech.edu.cn).

This paper has supplementary downloadable material available at
http://ieeexplore.ieee.org, provided by the authors.

Color versions of one or more of the figures in this paper are available online
at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TIA.2019.2916493

Fig. 1. Overview of the battery equalization methods.

I. INTRODUCTION

IN high power applications, such as electric vehicles,
Lithium-ion battery cells are typically connected in series

to meet the high power requirement [1], [2]. Due to the man-
ufacturing and environmental variances, the electric character-
istics of each cell in the battery string may vary. This causes
the mismatch of cell voltages when the battery string is charged
or discharged [3]–[6]. Thus, certain cells may be overcharged
or depleted, which leads to the decay of available battery ca-
pacity and lifetime, and even incurs safety issues (e.g., fire or
explosion) [7], [8]. Therefore, battery equalizers are necessary
to effectively mitigate cell mismatch issues, and to improve the
system performance.

Different battery equalization techniques are summarized in
Fig. 1. They can be divided into passive and active methods. The
passive methods usually employ a resistor in parallel with each
cell. The resistor transduces the excessive energy of the over-
charged cells into heat [1], [2]. Generally, passive methods are
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featured with low cost, small size, and are easy to implement.
However, the power dissipation degrades the efficiency and
might cause thermal issues to the battery management systems.

In comparison with passive methods, active methods are
preferable due to their advantages of high efficiency and fast
equalizing speed. Based on the energy transferring strategy,
active methods can be further divided into cell-to-cell (C2C)
[3]–[12], cell-to-string (C2S) [13]–[16], string-to-cell (S2C)
[13], [17]–[19], string-to-string (S2S) [20], [21] and layer-based
structures [20], [22]–[24].

C2C is the most fundamental equalization technique. It can
be categorized into adjacent C2C [3], bidirectional C2C [4]–
[7] and direct C2C methods [8]–[12]. Kim et al. [3] introduces a
center-cell based equalizer operating in buck–boost pattern. The
equalizer transfers the excess energy from the overcharged cell
to the center cell and redistributes it to the undercharged cell.
However, the malfunction of the center-cell causes the failure
of the whole circuit and the system reliability degrades. To im-
prove, bidirectional C2C techniques have been proposed in [4]
and [5]. They are both based on switched capacitor architecture.
The capacitors serve as the energy buffer and transfer the excess
energy among different cells. In [6] and [7], a bidirectional buck–
boost based C2C equalizer is introduced to balance the energy
between adjacent cells. However, the basic equalization circuits
are coupled in series. This causes a limited number of balancing
paths and low balancing speed. Similarly, in [25], a boost-type
converter is employed to equalize the neighboring cells. In [8],
a multi-winding transformer is employed to directly transfer the
energy from the highest voltage cell to the lowest voltage cell.
In [9], the switched-capacitor based equalizer is proposed to
provide a direct equalization path between two arbitrary cells.
However, the equalization speed is low when the cell voltage
difference is trivial. In [10], the quasi-resonant LC converter
combined with the boost converter is proposed to ensure ZCS
during the direct C2C equalization process. In [12], a series of
star-structured switched-capacitor equalizer is proposed to real-
ize improved balancing speed and efficiency compared with the
classical switched-capacitor equalizers. Generally, C2C equal-
izer exhibits relatively low equalization speed because energy
can only transfer between two cells at one moment.

C2S methods transfer the energy from the unbalanced cell
to the entire battery string. C2S architecture can be imple-
mented using quasi-resonant dc/dc converter with the “buck”
and “boost” modes [13], bidirectional flyback converter [14],
time-shared flyback converter [15], and “wave-trap” technique
[16]. Typically, in [13], quasi-resonant mode is enabled in the
dc/dc converter to improve the conversion efficiency. Generally,
C2S equalizer requires a multiplexer per cell to enable a specific
balance path. This leads to increased hardware cost including re-
lays or power MOSFETs. Moreover, only one cell can be balanced
at a specific moment. This affects the balancing speed when the
number of cells scales up.

S2C methods provide a direct energy transfer path from string
to cell. When there exit undercharged cells in the string, S2C
method demonstrates faster equalization speed. In [13], a buck
mode dc/dc converter is employed to charge the undercharged
cell. In [17], a bidirectional flyback converter based on a multi-
winding transformer is introduced to realize the bidirectional

energy flow from string to cell. In [18], the voltage multiplier
combined with a half-bridge inverter is utilized to achieve the
S2C equalization. Similar to C2S methods, S2C methods require
the selection switching network. This leads to a bulky system
size. Moreover, the unbalanced cell in the string experiences both
charging and discharging simultaneously during the equalization
process. This might leads to the reduction of battery lifetime.

S2S methods achieve equalization by transferring the energy
among different strings. In [20], the battery string is divided into
serval sub-strings. By introducing a multiport converter in the
top layer, the energy is transferred among different sub-strings
and the overall string equalization can be achieved. However, the
control algorithm to ensure the overall string balance is difficult
to implement. In [21], a multi-winding transformer is introduced
to realize modularized equalization among battery strings. How-
ever, the equalization can only be achieved in different battery
strings instead of each cell.

In comparison with the single-layer architecture, multi-layer
hierarchical architecture is featured with fast equalization speed
[20], [22], [23]. Those hierarchical structures provide flexible
balancing paths, and are easy to extend. In [20] and [22], the
series-connected battery string is divided into submodules and
each submodule contains m single cells. The bottom and top lay-
ers serve to equalize single cells and cell groups, respectively.
In [23], the buck-boost converter is introduced to establish the
equalization path between the adjacent cells and strings con-
nected to the whole battery pack. This reduces the equalization
time and improves the equalization speed. However, it is worth
mentioning that all those reported hierarchical equalizers oper-
ate in unipolar CCM and are featured with hard switching. This
jeopardizes the system efficiency, especially in high-frequency
scenarios. Moreover, all equalizer units operate simultaneously
and the optimization between different equalization levels is
not addressed. This may cause the overcharged/over-discharged
cells even further charged/discharged at the beginning of the
equalization process.

To boost the conversion efficiency and to optimize the equal-
ization strategy of hierarchical equalizers, a ZVS equalizer based
on bipolar CCM buck–boost units is proposed in [24]. This pa-
per is the extension of the conference paper. The schematic of
the equalizer is plotted in Fig. 2. Different bidirectional buck–
boost circuit units are placed at different levels, which provides
flexible and bidirectional balancing paths to the corresponding
cells or strings. This improves equalization speed. Furthermore,
all the power MOSFETs are turned ON with ZVS, which reduces
the switching losses remarkably. Moreover, the inductor nega-
tive current is precisely controlled to minimize the circulating
loss. This ensures enhanced conversion efficiency. Meanwhile,
by compensating the battery internal resistance induced state-
of-charge error, the equalization accuracy is improved. All these
design advantages are realized by the proposed equalization al-
gorithm with the optimal design.

II. PROPOSED BIPOLAR CCM FOR ZVS SOFT SWITCHING

The basic equalization unit and its key waveforms under bipo-
lar CCM are plotted in Fig. 3. The source and target cell/string
are defined as the cell/string with a higher and lower voltage,
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Fig. 2. Schematic of the hierarchical battery equalizer based on buck–boost units.

Fig. 3. (a) Basic equalization unit. (b) Equivalent current during the second
dead band. (c) Key waveforms with bipolar CCM.

respectively. When voltage mismatch occurs, the MOSFET on the
source side (Sw1) turns ON. The source voltage (Vsource) is ap-
plied to the inductor (L), and the inductor current (iL) builds
up to discharge the source cell/string. iL equals the equalization
current in this sub-interval, and increases linearly since VCsource

can be seen as a constant during the switching period. The ex-
cessive charge of the source cell/string [indicated by the blue

region in Fig. 3(c)] is transferred to L. Then, Sw1 turns OFF, iL
flows into the target cell/string through the freewheeling path
provided by the body diodes of target side MOSFET (Sw2) dur-
ing the dead band. Therefore, the body diode conducts before
the conduction of the MOSFET channel, which establishes the
zero-voltage turning-ON condition for Sw2. Thus, L is paralleled
with the target cell/string. This means that energy stored in L
is transferred to the target cell/string. By turning ON Sw2 under
ZVS, the remaining energy in L [indicated by the brown region
in Fig. 3(c)] is further transferred to the target cell/string.

In order to achieve ZVS turn-ON of Sw1, iL must be slightly
negative before Sw2 turns OFF. During the dead band after Sw2

is turned OFF, the negative iL discharges and charges the out-
put capacitors (Coss) of Sw1 and Sw2, respectively. This dead
band must be properly designed to ensure both the ZVS turn-
ON of Sw1 and minimized circulating current. Fig. 3(b) shows
the equivalent circuit during the second dead band. The volt-
ages of the Coss of Sw1 and Sw2 are discharged and charged
to (−VD) and (VCSource + VCTarget + VD), respectively. Thus,
the vds voltage variations (ΔV) of Sw1 and Sw2 are equal to
(VCSource + VCTarget + VD). The charge (Q) transferred from
L to those two capacitors is expressed as

Q = ΔV Coss = 2(VCSource + VCTarget+VD)Coss. (1)

Meanwhile, the required minimum charge qmin [as indicated
in Fig. 3(c)] stored in L is expressed as

qmin =
1
2
TdeadiLmin =

1
2
T 2
dead

VCsource

L
. (2)

According to (1) and (2), the dead band should be designed
as

Tdead ≥
√

4 (VCSource + VCTarget+VD)

VCSource
LCoss. (3)

When the MOSFET turns OFF, its vds is clamped to the sum
of the cell/string voltages in the equalization unit. The voltage
stresses of the MOSFET are derived as{

vds1 = VCSource + VCTarget + VD,
vds2 = VCSource + VCTarget + VD.

(4)
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Fig. 4. Profile of duty cycle versus source and target cell voltages.

Before the second dead band, the analytical expression of the
inductor current is derived as

iL(t) =
VCSource

L
DTs − VCTarget + VD

L
Tdead

− VCTarget

L
(t− t2). (5)

To ensure bipolar CCM, iL in (5) should be negative at t3.
Combining with (3), the constrains of duty cycle is derived as⎧⎨
⎩

D ≤ VCTarget

VCSource+VCTarget
− VCTarget−VD

(VCSource+VCTarget)Ts

√
GLCoss

G = 4(VCSource + VCTarget+VD)/VCSource

.

(6)

Correspondingly, the predicted duty cycle versus source and
target cell voltages is plotted in Fig. 4. Practically, for a single
lithium-ion cell, the voltage varies between 2.5 and 4.2 V nom-
inally. With this voltage range, the duty cycle varies between
0.36 and 0.61.

Indeed, the ZVS range of the buck–boost equalizer is deter-
mined by the cell or string voltages, which significantly im-
pact the switching loss at high frequency. Furthermore, the
required dead time period is too long at high frequency, leading
to large circulating current. Thus, the proposed optimal design
and MOSFETs with smaller output capacitance should be consid-
ered at high frequency.

III. DESIGN CONSIDERATIONS

A. Inductor Design

The saturation current of the inductor should be designed
larger than the maximum inductor peak current to avoid mag-
netic saturation. The maximum inductance is determined by the
switching frequency (fs), the maximum cell voltage (VCmax),
the maximum duty cycle (Dmax), as well as Iave. This relation-
ship is defined as

Lmax =
D

2

maxVCmax

2Iavefs
. (7)

Fig. 5. Equivalent circuit model of the lithium-ion battery. (a) Thevenin model.
(b) Simplified battery model.

Fig. 6. Equivalent circuit of the basic equalizer unit with two cells.

B. Open-Circuit Voltage (OCV) Estimation

During the equalization process, there typically exists mis-
match between the OCV and the measured terminal voltage
(VCT ) of the lithium-ion cell. This is mainly due to the mismatch
of diffusion characteristics and the internal resistance of the bat-
tery. The voltage drop across the battery internal resistance af-
fects the accuracy of equalization judgment. In order to improve
the accuracy of the voltage equalization, the Thevenin model of
the lithium-ion battery [26], [27] is adopted. The schematic of
the model is plotted in Fig. 5(a). The dc voltage source represents
OCV. The parallel resistor and capacitor (RC) network (rp and
Cp) represent the polarization resistance and capacitance, aim-
ing to reflect the low-frequency characteristics during charging
and discharging. The resistor (ri) is the ohmic resistance. The
equivalent internal resistance (req) can be measured experimen-
tally based on a further simplified model, as shown in Fig. 5(b).
As indicated in Fig. 5(a), req includes the ohmic resistance and
the equivalent RC network impedance.

The basic buck–boost converter can be modeled as a dc trans-
former as shown in Fig. 6. Cell1 and Cell2 are the source and
target cells, respectively. Iave represents the average equaliza-
tion current. OCVC1 is larger than VCT 1 and OCVC2 is less than
VCT 2 due to the voltage drop across req. Thus, OCVs can be
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Fig. 7. Profile Current and voltage waveforms during req measurement.

estimated by

OCVC2 = VCT 2 + Iave2req2 (8)

OCVC2 = VCT 2 − Iave2req2 (9)

Iave1 = M(D)Iave2 (10)

where M(D) is the voltage conversion ratio of the buck–boost
unit

M(D) =
VCT 2

VCT 1
. (11)

C. Internal Resistance Measurement

The equivalent internal resistance (req) can be measured ex-
perimentally using the pulse-current discharging method. Fig. 7
shows the variation of the pulse discharge current (ΔIdis_P ) and
the voltage (ΔVCT ). The battery is discharged continuously by
a 2 A constant current. When the measurement starts, a three-
step pulse current (5A-8A-2A) is applied to the battery. Each
step lasts 100 µs, the equivalent RC network impedance of the
Thevenin model can be ignored compared with the internal re-
sistance. In such a short time interval, the voltage variations of
the first two steps are mainly contributed by the voltage drop
of the internal resistance. Therefore, the equivalent internal re-
sistance (req) can be derived by the difference of the voltage
(ΔVCT ) and the current (ΔIdis_P ) during the first two steps

req =

∣∣∣∣ ΔVCT

ΔIdis_P

∣∣∣∣ . (12)

In [26], the typical req profiles of four NCR 18650 lithium-ion
battery cells are reported. The curves of req versus battery state-
of-charge (SOC) are plotted in Fig. 8. As shown, the variance
of req over the full SOC range is much smaller than its average
value. Therefore, to simplify the control algorithm, the average
req is adopted to estimate the OCV of each cell in this paper. The
average req of four NCR18650PF battery cells are evaluated and
plotted in Fig. 9. The characteristic mismatch of different cells
can be observed in Fig. 9. After compensating the impact of req,
more accurate OCV can be predicted in real time. This improves
the accuracy of equalization judgment.

Fig. 8. Typical internal resistance profiles of 18650 lithium-ion batteries.

Fig. 9. Experimentally measured average req of four cells.

D. Control Strategy

A control strategy is proposed to evaluate the equalization
performance. Its diagram is illustrated in Fig. 10. In each level,
there is an independent control block to enable/disable its equal-
ization process. The control blocks in different levels are iden-
tical. To optimize the equalization within each level, only one
equalization process of a specific level is active at one moment.

For better understanding, level_1 is taken as an example. As
shown, the controller detects the cell terminal voltages (VCT ) in
real time. The key control parameters (i.e., D, Tdead, OCV) are
calculated based on the detected VCT . Thus, both bipolar CCM
and minimized circulating current can be achieved. The level
optimizer generates the optimizing variable i to monitor all the
equalizer operation states. The charge flow controller judges the
power flow direction and equalization action according to OCV
and i. It includes two sub-parts (CFC1 and CFC2). CFC1 is to
manage the equalization action for each equalizer by comparing
the OCV (|ΔOCV(i)|) with the predefined voltage error reference
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Fig. 10. Block diagram of the control algorithm.

value (ΔVref). When |ΔOCV(i)| is higher than ΔVref , CFC1 is-
sues the true equalization action signal, which indicates the de-
tection of voltage mismatch. Meanwhile, CFC2 determines the
cell/string with higher voltage by comparing the sum of OCV of
each cell (i.e., ΣOCVSH andΣOCVSL). It is combined with the
true equalization action signal to create the power flow direction
signal. The PWM generator generates the gate signal (i.e., vgs,H
and vgs,L) based on D, Tdead and the power flow direction sig-
nal from CFC2. For CFC1, |ΔOCV(i)| less than ΔVref means the
cell voltages have been balanced in this level. Thus, the iden-
tical control strategy spreads up the higher level. The overall
cell voltage equalization can be achieved after the equalization
process of level_m is finished.

Indeed, the charge flow controller determines the power
flow direction based on the voltage error in each equaliza-
tion unit. This ensures the charge always flows from the
source cell/string to the adjacent target cell/string, and avoids
the overcharged/over-discharged cell/string being further
charged/discharged. The equalization process of each level
is based on the OCV by compensating the internal resistance
voltage drop. Comparing with the equalization methods based
on the SOC, the proposed methods shows low computation
complexity and is easy to estimate OCV in real time. Practically,
the proposed control algorithm is implemented in a digital
signal processor (DSP), and its realization will be further
explained in the experimental results.

IV. COMPARATIVE ANALYSIS

A. Analysis of Equalization Speed

Equalization speed is one of the figures of merits to evalu-
ate the battery equalization performance. Generally, the higher

Fig. 11. Equalization structure of C2C methods. (a) Bidirectional C2C meth-
ods. (b) Direct C2C methods.

the power rating of the equalizer is, the shorter the equaliza-
tion time becomes. Thus, if the power rating of the equalizer
circuit is fixed, the average number of equalization cycles can
be chosen as the key parameter to evaluate the equalization
speed [3]. Meanwhile, the equalization concept of the hierar-
chical structure can be seen as one of the “adjacent cell-to-cell”
methods in one equalization unit. This is because different equal-
izer units in different levels transfer charge between two “ad-
jacent” cells or strings. In order to simplify the analysis, it is
assumed that there is only one mismatched cell in the battery
string, while the other cells are balanced to the same voltage. A
battery string with N series-connected cells is considered. The
required average number of cycles to achieve final balance is
defined as

Cycleave=

∑
Cycleij

Numtotal
(13)

where Cycleij is the required number of charge transfer cycles
from the ith cell to the jth cell. Numtotal is the number of all
possible imbalance cases. For the abovementioned assumptions,
Numtotal = N.

Within the C2C methods, the bidirectional and direct C2C
methods show better equalization performance considering the
equalization speed. As shown in Fig. 11(a), for the bidirectional
C2C, the equalizer units are coupled in series to transfer the
energy between every adjacent two cells bidirectionally. By in-
troducing the multiplexer network, the direct C2C methods share
one equalizer circuit to equalize two different cells, as shown in
Fig. 11(b).

For the bidirectional C2C method [7], the equalizers are cou-
pled in series. The required transfer cycles from the ith cell to
the jth cell are given in Table I. Based on Table I, the average
number of required cycles of the bidirectional C2C method can
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TABLE I
REQUIRED CYCLES FOR BIDIRECTIONAL C2C METHOD

be calculated as

∑
Cycleij= 2

(
N−1∑
k=1

k+

N−2∑
k=1

k+

N−3∑
k=1

k+ · · ·+
2∑

k=1

k+

1∑
k=1

k

)

=
N(N 2 − 1)

3
(14)

Cycleave =
(N 2 − 1)

3
. (15)

The direct C2C method transfers charge between the two se-
lected cells [10]. Only two cells of the whole battery string can
be equalized at one specific instance. Therefore, the minimum
value of the sum of the required cycles and its average value can
be derived as ∑

Cycleij = N (N − 1) (16)

Cycleave = N − 1. (17)

For the hierarchical structure, when N is equal to a power of
2, the sum of required cycles is expressed as∑

Cycleij=N logN2 = Nm, if N = 2m (18)

where m is the number of levels. When 2m−1 < N < 2m, the
sum of required cycles is expressed as (19). As shown, it is dif-
ficult to obtain an accurate value for the sum of required cycles,
especially when N is large. The worst case is that the required
equalization cycles of each imbalanced cell are estimated to the
maximum value m.∑

Cycleij =⎧⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎩

(N − 1) log2m
2 + 1 × 1 if N − 2m−1 = 1

(N − 2) log2m
2 + 2 × 2 if N − 2m−1 = 2

(N − 3) log2m
2 + 2 × 2 + 1 if N − 2m−1 = 3

...∑
Cycleij ≤ N logN2 = Nm. (19)

In this worst case, the maximum average cycles of the pro-
posed method can be expressed as

Cycleave=m. (20)

According to (15), (17), and (20), the average cycles of each
method are depicted in Fig. 12. The hierarchical structure, in

Fig. 12. Average cycles for charge transfer using different methods.

the worst case, demonstrates less number of average cycles than
the bidirectional C2C method and the direct C2C method. Es-
pecially, for applications with a large number of series cells, the
hierarchical structure demonstrates faster equalization.

B. Comparative Study

A comprehensive comparison among different equalization
methods is conducted and summarized in Table II. This evalua-
tion focuses on the number of active and passive devices, voltage
stress of components, conversion efficiency, size, extendibility,
and control complexity. It is assumed that all the cell voltages
are equal to Vc. The conversion efficiency is estimated by the
working condition of each equalizer. Generally, if ZVS or ZCS
technique is introduced, the conversion efficiency is expected
to be high. The size and weight are dominated by the bulky
magnetic components. The extendibility is determined by the
implementation difficulty and the modularization ability, such
as the multi-winding transformer and the coupled inductor. The
control complexity is evaluated by the number of active devices
and the complexity of the control algorithms.

As aforementioned, the passive method demonstrates excel-
lent performance in size, extendibility, and control complex-
ity, while its efficiency is low since all the excess energy is
transduced to heat. In comparison to C2S or S2C methods, the
voltage stress of the traditional C2C methods is relatively low
and is clamped to the cell voltage. For the multi-winding trans-
former based equalizers, the weight is relatively heavy and the
extendibility is weak. The directed C2C method based on the
boost converter and the quasi-resonant LC converter [10] re-
quires low switch count since each converter unit is shared by
every two cells. However, 2N relays are required in the mul-
tiplexer network. This increase the system size and hardware
cost. Since basic the buck–boost converter can transfer the en-
ergy between two cells/strings bidirectionally, the hierarchical
structure has the intrinsic modularization ability and flexible
extensibility. Due to bipolar CCM operation, high conversion
efficiency can be expected. Meanwhile, with the increase of the
series connected cells, the system complexity increases slightly.
This is mainly because the entire hierarchical equalizer is based
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TABLE II
COMPARISON OF DIFFERENT EQUALIZATION METHODS

TABLE III
DESIGN PARAMETERS

on bipolar CCM buck–boost units. The design method and con-
trol algorithms are similar among and across different levels.

V. EXPERIMENT RESULTS

A. Experiment Setup

An experimental prototype for four series-connected lithium-
ion cells is implemented to verify the concept. The designed
parameters are given in Table III. NCR18650PF lithium-ion
cells are employed in the prototype. Meanwhile, a dc power
source provides power to the DSP, the monitor IC and the iso-
lated drivers of MOSFETs. The schematic of the experimental
equalizer is depicted in Fig. 13. Four filtering capacitors are
installed to suppress the ringing across the cells.

The experimental setup and its block diagram are illustrated
in Figs. 14 and 15, respectively. As aforementioned, the pro-
posed control algorithm in Fig. 10 is realized in a DSP. The DSP
reads VCT sensed by the monitor IC (BQ76PL536) via the serial
peripheral interface protocol. Then, the critical control parame-
ters (i.e., D, Tdead, OCV) are computed in real time. Next, the
processor judges the charge flow direction assisted by the CFC

Fig. 13. Schematic of the experimentally validated equalizer.

Fig. 14. Photo of experimental setup.
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Fig. 15. Block diagram of the experimental setup.

Fig. 16. Key waveforms of switches in the first level. (a) vgs1, vds1 of Sw1,
vgs2, vds2 of Sw2, and the inductor current iL11. (b) vgs3, vds3 of Sw3, vgs4,
vds4 of Sw4, and the inductor current iL12.

units. Afterward, the PWM signals are generated and sent to the
isolated gate drivers. After the equalization process in one spe-
cific level is done, the identical mechanism spreads to the upper
next level. After the equalization process in the uppermost level
is done, the entire equalization is finished.

Fig. 17. Key waveforms of switches in the second level: vgs5; vds5 of Sw5;
vgs6; vds6 of Sw6; and the inductor current iL21.

Fig. 18. vgs1, vds1 of Sw1 and the current of inductor iL11 and the cell1
icell1.

B. Experimental Results

The key experimental waveforms are captured in
Figs. 16–18. Figs 16 and 17 present the critical switching
waveforms of level_1 and level_2, respectively. Fig. 18 presents
the battery cell1 current (icell1) and iL11. Fig. 16(a) shows the
critical switching waveforms of Sw1, Sw2 and iL11. Fig. 16(b)
shows the key switching waveforms of Sw3, Sw4 and iL12.
Fig. 17 shows the key switching waveforms of Sw5, Sw6, and
iL21. As shown in Figs 16 and 17, all the MOSFETs vds drops
to zero before the gate signal is applied. This indicates a clear
ZVS turn-ON of all the MOSFETs. Figs 16 and 17 validate the
bipolar CCM operation of the equalizer. In Fig. 18, the current
waveforms of the inductor and the battery cell1 demonstrate that
cell1 is discharged by a dc current filtered by filtering capacitors
during the equalization process. When the inductor current de-
creases, the stored energy in the inductor is transferred to cell2.

Fig. 19 shows the measured efficiency when the output voltage
of one basic buck–boost converter varies between 2.5 and 4.2 V.
The efficiency is measured under the bipolar and unipolar CCM.
As shown in Fig. 19, the average efficiency of the equalizer op-
erated in bipolar CCM is 89.36%, while the average efficiency
of the equalizer operated in unipolar CCM is 80.97%. There-
fore, higher conversion efficiency is achieved due to the reduced
switching loss.
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Fig. 19. Measured efficiency curves when fs = 100 kHz.

Fig. 20. Cell voltages during the equalization process when the initial volt-
ages are 3.964 V, 3.865 V, 3.925 V and 3.831 V; (a) terminal voltage (VCT ).
(b) OCV.

Figs. 20 and 21 show the experimental OCVs and the ter-
minal voltages of the four series-connected lithium-ion cells
with different initial cell voltage. The voltage data is recorded
by Keysight 34972A. As shown in Fig. 20, the initial voltages
are 3.964, 3.865, 3.925, and 3.831 V, respectively. Since L11 is
smaller than L12, the equalization current flows from cell1 to
cell2 is higher. This leads to an earlier equalization accomplish-
ment at point A1 than that at point B1. After the equalization pro-
cess of level_1 is done and serval minutes’ delay, level_2 starts.
Typically, when the equalizer shift to idle mode (at point A1),

Fig. 21. Cell voltages during the equalization process when the initial voltages
are 3.988, 3.892, 3.814 and 3.649 V. (a) Terminal voltage (VCT ). (b) OCV.

a clear recovery phenomenon of each cell is observed, as shown
in the zoomed-in part of Fig. 20(b). The OCVs of the four cells
converge at point C1 with a suitable error margin. Then, the
equalizer in level_2 is switched to idle mode. After the total
equalization process of 44 min, the OCV difference is converged
from 130 to 18 mV.

In order to further evaluate the equalization performance, an-
other experiment with different initial cell voltage (i.e., 3.988,
3.892, 3.814, and 3.649 V) is conducted. Similar to the results
shown in Fig. 20, the voltages of four cells converge after the
equalization process of 109 min of two levels. According to
Fig. 21, the clear recovery phenomenon of cell happens after the
corresponding equalizer switches to idle mode, as shown in the
zoomed-in part of Fig. 21(b). This coincides with the results in
Fig. 20. Moreover, the voltage deviation of the four cells reduces
from 338 to 25 mV. Both results in Figs 20 and 21 validate the
control diagram shown in Fig. 10.

VI. CONCLUSION

In this paper, a bipolar CCM buck–boost units based hi-
erarchical power electronic interface is designed for battery
equalizer applications. The analysis and optimal design con-
siderations are addressed in detail. The basic equalization unit
operates at bipolar CCM with an accurate controlled negative
current, minimizing the circulating loss. All the MOSFETs oper-
ate with ZVS to reduce the switching loss remarkably. More-
over, the hierarchical architecture provides flexible equalization
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paths for cells or strings, improving the equalization speed. The
estimation of OCV is employed to ensure the accurate equal-
ization by compensating the internal resistance induced voltage
drop. An advanced control strategy based on OCV is proposed
to optimize both the conversion efficiency and the equalization
speed. The comparison of equalization speed between different
C2C architectures and comprehensive evaluation of equalizer
are conducted to verify the voltage equalization performance.
The experimental results validate the design of the equalizer
and demonstrate obvious efficiency enhancement over the con-
ventional method.
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