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Modular Equalization Architecture Using a ZVS
Half-Bridge for Autonomous Energy Redistribution

Zhengqi Wei
Fengwang Lu

Abstract—This article presents a zero-voltage-switched half-
bridge modular equalizer that utilizes a capacitively coupled ac
link to enable scalable module-to-cell energy redistribution in a
series-connected battery string. The proposed architecture trans-
fers charges to any lower voltage cell(s) within the battery module
naturally without sensing the individual cell voltage. Each half-
bridge converter converts the voltage of its corresponding battery
module to an ac signal, which is then transmitted to the ac link via
a transformer and two decoupling capacitors. Since all modules
are interconnected via the shared ac link, any low-voltage battery
cell(s) receives energy from the link, thereby enabling effective
energy transfer among modules. The proposed equalizer enables
an adaptive current distribution among cells without relying on
any selection switches. A 16-cell prototype (two modules of eight
3.6 V 18 650 cells each) was built to validate the effectiveness of the
proposed topology. The equalization performances of the equal-
izer under single-module operation and dual-module operation
have been evaluated. The proposed equalizer offers advantages in
scalability, control complexity, and efficiency over conventional ap-
proaches, which makes it well suited for large-scale energy storage
applications.

Index Terms—Battery equalizer, battery management system
(BMS), cell equalization, energy storage systems, lithium-ion
batteries.

1. INTRODUCTION

HE rapid growth of electric vehicles (EVs) and the cor-
T responding increase in battery production have led to a
significant accumulation of retired batteries [1], [2]. Although
these batteries may no longer meet the stringent performance re-
quirements for automotive applications, their remaining capac-
ity can be effectively repurposed for stationary energy storage
systems [3]. However, inherent variations in aging and degrada-
tion among second-life batteries lead to mismatches in capacity
and voltage characteristics [4]. In second-life battery energy
storage systems, cell equalization is, therefore, indispensable.
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(a) C2C equalization architecture. (b) P2C equalization architecture.

Without it, the “barrel effect”—where the weakest cell dictates
the usable capacity—Ilimits the overall utilization and efficiency
of the system [5]. By equalizing the state of charge (SOC)
between cells, usable capacity can be maximized and the life
span of the pack can be enhanced [6], [7]. Furthermore, proper
equalization is critical for safety: voltage imbalances during
charge or discharge can drive some cells into overcharge or
overdischarge, increasing the risk of thermal runaway or other
failure modes [8]. Active redistribution of energy from higher
voltage to lower voltage cells mitigates these hazards and ensures
stable, reliable operation of the storage system [9].

Cell equalization methods can be divided into passive and
active methods. Passive equalization uses resistors to bleed
excess charge from cells with higher voltages, bringing every cell
to the lowest voltage in the string [10]. This approach is simple
and low-cost, but wastes energy and takes a long time. Active
equalization, on the other hand, employs small power converters
to move charge from stronger cells to weaker ones, enabling
more efficient equalization at the cost of added components and
control complexity.

Existing active equalization methods can be divided mainly
into two categories. They are cell-to-cell (C2C) [11], [12], [13],
[14] and pack-to-cell (P2C) [15], [16],[17], [18], [19]. As shown
in Fig. 1(a), C2C equalization refers to the establishment of an
energy transfer path between two single cells in a battery pack,
transferring charge from a single cell with a higher voltage to a
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Fig. 2. Conventional modular multilevel battery equalization architecture.

single cell with alower voltage [20]. C2C equalization strategies
can be broadly classified into two categories based on the energy
transfer path: adjacent C2C and direct C2C. In adjacent C2C ar-
chitectures, energy can only be transferred between neighboring
cells [21]. For systems with a large number of cells, adjacent
C2C equalization methods result in excessively long energy
transfer paths, leading to reduced equalization efficiency. As
a result, such approaches are more appropriate for small-scale
battery configurations. In direct C2C equalization, energy can
be transferred between any pair of cells in the string, regardless
of physical position [22]. However, when many batteries are
connected in series, each potential equalization path requires
corresponding switching and energy storage elements, signifi-
cantly increasing circuit complexity and wiring requirements.

As shown in Fig. 1(b), P2C equalizers use a converter to
extract energy from the entire battery pack and redistribute it to
specific single cells with low SOC [23]. The structure does not
require a separate energy transfer path to be established for each
monomer, but instead achieves energy extraction and redistribu-
tion through the overall bus, and the circuit structure and wiring
are simplified [24]. P2C equalizers can be classified into single
shared converter with cell selection equalizers (SSCCSE) and
multioutput converter-based equalizers (MOCE). The SSCCSE
uses a single converter connected between the pack and a bank
of parallel-connected switches that select the target cell. The
structure utilizes centralized design to simplify energy manage-
ment. However, SSCCSE requires complex switch matrix for
cell selection, and sequential equalization limits speed in large
scale systems. In addition, this circuit can address only one cell
at a time. When the number of under-voltage cells increases,
this sequential operation significantly limits the overall equaliza-
tion speed. MOCE commonly utilizes multiwinding transformer
to achieve simultaneous equalization of multiple cells. Con-
sequently, accommodating a large number of cells introduces
significant challenges in the design and implementation of the
transformer. Furthermore, all P2C methods accommodate high
voltage stress due to direct connection to the full pack, which
increases the demands on power device ratings [25].

To reduce the voltage stress of the switches and achieve a more
flexible equalization path, modular-based battery equalizer has
been proposed. As shown in Fig. 2, this method is to divide
the battery pack into multiple modules. It can realize the trans-
fer of energy between modules and within the module. Some
studies have been conducted on modular battery equalizers.
Liu et al. [26] proposed a modular multilayer equalizer that
employs a multiactive-bridge converter for module-level and
a common-mode Class-D converter for cell-level equalization.
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While high-frequency operation minimizes magnetic compo-
nent size, it also significantly complicates the control scheme
due to the excessive frequency and number of active switches.
Peng et al. [27] proposed a hierarchical equalizer that uses an
LLC resonant converter at the module level and a buck—boost
converter at the cell level, with design optimizations ensuring
zero-voltage switching for all MOSFETs and optimal operation.
However, the extensive use of relays before the modules under-
mines system reliability. Moreover, employing different topolo-
gies across the two layers of a multilevel equalizer significantly
increases control complexity. Manjunath et al. [28] proposed a
modular two-stage active cell equalization topology based on an
enhanced buck—boost converter for series-connected lithium-ion
battery strings. The aforementioned modular equalizers can only
reduce the voltage stress of switches within individual modules,
while the switches responsible for intermodule equalization are
still subject to the full pack voltage.

To minimize the number of active components, overcome the
implementation challenges associated with transformers, and
reduce voltage stress of switches and the control complexity in
multimodule systems, a half-bridge-based modular capacitive-
coupled equalizer is proposed. The modular equalizer exhibits
the following characteristics.

1) Reduced number of active components: For every n bat-
tery cells, only two selection switches are required, sig-
nificantly decreasing the total number of active devices
compared to the prior art.

2) Simplified control scheme: All switches are driven by
a single pair of complementary pulsewidth modulation
(PWM) signals, minimizing control complexity and elim-
inating the need for multichannel gate signal coordination.

3) Self-adaptive current distribution: The system requires
no active cell selection. Current naturally flows from
higher voltage cells to lower voltage cells based on their
instantaneous voltage differences, enabling autonomous
equalization characteristics.

4) Modular and scalable design: The architecture supports
flexible modularization, allowing it to be easily scaled and
applied to battery energy storage systems of various scales
and voltage levels.

5) Low voltage stress: The voltage stress across each switch
is limited to the local module voltage and remains in-
dependent of the total system voltage, enhancing device
reliability.

The rest of this article is organized as follows. Section II
describes the proposed circuit topology and its operating prin-
ciples. Section III presents the design methodology along with
a detailed power loss analysis. Section IV provides experimen-
tal validation. A comparative evaluation between the proposed
scheme and existing solutions is given in Section V. Finally,
Section VI concludes this article.

II. PROPOSED EQUALIZER AND OPERATING PRINCIPLES

A. Proposed Equalizer

Fig. 3 illustrates an equalization system architecture consist-
ing of K modules, each comprising /N battery cells. The modules
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ule.

Schematic of the proposed modular voltage equalization circuit mod-

are interconnected through an ac link. The module battery units
serve collectively as the input to the half-bridge. Capacitors
(Ca1~Cy g and Cp 1 ~ Cp k) function as decoupling
capacitors, while (C11 1 ~ Cn1 g and Cio 1 ~ Cno k) are
isolation capacitors. Diodes (D; 1 ~ Dy ) and together with
inductors (L1 1 ~ Ly k) convert the ac signal into dc, and
(Lg1_1 ~ Lygn41)_r) serve as filter inductors.

The control flowchart is plotted in Fig. 4. The maximum
voltage difference can be calculated by

AViitt = Veell_max — Vcell_min- (D

When the maximum voltage difference is greater than the
set start threshold Vip_start, PWM is enabled; when the maximum
voltage difference is less than the set stop threshold Vi, ¢ng, PWM
is disabled. The frequency selection of PWM will be analyzed in
detail in Section III.A. Since the proposed equalization architec-
ture is aimed to be integrated with a battery management system
(BMS) that continuously measures the voltages of all cells, it first
determines the maximum cell voltage difference and then selects
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Fig. 4. Flowchart of the proposed autonomous equalization algorithm.

the switching frequency. Therefore, the only variable that needs
to be measured in this architecture is cell voltage. The current
method for selecting the switching frequency relies on a simple
table lookup, where a specific voltage difference corresponds to
a designated switching frequency.

The half-bridge obtains input energy from the entire battery
module, and distributes current according to the battery voltage
in the module through the capacitor-coupled ac link. A lower
battery voltage will have a higher equalization current, and a
higher battery voltage obtains a lower equalization current. At
the same time, all modules are connected together via the ac link.
When the voltage of the battery(ies) in one module is higher than
that in another module, the current will flow into the battery with
the voltage lower than the average voltage through the ac link to
achieve energy transfer between modules.

Ultimately, the voltage difference across all cells converges to
zero. As the voltage difference decreases, the equalization cur-
rent diminishes accordingly, leading to a progressively slower
equalization process. Typically, equalization is terminated when
the voltage difference of all cells falls below a designed
threshold.

B. Operating Principles

Fig. 5 shows the operations of a single equalizer module
when power is transferred from the total battery module to
Cell;, with the lowest voltage. The current flowing out of the
battery module 7, is the input current of the half-bridge. For
the sake of simplicity and clarity, all components are assumed
to be ideal in describing the operating principle of the equalizer.
Fig. 6 shows the key operation waveforms of the equalizer.
Throughout the equalization process, the input voltage of the
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Fig.5. Topological operation of the proposed equalizer module. (a) (01 is ON,

@2 is OFF. (b) Q2 is ON, Q1 is OFF. (c) Definition of the current flows in Celly.

equalization module at any given time equals the sum of the volt-
ages of the cells within the module. The module voltage can be
expressed as

N
Vinodule = Veem + -+ + Veain = »_, Veellk- 2
k=1

The half-bridge outputs an ac voltage with an amplitude of
Vb, which can be expressed as

1

5 Vmodulc . (3)

The MOSFETs in the half-bridge are driven by complementary
PWM signals with dead-time inserted. When ()7 is turned ON,

Vab =
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the leakage inductance L, of the transformer is charged, and
all diodes in the circuit are reverse-biased. During the dead
time, L, freewheels through the body diodes of the MOSFETSs,
enabling soft-switching. When switch Q- is turned ON, the dc
equivalent circuit of the proposed equalizer is shown in Fig. 7.
Assuming ideal diodes, when Vi,odule/2n > Veenr, the diode
is forward-biased, allowing current to flow into the Cell;. Con-
versely, when Viyodule/2n < Veenk, the diode is reverse-biased,
preventing current from flowing into cells with voltages higher
than the average voltage. As shown in Fig. 5(c), the equalization
current flowing into the Celly, is

Ipk = I — I )

where ILfk =< 1Lk >, =< iLfk: >, and Iy =< iy, >,
Therefore, the equalization power can be expressed as

Pp = I Veeir = La Vinodule- )

When there are multiple battery (P) voltages within a single
module that are lower than the average voltage, the equalization
power can be expressed as

P

Pg =Y IpiVeem (6)
k=1
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When multiple modules are in equalization, the overall power
can be expressed as

K
Py = Int iVimodute i- (7)
i=1

Therefore, the equalization power of the system depends on
the number of battery modules and the cell voltage within each
module.

The equalizer can further be simplified as a single input,
multiple output circuit, as illustrated in Fig. 8(a). For each cell
with a voltage lower than the average, its equalization circuit can
be equivalently represented as shown in Fig. 8(b). The equivalent
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Fig.9. Leakageinductance L _¢q and inductor Leq currents used for analytical
modeling.

components can be represented as follows:

L
Lgeq= 75
— _CACpCriCro 8
Ceq T Ca+Cp+Cri+Cha ®)
Leq =L+ Lfk.

To simplify the analysis, dead time is neglected. Moreover,
the transformer magnetizing inductance L,,, can be regarded as
a open circuit at high frequencies. The equivalent circuit of the
equalizer is shown in Fig. 8(b). Based on the Kirchhoff’s voltage
law (KVL)

Vin + ULg eq — VUCeq T VLeq + Veen =0 )

where < viy >17,=0, < vpg eq >7,= 0, and < vpeq >7,= 0.
Therefore

VCeq = Veelk - (10)

The coupling capacitor can be regarded as a voltage source equal
to the battery voltage. Within one switching cycle, the circuit
operates in three modes, as illustrated in Fig. 8(c)—(e). Fig. 9
shows the current of the inductors iy _cq and ¢ zeq.

1) Mode 1 [t,, Fig. 8(c)]: During this subinterval, () is
turned ON and ()5 is turned OFF. The diode Dy, conducts,
the current through the inductor L ¢4 transitions from
negative to positive, and the equivalent inductance Leq
sustains the current through the diode. Based on the KVL,
the slope of the current of the inductor L, ¢4 is given by

di Lg_«(t) _ 1 ( Vmodule

+ VCellk) . (an

dt Ly o 2n
Equation (11) becomes
1 Vi
I, -1 = 17 (Ig)dule + Vcam) te.  (12)
g_eq n

2) Mode 2 [{T, —t,, Fig. 8(d)]: During this subinterval,
with ()1 remaining ON, (J» remaining OFF and the diode
OFF, the currents through the inductors L, o4 and L¢q are
equal. At this time, the slope of both inductor currents is
given by

diLy,eq (t) _ 1 Vmodule

- : 13
dt Lyeqt Leg 20 (13
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Equation (13) becomes

1 Vmodule ( 1

~T.
Ly eq+ Leq 2n 2

Ii— I = - tm> . (14

3) Mode 3 [ %Ts, Fig. 8(e)]: During this subinterval, switch
Q1 is turned OFF and ()5 is turned ON. At this moment, the
diode conducts, and the current slopes of the two inductors
are given by

diLg q(t) 1 Vinodule
— = % - . 15
7 oo < Cellk o ) (15)
digg () 1
— 0 = — — Vel 16
7 o Cellk (16)
Equations (15) and (16) become
1 Vmodule Ts
L —Iz3=— (Vc llk_> - (17
Lyeqg \ 2n ) 2
1 T.
IL—I3= ——V, S+t$>. (18)
2 3 L Cellk < 9

Based on (11)—(18), the ¢, is derived as

%VmoduleLeq — Veenk (Lg_eq + Leq)
VmoduleLeq + 2VCellk (Lg_eq + Leq)

ty = T (19)

Ly 4 and the C, are connected in series. Thus, accord-
ing to the capacitor ampere-second balance principle, the
average current through L, ., is zero. Hence

S1+ S+ 53+ 54+ 55 =0. (20)

The areas Sy, S2, Sy, and Sj are triangles, and S5 is a
trapezoid. Therefore, the areas S; — S5 can be expressed as

Sy =it
Sy = ital,
Sy = t3(Iz + I3) (21)
Sy =it4ly
S5 = gtsly.
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Based on (11), (13), and (15), t; — t5 can be shown as

tl - Vmoﬁnlnchg?eq
tpdule +Veenk

tr = Vn?]L o
s+ Veenk

ty = 3T —t, (22)

IsLg

V"‘Z",i“'e —Veenk
Iy L.q,Cq

7‘/"'2",3“'5 Ve

ty =

ts =

The areas S; — S5 can be expressed as
2L

S, = ——ifee

1 7‘/"‘%‘1“]5 +2Veenr

12L
SQ = 29
module +2Veenk

e Dt

2
Sy =+ I5Lg e
—module — 2V,

(23)

2
1T Ly e

v .

—module — 2V,

S5 =

By combining (12), (14), (21), (22), and (23), I and I3 can be
derived as

(A+ B)D? - BE*— CE

I, = 24
7 2EB+2D(A+ B) +2C 24
(A+ B)D? - BE? - CFE
I3 = E 25
5= 9EB12D(A+ B) 120 (23)
where
I O
- 7‘/"]202“2-‘1'2‘/&1]1@
— __ Tg9.eq
B= Vmg",‘i“le —2Veenk
(26)
1 ( Ty
C=35(% —t)
D = L.ql,(’«(] (Vratif;‘le + Vcellk) ta:
E= L%qVCenk- (L +t,).
Therefore, the average output current of the equalizer is
I + 1 A+B)D>?-BE?-CE FE
ILeq = 2 2 = ( ) +—. (27
2 2EB+2D(A+ B)+2C = 2

By substituting (26) into (24) and (25), the expressions of
the peak inductor current and the average output current of the
equalizer are given as as (28) and (29), shown at the bottom of
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this page where
— Veenr
Va= Vinodule
t
te =4 (30)
L cq
Ld = E;{l

III. DESIGN CONSIDERATIONS
A. Architecture Design

Based on (29), Fig. 10(a) shows the average output current of
the equalizer versus switching frequency under different trans-
former turns ratios. The output current remains positive when
the transformer turns ratio is between 1 and 4. The designed
equalization current should fall within the range between 1 and
3 A. To obtain a higher initial equalization current, the switching
frequency is selected within the range between 100 and 200 kHz.
Lowering the switching frequency and transformer turns ratio
can increase the output current, but they will lead to higher diode
conduction losses. Moreover, the magnetizing inductance of the
transformer will no longer be negligible at lower frequencies
as the magnetizing current will increase, leading to a decrease
in the efficiency. With a fixed transformer turns ratio, varying
the inductance L, shows that a smaller inductance results in a
higher output current, as shown in Fig. 10(b). Therefore, the
transformer leakage inductance should be designed within the
range of 1.5-2.5 uH. The design process is shown in Fig. 11.

To achieve ZVS, the charge in the parallel capacitor of the
half-bridge switch must be fully discharged when the switch is
turned ON. This requires a negative current in the transformer
leakage inductance, which must satisfy the following condition:

1. 1

§L91Lg (0)2 2 §COSSVn?odule
where i7,4(0) = I;. The curves of I; changing with the switch-
ing frequency at different leakage inductances are shown in
Fig. 10(c). When the switch is turned ON, the leakage inductance

current should satisfy

€1y

OOSS V2

module

17 (32)

lirg(0)| =
9

The selected switch Cigs is 200 pF, and the minimum leakage
inductance is 0.5 pH. The ZVS boundary can be obtained. It
can be seen that all current curves are below the boundary, so
ZVS can be achieved under the designed range of the leakage
inductance and switching frequency.

As illustrated in Fig. 12(a), each half-bridge module func-
tions as an ac voltage source (vqp ,,). TWO series-connected
decoupling capacitors (C4 1 ~ C4 k) are employed to com-
pensate for voltage differences between modules. As depicted

2(1 — 16Vd2n2)[VCcukéT374ti) _ Vaownet2 (1420Va)>

nL g Veenr (Ts+2t5)> ]

I Leq nLg eq(1-16n2V?) 2L2 ;(Vinodutle —4n Veeilr ) (28)
5T T+ 6tg + 16V2(16n2 Ly — n? + 2n2tg + 2Lan?ty) + 4Vg(nLg + 4ntg + 2nLaty)]
2Vmoduletx(]- + QTLVd)(td +nLgVyg+2nVaty + 2nLdthd) (29)

ILeq =

nLg[l +4nL,Vy — 16n2Vd2 + 16n2LdVd2 +tq(6 + 8nLyVy + 16nVy + 32n2Vd2 + 32n2LdVd2)}
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Fig. 12.  (a) Equivalent circuit of the half-bridge circuit. (b) Simplified circuit

of the proposed equalizer.

in Fig. 12(b), the coupled capacitors (C7; ~ Cp2) serve to
isolate each branch, forming a single-input, multiple-output cir-
cuit topology. In addition, the filter inductors (L1 ~ Ly (ny1))
present a high impedance to high-frequency components, ef-
fectively blocking ac currents. The ac path is highlighted in
green while the dc path is shown in red. This guarantees that
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the equalization current is delivered as a pure dc output, thereby
minimizing any ac-induced heating of the cells. Furthermore,
the filter capacitors can be omitted to minimize the overall
component count.

B. Efficiency Analysis

To evaluate the performance of the proposed modular equal-
izer, a detailed efficiency analysis is conducted. All key loss
mechanisms are considered, including diode loss (D; ~ Dy),
switch loss (Q1 — @2), capacitor loss (C'4 ~ Cp and C71 ~
C'n1), and magnetic component loss (Transformer, Ly ~ Ly,
and Lf1 ~ LfN).

1) Diode loss: The diodes can be expressed as

Piiode = PVDILeq (33)

where P is the number of the cells under charging and Vp
is the forward voltage of the diodes.
Moreover, due to the voltage ripple of the coupling ca-
pacitors, when the ripple exceeds the voltage difference
between batteries, the diodes in higher voltage battery
branches become conductive, resulting in a reduction of
the equalization efficiency.

2) Switch loss: The switch loss arises primarily from the ON-
resistance of the switches and the turn-OFF loss

Pcon - Ronlggl + RonIgQQ (34)

where R,, denotes the ON-state resistance of the switching
device, and /g and I are the rms current of the (1 and
Q2.

Since ()1 to @5 are turned ON under zero-voltage condi-
tions, their turn-ON losses can be neglected. Consequently,
the dominant switching losses are attributed to turn-OFF
transitions. The total turn-OFF loss Py is therefore given
by

L 24 I3n 2
24Cos T 24Co 7
where I and o, are the current of the switching devices
at turn OFF, and ¢ is the turn OFF time obtained from the
datasheet.
3) Capacitor loss: The capacitor loss can be calculated as
follows:

FPoir = (35)

ESR ESR
Po — (ESRCA L ESRep + ck1 + Cch)

N

-n? . I3, (36)

where ESR was measured experimentally. The rms current
values for capacitors can be accurately determined through
circuit simulation analysis.

4) Transformer loss: The loss includes core loss and copper
loss in the inductors and transformers.
The coil loss of the magnetic components P, is expressed

as
Pcoil = RtransIMQ (37)

where Ry 1S the dc resistance of the coil in transformer.
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TABLE I
CRITICAL DESIGN PARAMETERS

Component Type Parameters
Microcontroller STM32F407
MOSFET (QQ) BSC320N20N
Battery ICR18650
Diode(D) STPS30L30CG-TR
Transformer turns ratio (n) 4:1
Leakage inductance (Lg) 1.8uH
Magnetizing inductance (L) 170pH
Switching frequency (fs) 110kHz-200kHz
Decoupling capacitor (C'4/Cp) 13uF
Coupling capacitor (C'11 ~ Cpn2) 20uF
Inductor (Lg) 10uH
Filter inductor (L) 4.7TuH

The core losses in the transformer are estimated using
Steinmetz’s equation

Peoe = Ve - Kc- & - ABP (38)
where V. is the volume of the core, and K., «, and
[ are material-dependent coefficients obtained from the
manufacturer’s datasheet, and AB represents the peak-

to-peak magnetic flux density variation. The total loss of
the magnetic components is

Ptrans - Pcoil + Pcore- (39)

5) Inductor loss: The inductor loss is shown as

Pr =P Rp coilpms® + (P +1) Rt coilr frms”
(40)

where Ry,_coii and Rp s oyl are the de resistance of induc-
tors (L1 ~ Ly) and (L1 ~ Ly(ny1)) respectively, and
11 prms 18 the rms current of inductors (L1 ~ Ly).

IV. EXPERIMENTAL VERIFICATIONS
A. Hardware Implementation

To validate the feasibility and effectiveness of the proposed
equalization architecture, a laboratory prototype was built and
tested. The key parameters of the prototype system are summa-
rized in Table I. The experimental setup includes K = 2 equal-
ization modules, each consisting of N = 8 series-connected
lithium-ion battery cells (2900 mAh). The converter operates at a
switching frequency of 110 kHz, with a transformer turns ratio of
n = 4 .Fig. 13 illustrates the experimental setup, the half-bridge
and transformer, the equalization module, and the rectification
and filtering circuit, respectively. To improve the power conver-
sion efficiency of the modular equalizer, low-forward-voltage
Schottky diodes (TPS30L30CG-TR) are employed to reduce
conduction losses. The battery voltages are monitored using a
Keysight 34970A data acquisition system.
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Fig. 13.  (a) Photo of the experiment setup. (b) Prototype of the half-bridge
with transformer. (c) Prototype of designed modular equalizer. (d) Cell rectifier
and filter circuit.

B. Experimental Verification

Fig. 14(a) illustrates the measured vy, and vg, waveforms
of switch )1 and @2 at the 200 kHz switching frequency and
1:1 turns ratio. It can be observed that the switch turns on
under zero-voltage conditions, confirming the presence of ZVS.
Fig. 14(b) shows the current waveforms of leakage inductance
L4 and inductor Lg. Fig. 15 shows that when the frequency is
reduced to 110 kHz and the transformer turns ratio is increased to
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Fig. 16. Experimental waveforms of the modular equalizer. (a) Half-bridge
voltage v, AC-link voltage vac 1ink. coupling capacitor voltage vcgy and
vcoge. (b) Decoupling capacitor voltage ve 4 and ve g, filter inductor current
of discharging cell i1, po charging cell i, ¢g. (c) Gate drive signal vgs1, module
current ¢ s, equalization current 7 g2, and equalization current ¢ gg.

4:1, the peak current decreases significantly. Both switches suc-
cessfully achieve ZVS. The deadtime is 200ns. Fig. 16(a) shows
the measured voltage waveforms of the half-bridge voltage v s,
ac-link voltage vac 1ink, coupling capacitor voltage vcg; and
vege. Fig. 16(b) shows the decoupling capacitor voltage vo a4
and v¢ g, filter inductor current of discharging cell i1, ¢2 charging
cell irrs. The module current (ips) and equalization current
(ip2 and ipg) are shown in Fig 16(c). There are eight cells in
the battery string with a maximum voltage difference of 200
mV. Cellg is the cell with the lowest voltage and is charged
during the equalization process. Cell; is the cell with the highest
voltage and is discharged during the equalization process. As
shown, the equalization current ipo is negative while ipg is
positive. Fig. 17 shows the measured conversion efficiency of
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Fig.19. Measured equalization current of the modular equalizer versus voltage
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Fig. 18.  Calculated power loss breakdown of design equalization circuit.

the proposed equalizer with and without the power consumption
of the auxiliary circuit included. Without taking the power
consumption of the auxiliary circuit into account, the efficiency
remains above 87% across various output power levels, reaching
a peak efficiency of 90.37%. As shown in Fig. 18, the calculated
power losses of the proposed equalizer, including diode loss,
transformer loss, capacitor loss, inductor loss, and switch loss,
excluding the consumption of the auxiliary circuit. The loss
breakdown is analyzed under conditions where an eight-cell
string consists of seven cells being discharged and one cell
being charged. The voltage of the discharging cells ranges from
3.75 to 3.85 V, while the charging cell has a voltage of 3.44 V.
The main auxiliary circuit is the gate driver that consumes 400
mW. If the auxiliary power consumption is taken into account,
the efficiency ranges between 80% and 88.3%, as shown in
Fig. 17. The diode loss accounts for the main part of the total
loss. Fig. 19 illustrates the relationship between equalization
current and voltage difference. As observed, the equalization
current gradually decreases as the voltage deviation narrows,
allowing the equalization process to terminate automatically
without additional control intervention.

Fig. 20 illustrates the equalization results for an eight-cell
battery pack with an initial maximum voltage difference of
386 mV. During the process, the switching frequency was
gradually reduced from 200 to 110 kHz. As observed, when
the frequency was lowered from 200 to 150 kHz, a noticeable
voltage jump occurred in Cell7, indicating an increase in equal-
ization current. In addition, the voltage convergence rate was
observed to slow down as the voltage deviation diminished,
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Fig. 20. Experimental results of the equalization operation with gradually

reduced switching frequency.

highlighting the reduced equalization current under small volt-
age differences. To accelerate the final stage of equalization,
the switching frequency was further reduced to increase the
equalization current. After 510 s, the voltage deviation dropped
below 50 mV. At this point, the switching frequency was adjusted
from 115 to 110 kHz, and a 1 A charging current was applied
to emulate real-world charging conditions. After an additional
80 s, the voltage difference among cells was further reduced to
15 mV. Therefore, to accelerate the equalization process, a lower
switching frequency can be applied during the initial stage to
increase the equalization current. Variable-frequency equaliza-
tion enables dynamic adjustments to the equalization current,
a feature not available in fixed-frequency equalization. As the
voltage difference between batteries decreases, the equalization
current also reduces; variable-frequency equalization compen-
sates for this by lowering the switching frequency. This approach
allows for enhanced control over equalization speed compared
to fixed-frequency equalization, although it does increase the
complexity of the control system.

Figs. 21 and 22 present the experimental terminal voltages of
individual cells with fixed 110 kHz switching frequency under
different operating scenarios. Fig. 21(a) shows the equalization
result for eight cells with the initial voltages of 2.914, 3.070,
3.575, 3.561, 3.571, 3.578, 3.570, and 3.083 V, respectively.
During the equalization process, no charging or discharging
operations are performed on the battery pack. As shown, the
initial maximum voltage difference is 664 mV. After 2960 s
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Fig. 21. Experimental results of the equalization operation with different
voltage distributions. (a) Idle condition for single module equalization with
an initial voltage difference of 664 mV. (b) Equalization under a 1 A charging
condition with an initial voltage difference of 490 mV. (c) Equalization under a
0.5 A charging condition with an initial voltage difference of 499 mV.

of equalization, the voltage difference is reduced to 26 mV.
Fig. 21(b) illustrates the equalization results of an eight-cell
battery pack under a 1 A charging condition. The initial voltage
difference is 490 mV. After 2780 s of equalization, the voltage
deviation is reduced to 24 mV. Fig. 21(c) presents the equal-
ization performance when one cell has a significantly lower
voltage compared to the average voltage of the battery pack.
The battery pack operates under a 0.5 A charging condition.
As shown, the initial voltage difference is 499 mV, which is
reduced to 21 mV after 170 s of equalization. The equalization
current is distributed to the under-voltage cells by the equalizer
based on their voltage deviation. When only one cell has a
voltage lower than the average, the entire equalization current is
directed to that cell, resulting in the shortest equalization time.
Conversely, when multiple cells are below the average voltage,
the equalization current is shared among them, which reduces
the current available to each cell and extends the equalization
duration. Fig. 22(a) and (b) illustrates the equalization results
under a 1 A discharging condition for two different initial
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Fig. 22.  Experimental results of the equalization operation with different

voltage distributions. (a) Equalization under a 1 A discharging condition with an
initial voltage difference of 237 mV. (b) Equalization under a 1 A discharging
condition with an initial voltage difference of 108 mV. (c) Equalization of a
16-cell battery pack composed of two modules under a 1 A charging condition,
with an initial voltage difference of 306 mV.

voltage distributions. In Fig. 22(a), the initial voltage deviation is
237 mV, which is reduced to 32 mV after 4050 s of equalization.
In Fig. 22(b), the initial voltage deviation is 108 mV, and it is re-
duced to 28 mV after 3300 s. Fig. 22(c) presents the experimental
results of a 16-cell battery pack balanced using two equalization
modules. The initial cell voltages are randomly distributed,
with a maximum voltage deviation of 306 mV. After 2610 s
of equalization, the maximum voltage difference is reduced to
48 mV.

V. COMPARISON WITH PRIOR ART

Table II summarizes key attributes of eight representa-
tive active equalization circuits reported in the literature. To
facilitate a comprehensive evaluation, each equalization topol-
ogy is compared across multiple dimensions: Type of energy
flow refers to the overall energy flow mechanism, C2C, P2C,
or hierarchical module equalizer (HME). Modularity indicates
whether the architecture is inherently modular, enabling easy
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TABLE II
COMPARISON OF DIFFERENT EQUALIZERS

Flyback Bidirectional LLC and

Class-D and

Multiport Cascade AC-Bus

Circuit Topology converter  forward buck-boost  multi-active-bridge Buc[kz—é)]oost converter DAB  SEPIC Proposed Structure
[29]  converter [30] [27] [26] [31] [32] [33]
Type of energy flow c2C c2c HME HME HME p2C P2C  M2C M2C
System modularity No No Yes Yes Yes No Yes Yes Yes
Multi-cell equalization No No No No No Yes No No Yes
?tlg:sasvji t(l)1f ;v:;iftcc};lrsoltage No No Yes No No Yes No No No
Autonomous equalization No No No No Yes No No Yes Yes
External supply source Yes Yes No No No No No No No
Equalization speed™* Medium Slow Fast Fast Slow Fast Slow Medium Medium
Control complexity*** High High High High Medium High High Low Low
High-frequency switch count 6 4 %n + 2 2n + %n n—+ %n +1 4n+4 %n %n in
res et cell votage " n n 4 S B
Reported efficiency (%) 87* - 86.74 & 89.66 * 74 & 93 - 91.1* 84* 86 90.1
Selection switches & Drivers 2n + 2 n+5 %n +5 0 0 2n n+1 0 0
Diode 4 0 2 0 0 0 0 n n
Capacitor 4 3 2 n 0 2n+1 %n n 2n + %n
Inductor 0 1 %n 2n n+1 n+1 %n n 2n + én
Coupled nductor (vindingsy 29 10" 13 14 0 lme) §n@) gnm  §n@)
Cost (§) **** 6.10 7.88 7.39 11.95 5.49 13.92  5.06 2.69 3.61
Number of Test Cells 12 12 8 4 15 5 10 4 16

*Power dissipation of the selection switches not mentioned.

**Slow: Non-constant current and non-multi-cell equalization; Medium: Constant current or multi-cell equalization; Fast: Constant current and multi-cell

equalization.

*** High: Switch count is larger than cell count and non-autonomous equalization; Medium: Switch count is less than cell count or autonomous equalization;
Low: Switch count is less than cell count and autonomous equalization; Switch count is the sum of high-frequency switches and selection switches.
*##% Component cost per unit [34]: MOSFET: $0.20 — $1.75. MOSFET Driver: $1.8. GaN: $2.11. Diode: $0.17 - $0.65. Capacitor: $0.2. Inductor: $0.5.

Transformer Core: $0.9. Winding: $0.2. Transformer™: $2.52. Relay: $1.22 - $2.87.

scaling across battery pack sizes. Multicell equalization denotes
whether the circuit can equalize multiple cells concurrently,
which directly impacts equalization speed. Increase of switch
voltage stress with number of cells indicates whether the voltage
stress on switching devices increases with the number of series-
connected cells. Autonomous equalization reflects whether the
equalizer can dynamically direct energy flow between cells with-
out external control or selection logic. External supply source
identifies whether the equalization process needs to rely on a
power source other than the battery pack. Equalization speed
is classified as slow, medium, or fast based on whether the
topology supports constant current operation and simultaneous
multicell equalization. The complexity is categorized into low,
medium, and high, based on the number of active switches
and the support for autonomous equalization. High-frequency
switch count represents the number of active switches operating
at switching frequency, affecting control complexity and cost.
Selection switch and drivers count refers to the number of
additional switches required to route the equalization current
to a specific cell. Number of diodes, Capacitors, inductors,
transformers, and coupled inductor quantifies the total passive
components required, which influences circuit complexity, cost,
and size. Cost is the total price of all components of the equalizer

divided by the number of cells. Number of test cells refers to how
many cells were used in experimental validation, which reflects
the maturity and scalability of the proposed design.

The authors in [29] and [30] adopted C2C architectures in
which energy is transferred between individual cells through a
dedicated converter and a selection switch network. These struc-
tures do not support simultaneous equalization of multiple cells
and lack autonomous equalization capability, relying instead on
complex control logic to identify and activate the appropriate
energy path. Furthermore, both topologies require an auxiliary
battery to operate, which adds additional system complexity.
The authors in [27], [26], and [28] employed HME architectures,
which enable energy transfer both within individual modules and
across multiple modules. However, since these topologies still
rely on shared converter structures, they are inherently limited in
supporting single module at a time, thus realization of multi-cell
equalization is a challenge. Moreover, all three designs require a
large number of high-frequency switches. As the number of cells
increases, both the control complexity and implementation cost
rise significantly, posing challenges for large-scale deployment.
The authors in [31] and [32] utilized P2C architectures. Among
them, Qi et al. [31] supported multicell equalization, while
Uno and Yoshino [32] adopted a capacitively coupled design
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that eliminates multiwinding transformers, thereby reducing
system volume. However, both topologies rely heavily on se-
lection switches and lack autonomous equalization capability,
requiring external control to manage energy flow. In contrast,
Hasanpour et al. [33] employed a module-to-cell (M2C) archi-
tecture that eliminates the need for selection switches and en-
ables autonomous multicell energy equalization. Nevertheless,
it requires a large number of transformers, which increases the
system’s implementation complexity.

The use of numerous switches and their associated drivers
presents challenges to system cost. In large-scale energy storage
systems, as the number of cells increases, the controller must
manage hundreds of switches, substantially increasing con-
trol complexity. Additionally, the power losses associated with
switch drivers become nonnegligible. In [27], [29], and [30],
relays are used as selection switches, potentially compromising
system reliability. In contrast, passive components exhibit a
lower failure risk compared to active switches and have sig-
nificantly lower costs than semiconductor devices and their
drivers. Moreover, leveraging circuit characteristics for equal-
ization eliminates the need for the controller to manage multiple
switching signals, thereby markedly reducing control complex-
ity. The proposed equalizer, by utilizing circuit characteristics,
achieves adaptive current distribution, eliminating the need for
complex equalization logic and control strategies tailored to
varying voltage distributions.

In summary, compared with existing approaches, the pro-
posed equalizer eliminates the need for complex selection
switch networks and multiwinding transformers, while enabling
autonomous multicell energy equalization. Its modular archi-
tecture adopts a half-bridge structure composed of only two
switches for every eight cells, significantly reducing the number
of high-frequency switches and thereby lowering overall control
complexity.

VI. CONCLUSION

A novel modular equalizer topology based on a half-bridge
and capacitively-coupled ac link was presented and experimen-
tally validated. The system achieves M2C equalization using a
simplified control scheme with only two global PWM signals,
eliminating the need for complex control circuits. All switches
operate under zero-voltage switching, contributing to high effi-
ciency and reduced switching loss. The circuit achieves adap-
tive current distribution without the use of selection switches
or multiwinding transformers. By converting the voltage of
each module into an ac signal and coupling it to a shared
ac link, the system enables effective energy transfer among
modules, allowing lower-voltage cells to autonomously receive
energy. Extensive experimental results in multiple operating
scenarios, including charging, discharging, and idle conditions,
confirm that the proposed equalizer can effectively and reliably
reduce cell voltage imbalances. Across different test cases,
initial voltage differences ranging from 108 to 664 mV were
reduced to below 50 mV within 170—4050 s, depending on the
configuration.
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