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ABSTRACT: Battery Management Systems (BMS) are critical for ensuring the safety, reliability, and optimal perfor-
mance of modern battery packs. Among the various BMS functions, cell balancing plays a pivotal role in mitigating
capacity degradation and safety risks caused by cell imbalances originating from manufacturing variations and non-
uniform operating conditions. This paper presents a comprehensive review of cell balancing strategies within BMS
architectures. Passive and active cell balancing techniques are systematically classified and examined based on their
operating principles, energy transfer mechanisms, and implementation requirements. In addition, DC-DC converter
topologies employed in active cell balancing are reviewed, with particular emphasis on their structural features
and control approaches. The analysis indicates that passive cell balancing methods offer simplicity and low cost
but are limited by energy dissipation and reduced efficiency. Active cell balancing techniques demonstrate superior
performance by enabling controlled energy redistribution among cells, thereby improving efficiency and voltage
uniformity. Among the reviewed active approaches, converter based topologies especially the Dual Active Bridge (DAB)
converter exhibit notable advantages in bidirectional power flow, high efficiency, and flexible control capability, albeit
at the expense of increased system complexity. The reviewed findings highlight critical trade-offs among efficiency,
complexity, and cost in the selection of cell balancing strategies for practical applications. Advanced active balancing
techniques, supported by sophisticated converter topologies and control schemes, are identified as promising solutions
for high capacity and dynamically operated battery systems. This review underscores the necessity for robust and
adaptive BMS designs capable of meeting the evolving demands of real-world energy storage applications.

KEYWORDS: Battery management system (BMS); active cell equalization; DC-DC converter topologies; essential
parameters comparison

1 Introduction

The BMS is indispensable to maintaining the safety, reliability, and optimal performance of battery
packs. The BMS functions are shown in Fig. 1. Failures in battery management can result in serious
consequences, including premature battery degradation, thermal instability, and even catastrophic events
such as fires or explosions. This paper initiates a comprehensive exploration of essential cell equalization
methods for the BMS technology, highlighting their significance in advancing and refining battery systems.
Despite promising outcomes in controlled testing environments, many existing techniques face limitations
when applied in varied and dynamic real-world conditions, highlighting the urgent need for the development
of more resilient and adaptive BMS solutions [1].
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Figure 1: Functioning of battery management system. Adapted from Ref. [3]. Copyright@2016.

A typical BMS architecture comprises several vital components: battery modules with integrated Cell
Supervisory Circuits (CSCs), a central control unit, high-side (HS) contactors, current sensors, and thermal
management systems, all of which work collaboratively to ensure effective monitoring and control of battery
operations. Calculating important metrics like the State of Charge (SoC) and State of Health (SoH) is essential
to this functionality, which informs the vehicle’s operational readiness or State of Function (SoF).

However, lack of uniformity in cell manufacturing & varying load circumstances may result in imbal-
ances among cells, negatively impacting battery life, SoC accuracy, internal resistance, thermal behavior,
system efficiency, and overall safety. Precise cell monitoring and effective charge equalization are critical BMS
functions that are necessary to prevent system failures and ensure long-term performance [2].

Cell imbalance within battery packs arises from a combination of internal and external factors that affect
individual cell characteristics. Internally, variations introduced during manufacturing, such as discrepancies
in capacity, internal resistance, and charge-discharge efficiency, can lead to unequal cell behavior. Externally,
factors such as non-uniform current distribution in peripheral circuits and thermal inconsistencies across
the battery pack further exacerbate the imbalance issues [4].

To address these challenges, cell equalization techniques are broadly categorized based on their energy
management approaches: passive and active balancing [5]. Passive methods dissipate surplus energy from
overcharged cells through resistive components. Although cost-effective and straightforward, these methods
are inherently inefficient because of energy loss as heat. Active balancing, on the other hand, transfers
energy from cells with larger charges to those with lower charges, employing sophisticated circuit topologies
involving capacitors, inductors, transformers, or power electronic converters [6]. The classification of
the cell equalization methods is illustrated in . This study provides a comprehensive review and
comparative analysis of various active equalization techniques, highlighting their principles, advantages, and
implementation challenges.
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Figure 2: Cell equalization methods.

2 Cell Equalization Methods and Analysis
A. Passive Balancing

Shunt resistors are used in passive cell Equalizations redirect surplus charge from cells with higher
voltage levels, dissipating this surplus energy as heat to equalize cell voltages. The dissipation rate is directly
influenced by the voltage of the cells, with higher voltages resulting in greater energy loss during charging and
discharging cycles [7]. This method is generally categorized into fixed and switch-controlled shunt resistor
approaches and is most effective during the charging phase, as it lacks the bidirectional energy control
required during discharge cycles [8]. Despite its simplicity and low implementation cost, passive balancing
faces several critical limitations particularly in high-capacity battery systems used in Electric vehicles (EVs)
and Hybrid Electric vehicles (HEVs) including restricted balancing current (typically 0.1-0.5 A), increased
power loss, poor thermal efficiency, and inability to function effectively during discharging [8].

In contrast, active cell Equalization offers a more sophisticated and efficient approach by redistributing
charges from higher-energy cells to lower-energy counterparts, rather than dissipating them. This dynamic
energy transfer significantly improves system efficiency, prolongs battery life, and maintains better voltage
consistency across cells, especially under frequent charge-discharge conditions [9]. These advantages do,
however, come at the price of more complicated circuits and more expensive implementation. The compar-
ison of passive and active balancers is given in Table 1. It provides distinct advantages, such as improved
voltage uniformity, lower energy waste, enhanced overall system performance, and extended battery lifespan
making it the go-to option for advanced BMS architectures in high-performance applications. A comparative
analysis of various energy flow topologies is presented in Table 2.
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Table 1: Comparison of cell equalization topologies from Refs. [9,10]. Copyright@2016, 2021.

Topology Advantages Disadvantages Applications
- High energy losses
. - Poor thermal
- Small size management Portable devi
Passive balancer [11] - Economic anageme ortable device

- Extra energy is
dissipated
- Higher power losses

- Easy implementation

- Low-power system

- High efficient - Expensive
Fast balancin High complexity in -UPS
Active balancer [11] . J & plexity - ESS
- Extra energy is not wasted control
. - EV/HEV
- Lesser power losses - Magnetic losses
Table 2: Comparison of various energy flow topologies from Ref. [12]. Copyright@2013.
Energy Flow Technique Advantages Disadvantages Disadvantages Dueto  Applications
Topologies 1 8 8 8 PP
Comp.lete Low cost Low efliciency Higher the cur.r ents Low power
Cell bypass shunting through the switches
. Low cost and easy . Excessive power
Shunt resistor ) . Low efficiency L Low power
implementation dissipation
Shunt ) It relies on the natural
transistor Less energy loss Slow balancing speed discharge of cells Low power
Switched Low complexity & No _ Voltage filfference _ Lowand high
. need for closed-loop Lower balancing speed ~ between adjacent cells is
capacitor . power
control or sensing low
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1 . . . Controlling is little bit . .
switching charging and discharging Lower balancing current ~ High power
. complexed
capacitor modes
CIC Citk Minimizes rlpple. and Low balancing speed Energy transfer only .
electromagnetic . between directly High power
converter . for non-adjacent cells
interference connected cells
PWM- Energy can be transfer Rapid switching between
controlled between non-adjacent High switching losses on and off states to High power
converter cells regulate voltage
Quasi- Switchine losses To acquire Transitions
Resonant & Highly complex control ~ with Zero Voltage (ZVT)  High power
and EMI are reduced
converter and Zero Current (ZCT)
Shunt Higher balancing Very low balancing Atany gven tlm.e > only .
. one cell is being High power
CTP inductor currents speed
balanced.
Multiple Mqre ﬂex1ble Expensive ‘and largein  Complexity 9f the circuit High power
transformers equalization paths size design
Full-bridge High efficienc Complex control High-side drivers needed =~ High power
PTC converter & Y p 5 ghp
Ramp . Capacitor .
converter Less no. of components High energy loss charging—discharging High power
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2.1 Comparative Analysis of Active Cell Equalization Methods

Figs. 3 and 4 present the analysis of the cell equalization time and efficiency across various DC-DC
converters. The radar charts reveal that the Bidirectional Flyback converter requires the shortest balancing
time of approximately 1800 s whereas the dual active bridge converter provides nearly 98.5% efficiency.
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Figure 3: Cell equalization time of all active cell balancers. Adapted from Ref. [13]. Copyright@2023.
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Figure 4: Max. efficiency of DC-DC converter topologies for cell equalization. Adapted from Ref. [13].
Copyright@2023.

2.1.1 DC-DC Converter Topologies

The design and functionality of DC-DC converters are significantly influenced by the directionality
of energy transfer. Unidirectional converters facilitate power flow solely from the source to the load,
whereas Bidirectional converters are ideal for applications needing dynamic energy exchange, such as battery
management systems, because they permit reversible energy transfer. Depending on whether a transformer
is present in the circuit, DC-DC converters are further divided into isolated and non-isolated variants.
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High-frequency transformers are used in isolated converters to create galvanic separation between the input
and output, increasing flexibility and safety [14].

Isolated topologies, particularly in active cell Equalization, offer notable advantages including com-
pactness, cost-effectiveness, high balancing speeds, and improved energy efficiency, when compared to
conventional capacitor- or transformer-based designs. This review underscores the necessity of optimizing
both the conversion efficiency and cost-effectiveness for widespread commercial adoption [14].

To evaluate the energy-handling capabilities of the capacitive and inductive elements within these
converter topologies, a quantitative comparison was performed by calculating the total accumulated
energy stored in each component. This method provides a robust framework for assessing and optimizing
component selection based on the energy demands of an application [15].

For capacitors:
1
Ec=-CV} ey
2
For inductors (magnetic elements):

1
E =-LD} 2)
2
where, E¢ and E| are the accumulated energy in the capacitors and inductors respectively C is the capacitance
L is the inductance V¢ is the voltage across the capacitors and I is the current through the inductors [16].

In order to drastically lower switching losses, DC-DC converters also use soft-switching strategies like
zero voltage switching (ZVS) and zero current switching (ZCS). These methods enhance power density and
efficiency but introduce added complexity to control and circuit design. For instance, bidirectional Dual
Active Bridge (DAB) converters implementing soft switching can achieve efficiencies approaching 95% under
optimal conditions [17].

Compare the Factors of Various DC-DC Converters [18]:

Based on the reviewed articles, a qualitative comparison of various DC-DC converters is shown in Figs. 5
and 6.
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Figure 5: Non-isolated DC-DC converter topologies. Adapted from Ref. [18]. Copyright@2023. Level: 1 = low,
2 = medium, 3 = high, and 4 = very high.
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Figure 6: Isolated DC-DC converter topologies. Adapted from Ref. [18]. Copyright@2023. Level: 1 = low, 2 = medium,
3 = high, and 4 = very high.

Comparison of Various Topologies for DC-DC Converters and Control Techniques for BCE.
A. Buck-Boost Converter

The basic buck-boost converter topology is illustrated in Fig. 7. The converter regulates the output

voltage to be either lower or higher than the input voltage. It operates in buck mode when the output is lower
than the input, and in boost mode when the output exceeds the input voltage [19].
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Figure 7: Buck-boost converter. Adapted from Ref. [19]. Copyright@2024.

The buck-boost converter can increase or decrease the supply voltage,

V T,

L= + D (3)
Al

where,

L = Inductance

V = The average cell voltage

Ts = Switching period

AIL = Inductance ripple current

D = Duty cycle.

It has fast balancing with high efficiency but it requires 2n — 2 switches and n — 1 inductors for n cells
and also the voltage sensing and control technique is very complex [20].
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B. Cuk Converter

The conventional Cuk equalizer topology, shown in Fig. 8, comprises n cells and n — 1 Cuk converter
circuits, allowing neighboring cells to transfer energy exclusively. When cells requiring equalization are
located far apart, energy must pass sequentially through the intermediate cells, leading to prolonged
equalization times and reduced efficiency [21].
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Figure 8: Cuk converter. Adapted from Ref. [21]. Copyright@2024.

Instead of using an inductor to transfer energy, the Cuk converter uses a capacitor.

DV
L= l (4)
AL; F
DI
= —bC (5)
AV, F

Here, the duty ratio is denoted by D, the input voltage by V;,, the input inductance current ripple
ALi, switching frequency by F;, the output current by Ipc, and the capacitor voltage ripple by AVc. This
configuration offers low ripple in both input and output currents, and capacitors that are more cost-effective
than inductors for energy storage are preferred. However, the use of numerous components increases the
overall volume of the system [22].

C. Resonant Converter

In order to facilitate energy transfer during the balancing process, two nearby battery cells are connected
to a quasi-resonant converter. The switching devices are controlled by pulse width modulation (PWM)
signals, which allow energy to be transferred between nearby cells [23].

Resonant converters, a class of DC-DC converters, employ a resonant tank circuit to enable soft switch-
ing either zero voltage switching (ZVS) or zero current switching (ZCS) which significantly reduces switching
losses and improves efficiency. Compared with conventional converters, resonant converters offer several
advantages, including reduced higher-order harmonic ripple content, smaller output filter requirements, and
enhanced efficiency. However, they also present certain limitations, such as the introduction of non-linear
behavior owing to the resonant tank circuit and the necessity of frequency modulation for control [24].

A bidirectional DC-DC converter with quasi-resonant zero-current switching (QRZCS) was suggested
by a reviewer [25] as a component of a cell voltage balancing control strategy in Fig. 9. This reduces switching
losses and enhances efficiency. Nevertheless, this approach faces several challenges, including complex circuit
design, a high component count, reduced balancing time, and inefficiencies arising from MOSFETs that do
not switch precisely at the zero-current point.
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Figure 9: QRZCS battery equalizer from Ref. [26]. Copyright@2011.

Resonant converters use a tank circuit to reduce switching losses.

1
L=— 6
(4n%C, F2) (©)
D
L= 7)
4V, Fs
1
Co=— 8
(2nFs)? L, ®)

where L, is the resonance inductance, L,, is magnetizing inductance, C, the resonance capacitance, F;
the resonance frequency, V; the output voltage, D the duty ratio, and V;, the input voltage. This topology
effectively reduces switching losses, thereby enhancing efficiency; however, it also significantly increases
design complexity and implementation costs [27].

D. Push-Pull Converter

The push-pull converter configuration is shown in Fig. 10. This strategy has been found to be a promising
one for lithium-ion battery packs’ active cell Equalization. However, its practical implementation presents
several challenges, including issues related to scalability, increased design complexity, and the necessity for
validation within real-time operating environments [28].

Np2 | | Ns2 %1 NLYoY\l LE;— Cell 1 J:'}J—QS/Z Toad
Co < L :I l
Np | | Ns1 T S:_ Cell2 = r;
Q2 —I"._? _I»._P Q

Controller AVRef _]

|
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M

Figure 10: Cell equalization circuit using push-pull converter. From Ref. [28] Copyright@2021.



10 Energy Eng. 2026;123(6):3

The push-pull topology acts as an isolated converter, separating the source and the load from galvanic
contact. To guarantee optimum performance, the design procedure includes exact calculations of capacitance
and inductance values,

I - Vo(1- D) ©)
7AL;
= 1-2D ZDxi 10)
32F2 AV,

where V) is the output voltage, D is the duty ratio, AL; is the input inductance current ripple, V; is the input
voltage, Fg is the switching frequency, and AV} is the output voltage ripple. It provides galvanic isolations
and supports cell-cell (CTC), CTP (cell-pack) and PTC (pack-cell) energy transfer however; its efficiency is
poor compared to other topologies [29].

E. Dual Active Bridge Converter (DAB)

In Fig. 11, the DAB converter is described. A bidirectional DC-DC topology is widely employed in
battery balancing systems. It comprises two H-bridge circuits interconnected through a high-leakage induc-
tance transformer, which enables galvanic isolation and efficient power transfer. Each H-bridge operates with
a fixed 50% duty cycle and the energy transfer is controlled via phase shifting between the transformer’s
primary and secondary sides. It can be controlled by two methods: the PWM method and the phase shift
method [30]. Both the boost (cell-to-pack) and buck (pack-to-cell) operating modes are supported by the
DAB converter, making it highly versatile for bidirectional energy flow in advanced battery management
applications [31].

l s J%Ss N1 Jngx ‘|!7—L|Qs

M l
_I:? ) J% S4 J% Q J:?@

Figure 11: DAB converter-based battery balancing topology.

It offers galvanic isolation and excellent power transfer capabilities.

_1-2D Y,

C=—_== 11
F2 7 AY, (1)

where D is the duty ratio, V; is the output voltage, Fy is the resonance frequency, and AV} is the output voltage
ripple. The DAB converter supports a broad voltage range, functioning effectively in both buck and boost
modes. However, its implementation entails high design complexity, significant costs, and increased system
weight [31]. Asillustrated in the figure, the first H-bridge operates in buck mode (pack-cell), while the second
H-bridge functions in boost mode (cell-pack). This topology provides quick and effective balancing, making
it especially appropriate for battery packs with many cells. However, it is hampered by its large physical size
and high implementation expenses [32].
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Control Methods of Dual active bridge converter [33]

Single phase shift (SPS) modulation incorporates a single degree of freedom (D, ), whereas both Dual
phase shift (DPS) and Extended phase shift (EPS) extend this by utilizing two degrees of freedom (D, and
D). By contrast, TPS uniquely introduces a third level of control, employing three degrees of freedom (D,
D, and D,) [34].

a. Single phase shift control (SPS):

In the SPS modulation technique, the gate pulses of the waveforms are maintained as square waves, as
shown in Fig. 12. A deliberate phase shift is introduced between these waveforms, which effectively governs
the direction and magnitude of power transfer through H-bridge converters [35].

| / /
Sy S3
0
1
D, S5 S,
0
| " / /
D,+m S S;
0
KT, (k+1)T, (k+2)T, (k+3)T, ()T,

Figure 12: Gate pulses of SPS mode. From Ref. [26]. Copyright@2017.

As shown in Fig. 12, §; and S;, Qs and Q; are 180° phase shifted. The Power flow equation under SPS
control is,

VPVS
P=———5sin(d 12
7 n(0) (12)
where,

V,, = the output rms voltage of the primary bridge (H1)

V = the output rms voltage of secondary voltage (H2)

L=leakage inductance of primary plus secondary leakage inductance referred to primary side
fsw = switching frequency

0 = phase shift.

Asillustrated in the above Fig. 13, the primary voltage V,,;; leads the secondary voltage V.. (exhibiting a
positive phase shift ¢), indicating that the DAB’s primary side is receiving power from the secondary side [35].
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Figure 13: Voltage waveforms in SPS mode. From Ref. [26]. Copyright@2017.

b. Dual phase shift control (DPS):

The phase difference between S; and S; corresponds to D;. Similarly, the phase shift Dy is applied
between S; and Qs, as shown in Fig. 14, while S; and S; exhibit a lag of Dy + D; rad. By adding an equal phase
mismatch between the legs of each H-bridge (D), Vi and V.. will be generated with three voltage levels
(+Viex> 0, and —V4.), which contributes to increasing the efficiency of the HF transformer and lowering

S1

/

/

S3

/1

S1

the THD.
1
D,
0
1
DJ
0o
1
Dy+ D,
]

S1

/

AT, (k1T

R+DT,, (3T, (9T,

(ke3)T,,

MO, (T

Figure 14: Gate pulses of DPS mode. From Ref. [35]. Copyright@2017.

Power flow equation under DPS control [35],

NV, V,
C27fu L

Di
2

[D2(1-D3)

]

(13)
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V,, = the output rms voltage of the primary bridge (H1)

Vs = the output rms voltage of secondary voltage (H2)

L = Leakage inductance of primary plus secondary leakage inductance referred to primary side
fsw = switching frequency

Fig. 15 illustrates the I, and I waveforms resulting from the application of the DPS modulation to
the DAB converter. In the DPS control although the peak values of I,;; and I, are approximately twice as
high, the reactive power and stress on the semiconductors are significantly reduced.

V.
Vi DU

Vac2 ,_J—-\
2 N | E—

sec

Vai

60 A .
40A PR Tsec

20A
0
-20A
-40A
-60 A

ipn'
kT, (=DT, (=2)T,, (3T, (=T, (+3)T.,
Figure 15: Primary and secondary waveforms in DPS mode. From Ref. [35]. Copyright@2017.

c. Extended Phase Shift (EPS) control:

Under EPS control, switching occurs between the diagonal switches of each bridge (e.g., S; and S, or
Q; and Qu), referred to as the inner phase shift (J;,). Additionally, a separate phase shift, known as the outer
phase shift (8,,), is introduced between the two bridges, corresponding to V,, and V; [36].

In Fig. 16 shows that the phase shift D1 is applied between S; and S; and S5 is Dy radian ahead of S; but
S; is phase shifted by Dy + 180° from S;. Therefore, S; and S; were both out of phase.

1

D, st s3
0
1

Do s1 Qs
0
1

D,+ 180 Q7 Slf

. < >

KL, DI, (DI, (R3)I, DI, ()L, 6L, (NI,

Figure 16: Gate pulses of EPS mode. From Ref. [36]. Copyright@2017.
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Power flow equation under EPS control [36],

nVs v,
4L fo

[8in (1= 68, —28) +28 (1-6)] (14)

V), = output RMS voltage of the primary bridge (H1)

V, = output RMS voltage of secondary voltage (H2)

L = Inductance

fsw = Switching frequency

0in = Inner phase shift

From Figs. 13 and 17, It can be concluded that the harmonic content in a Dual Active Bridge (DAB)

operating under single phase shift (SPS) control (15.06% THD) is higher than that under extended phase
shift (EPS) control (12.90% THD) [36].

Vel L h
Vde2
0
Va2
Vil

1000 A
500 A

0
-500 A
-1000 A

K.,

*+DT,, *)T,

Figure 17: Primary and secondary voltage & current waveforms in EPS mode. From Ref. [36]. Copyright@2024.

Despite its advantages, the DAB converter presents several practical control challenges [37] are,

Dead-Time Effect: Excessive dead time can lead to voltage overshoots and associated switching losses.
Phase Drift: Discrepancies between theoretical and actual phase shift may arise owing to parasitic voltage
drops across power devices, component tolerances, and switching delays during Zero Voltage Switching
(ZVS) transitions. High inductor current levels can reduce the duration of ZVS transitions, exacerbating
this issue.

DC Magnetic Flux Bias: In steady state, a DC bias may develop owing to mismatched circuit parameters
such as gate-drive inconsistencies, varying turn-on/off delays, or unequal on-state resistances among
switching devices. This bias can be mitigated by introducing DC-blocking capacitors in series with
transformer windings. Transient DC bias may also occur because of temporary volt-second imbalances
during phase shift updates, which can be controlled by limiting the peak inductor current.

F. Flyback Converter

As shown in Fig. 18 the bi-directional flyback converter supports bidirectional operation, functioning

in both forward and reverse modes transferring energy from individual cells to the battery pack in the
forward mode, and from the pack to individual cells in reverse mode [22]. The design outlined in the
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reviewed literature enables autonomous charge equalization without relying on dedicated cell voltage-
sensing modules, thereby simplifying the system architecture and lowering the overall cost. The reported
efficiencies for the charging and discharging processes are approximately 80.5% and 82.7%, respectively [38].

1 [
<
N
Cell1 TFT 7\ TAT
L > I [ 4 ]
— _ﬁ\ .? g ' P
| /
—_—— 4/ j l\\
Cell2 1,1, T ‘) (1. K _ ~—
Disharge L] | |
- .
- TR o
N 3 é %
C—— '/7 | ) \
Celln — TaT P (-.° x N
Charge | Lot 1 |

Figure 18: Bi-directional flyback schematic of the equalizer circuit among n cells. From Ref. [38]. Copyright@2015.

The flyback converter is an isolated version of the buck-boost converter.

D Vo

== x 2 (15)
RFs AV,

where D is the duty ratio, Vj is the output voltage, Fs is the resonance frequency, and AVj is the output
voltage ripple and R is load resistance. Compared with to the Dual Active Bridge (DAB) topology, this
configuration utilizes fewer components and supports both cell-pack (CTP) and pack-cell (PTC) energy
transfer modes. Although the overall design complexity is reduced, the inclusion of an isolation transformer
leads to an increase in circuit size and contributes to higher implementation costs [38] which a shown
in Fig. 19 and Tables 3 and 4.
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Figure 19: Analysis of cell equalization adapted from Ref. [18]. Copyright@2023.

Table 3: Comparison of DC-DC converters control techniques.

Non Isolated Isolated

Parameters Buck-Boost Cuk Resonance Ramp Push-Pull Dual Active Flyback

[3,39] [40,41] [42,43] [29,44] [45-47] Bridge [35,36] [38,48]

Equalization technique DCTC DCTC CTP CTP CTPTC CTPTC CTPTC
Control variable SOC Ccv Ccv SOC (0)% SOC SOC
SOC estimation oCcv OoCVv EKF oCcv OoCcVv EKF (o]0}
Efficiency High High High Moderate Low Moderate High
Balancing speed Fast Medium Slow Medium Slow Medium Fast

Note: DCTC: direct cell to cell. CV: cell voltage. CTP: cell to pack. OCV: open circuit voltage. CTPTC: cell to pack to
cell. EKF: extended Kalman Filter.

Table 4: Application-oriented selection of DC-DC converter topologies.

Application Isolation Preferred Recommended Key Limitations
. Power Level . Energy .
Domain Requirement Topologies Advantages /Trade-offs
Transfer
Portabl.e Low (<100 W) Not required cTC Buck-Boost, Simple, low .L(?W eﬂiaen?)‘r,
electronics cuk cost, compact  limited scalability
Moderate
Medium . Flyback, efficiency, Transformer size,
UPS systems (100 W-1kW) Optional CTP/CTPTC push-pull isolation moderate losses
possible

(Continued)
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Table 4 (continued)

Application Isolation Preferred Recommended Key Limitations
. Power Level . Energy .
Domain Requirement Topologies Advantages /Trade-offs
Transfer
] . High efficiency, ..
Electric . Dual Active N High cost, complex
vehicles (EVs) High (1-10 kW)  Mandatory CTPTC Bridge (DAB) bidirectional, control
scalable
Hybrid EV's . . DAB, resonant  Soft switching, .
(HEVs) Medium-High Mandatory CTP/CTPTC converters fast balancing Control complexity
Energy Storage . DAB, resonant  High efficiency, .
Systems (ESS) High (>10 kW) Mandatory CTPTC converters modularity System weight, cost
Low-cost Low Not required CTC Passive/buck- VerY.low cost,  Energy los.s, slow
battery packs boost simple balancing

2.2 Critical Analysis and Research Implications

Current literature often treats converter topologies as modular performance units, focusing primarily
on metrics such as efficiency, balancing time, and component count. However, this isolated approach neglects
broader system-level impacts derived from the fundamental physics of energy transfer, control variances,
and battery electrochemical behaviour.

A. Limitations of Efficiency-Focused Evaluation

While topologies like the Dual Active Bridge (DAB) report peak efficiencies exceeding 95% under
steady-state conditions, these figures may be misleading in practical applications. Real-world equaliza-
tion occurs during transient, partial-load, and asymmetric voltage states where parasitic effects become
dominant. Under small voltage mismatches, the DAB converter experiences high reactive current, which
reduces effective efficiency and increases semiconductor stress. Consequently, the energy overhead per unit
of transferred charge serves as a more accurate metric than peak efficiency.

In scenarios with light loads or small voltage mismatches—common during the final stages of balancing
the DAB converter experiences disproportionately high reactive current, which reduces effective efficiency
and increases stress on semiconductors. Therefore, the energy overhead per unit of transferred charge, rather
than peak efficiency, becomes a more relevant metric. This insight challenges the notion that higher-rated
converters are always better for cell balancing tasks.

B. Control Complexity as an Underlying Performance Limitation

Advanced balancing systems typically assume ideal sensing and precise timing. In practice, aging and
thermal fluctuations lead to errors in State-of-Charge (SoC) estimation, which can cause incorrect energy
redistribution and exacerbate imbalances. Furthermore, sophisticated modulation techniques like Dual
Phase Shift (DPS) and Extended Phase Shift (EPS) create complex control spaces. Factors such as parameter
drift, digital delays, and dead-time effects can destabilize the control loop. Thus, control robustness—rather
than switching strategy alone—is the primary determinant of system performance.

C. Scalability and Interconnection Trade-offs

Scalability is often highlighted as a significant benefit of active balancing, yet it presents considerable
architectural challenges. Cell-to-cell (CTC) topologies scale linearly in terms of component count, leading
to more failure points and increased wiring complexity in large battery packs. Cell-to-pack-to-cell (CTPTC)
architectures reduce interconnections but concentrate power flow through shared magnetic components,
creating thermal bottlenecks and single-point failure risks.
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2.3 Control Strategies

The input variable directly influences the accuracy and speed of the balancing process [49]. The various
control strategies are shown in Fig. 20.

Ya
Control
Strategies

N

/7~ /N
Voltage Based SoC Based Multi-variable
N ~—

)

(

Figure 20: Classification of control strategies by control variables. Adapted from rom Ref. [18].

a. Voltage-Based Control: This is the most straightforward implementation, utilizing terminal voltage
differences to trigger balancing. However, it is prone to inaccuracies due to internal resistance and the flat
OCYV curves characteristic of chemistries like LiFePO4. Errors in internal resistance measurement, often
caused by battery aging, can lead to decreased capacity utilization [50]. This is known as Voltage Drop or
Polarization, calculated as,

Vierminal = Vooy (I X Rin) (16)

b. State-of-Charge (SoC)-Based Control: SoC-based control is considered the most effective indicator
for balancing, as it manages energy based on the actual chemical state of the cell. This approach can reduce
equalization time by up to 50% compared to voltage-based methods [51].

The methods for estimating SoC in batteries could be categorized into traditional, filter-based, observer-
based, and data-driven approaches. Conventional methods include Look-up Table Methods [52] and
Open Circuit Voltage (OCV). Filter-based methods [53] encompass the Extended Kalman Filter (EKF),
Unscented Kalman Filter (UKF), and Cubature Kalman Filter (CKF). Observer-based methods [54] feature
the Luenberger Observer (LO), Sliding Mode Observer (SMO), and H-infinity Observer (HIO). Data-driven
methods include Artificial Neural Networks (ANN), SVM, Fuzzy Logic (FL), and Deep Learning (DL) [55].

While simple, look-up tables and ampere-hour integration struggle with accuracy and sensor drift in
practical settings. In contrast, filtering and observation methods improve estimation reliability and noise
rejection [56], though they require labour-intensive battery parameterization [57]. Machine learning offers
a third path, identifying battery states without detailed physical models [58]. However, these data-driven
strategies are prone to fitting errors based on training data quality and present significant computational
challenges for on board deployment.

While machine learning and adaptive filters (EKE, UKF) offer improved reliability, their computational
intensity often limits them to controlled environments. Consequently, direct measurement and bookkeeping
remain the dominant methods in the commercial EV market.

As shown in Tables 5 and 6, the comparison of SOC estimation techniques reveals that most current
methods suffer from drawbacks such as programming complexity, high memory demand, or susceptibility to
sensor errors. While academic research continues to seek more robust solutions, these advanced algorithms
are often difficult to implement outside of controlled environments. For this reason, conventional direct
measurement and bookkeeping methods continue to dominate the commercial EV market [59,60].
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Table 5: Comparison of different SoC estimation methods. Adapted from Ref. [61,62].

Method Category Primary Input Main Advantage Main Disadvantage
Requi t ti i
Direct Voltage, Impedance Simple to understand CquIres rest Lme or expensive
Sensors
E 1 i
Bookkeeping Current (Amps) Easy to implement Frors accumu' ate over time
(Drift)
Adaptive Al/Statistical Models ~ Self-correcting & Accurate ~ High computational demand
Hybrid Multi-source Most reliable/Accurate Complex to design
Table 6: Comparison of control strategies.
Feature Voltage-Based Balancing SOC-Based Balancing
Accuracy Lower (affected by surface charge) Higher (based on chemical energy)
Energy waste High (dissipated as heat) Minimal (transferred between cells)
Operating time Usually only at the end of charge During charge, discharge, and rest
Complexity Simple High (requires complex estimation)

3 Conclusions

This review confirms that the BMS is vital for the safety and efficiency of high-capacity battery packs
in electric vehicles. While passive balancing is economically viable for low-power applications, active
equalization, specifically via DAB converters, provides the efficiency and bidirectional capability required for
modern energy storage. Future research must prioritize the integration of wide bandgap semiconductors (SiC
and GaN) and Al-assisted control strategies to enhance dynamic performance and reliability under diverse
operating conditions. Ultimately, the transition toward scalable and adaptive BMS architectures remains
essential for meeting the demands of the evolving EV landscape.

Acknowledgement: The author would like to express sincere gratitude to Dr. Jalpa Thakkar, Supervisor, for her valuable
guidance, insightful suggestions, and continuous support throughout the course of this research work. The author is
also thankful to Prof. Shrikant J. Wagh, Provost, for his constant motivation and for providing the necessary resources
and an encouraging research environment. We acknowledge all the researchers and authors whose published works
have been referenced in this review, as their contributions have provided in-depth knowledge and a strong foundation
for understanding the research area.

Funding Statement: The authors received no specific funding for this study.

Author Contributions: Conceptualization, literature survey, analysis, and manuscript preparation were performed by
Jigneshkumar Joshi. Jalpa Thakkar contributed to supervision, critical review, and refinement of the manuscript. All
authors reviewed and approved the final version of the manuscript.

Availability of Data and Materials: The findings of this study are available within the article and its supplementary
materials. As this is a comprehensive review paper, all technical data, converter parameters, and performance metrics
analyzed were derived from the published literature cited in the References section.



20

Energy Eng. 2026;123(6):3

Ethics Approval: Not applicable.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.

10.

11

12.

13.

14.

15.

16.

17.

Liu K, Li K, Peng Q, Zhang C. A brief review on key technologies in the battery management system of electric
vehicles. Front Mech Eng. 2019;14(1):47-64. doi:10.1007/s11465-018-0516- 8.

Dorn R, Schwartz R, Steurich B. Battery management system. In: Lithium-ion batteries: basics and applications.
Berlin/Heidelberg, Germany: Springer; 2018. p. 165-75. d0i:10.1007/978-3-662-53071-9_14.

Hoque MM, Hannan MA, Mohamed A, Ayob A. Battery charge equalization controller in electric vehicle
applications: a review. Renew Sustain Energy Rev. 2017;75(8):1363-85. d0i:10.1016/j.rser.2016.11.126.

Elvira DG, Valderrama Blavi H, Bosque Moncusi JM, Cid Pastor A, Garriga Castillo JA, Martinez Salamero L.
Active battery balancing via a switched DC/DC converter: description and performance analysis. In: Proceedings
of the 2019 16th Conference on Electrical Machines, Drives and Power Systems (ELMA); 2019 Jun 6-8; Varna,
Bulgaria. p. 1-6. d0i:10.1109/elma.2019.8771697.

Khan N, Ooi CA, Alturki A, Amir M, Shreasth, Alharbi T. A critical review of battery cell balancing techniques,
optimal design, converter topologies, and performance evaluation for optimizing storage system in electric
vehicles. Energy Rep. 2024;11(1):4999-5032. doi:10.1016/j.egyr.2024.04.041.

Daowd M, Omar N, Van Den Bossche P, Van Mierlo J. Passive and active battery balancing comparison based on
MATLAB simulation. In: Proceedings of the 2011 IEEE Vehicle Power and Propulsion Conference; 2011 Sep 6-9;
Chicago, IL, USA. p. 1-7. doi:10.1109/vppc.2011.6043010.

Sugumar H. Overview of cell balancing methods for Li-ion battery technology. Energy Storage. 2020;3(2). doi:10.
1002/est2.203.

Lee WC, Drury D, Mellor P. Comparison of passive cell balancing and active cell balancing for automotive batteries.
In: Proceedings of the 2011 IEEE Vehicle Power and Propulsion Conference; 2011 Sep 6-9; Chicago, IL, USA. doi:10.
1109/vppe.2011.6043108.

Babu PS, Ilango K. Comparative analysis of passive and active cell balancing of li-ion batteries. In: Proceedings
of the 2022 Third International Conference on Intelligent Computing Instrumentation and Control Technologies
(ICICICT); 2022 Aug 11-12; Kannur, India. doi:10.1109/icicict54557.2022.9917778.

Lee Y, Jeon S, Bae S. Comparison on cell balancing methods for energy storage applications. Indian J Sci Technol.
2016;9(17):1-7. doi:10.17485/ijst/2016/v9il7/92316.

Vitols K. Redesign of passive balancing battery management system to active balancing with integrated charger
converter. In: Proceedings of the 2014 14th Biennial Baltic Electronic Conference (BEC); 2014 Oct 6-8; Tallinn,
Estonia.

Pannickottu Nivya K, Deepa K. Active cell balancing for a 2s Lithium ion battery pack using flyback converter and
push-pull converter. IOP Conf Ser Mater Sci Eng. 2021;1070(1):012097. doi:10.1088/1757-899%/1070/1/012097.
Shylla D, Harikrishnan R, Swarnkar R. Comparative analysis and evaluation of the different active cell balancing
topologies in lithium ions batteries. ] Electrochem Soc. 2023;170(8):080501. doi:10.1149/1945-7111/ace958.
Turksoy A, Teke A, Alkaya A. A comprehensive overview of the DC-DC converter-based battery charge balancing
methods in electric vehicles. Renew Sustain Energy Rev. 2020;133(3):110274. doi:10.1016/j.rser.2020.110274.
Gallardo-Lozano J, Romero-Cadaval E, Milanes-Montero MI, Guerrero-Martinez MA. Battery equalization active
methods. ] Power Sources. 2014;246:934-49. doi:10.1016/j.jpowsour.2013.08.026.

Pourjafar S, Afshari H, Mohseni P, Husev O, Matiushkin O, Shabbir N. Comprehensive comparison of isolated
high step-up DC-DC converters for low power application. IEEE Open ] Power Electron. 2024;5(9):1149-61. doi:10.
1109/0jpel.2024.3433554.

Ravi D, Mallikarjuna Reddy B, Letha SS, Samuel P. Bidirectional DC to DC converters: an overview of various
topologies, switching schemes and control techniques. Int ] Eng Technol. 2018;7(4.5):360. doi:10.14419/ijet.v7i4.5.
20107.


https://doi.org/10.1007/s11465-018-0516-8
https://doi.org/10.1007/978-3-662-53071-9_14
https://doi.org/10.1016/j.rser.2016.11.126
https://doi.org/10.1109/elma.2019.8771697
https://doi.org/10.1016/j.egyr.2024.04.041
https://doi.org/10.1109/vppc.2011.6043010
https://doi.org/10.1002/est2.203
https://doi.org/10.1002/est2.203
https://doi.org/10.1109/vppc.2011.6043108
https://doi.org/10.1109/vppc.2011.6043108
https://doi.org/10.1109/icicict54557.2022.9917778
https://doi.org/10.17485/ijst/2016/v9i17/92316
https://doi.org/10.1088/1757-899x/1070/1/012097
https://doi.org/10.1149/1945-7111/ace958
https://doi.org/10.1016/j.rser.2020.110274
https://doi.org/10.1016/j.jpowsour.2013.08.026
https://doi.org/10.1109/ojpel.2024.3433554
https://doi.org/10.1109/ojpel.2024.3433554
https://doi.org/10.14419/ijet.v7i4.5.20107
https://doi.org/10.14419/ijet.v7i4.5.20107

Energy Eng. 2026;123(6):3 21

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

3L

32.

33.

34.

35.

36.

Sugumaran G, Prabha NA. A comprehensive review of various topologies and control techniques for DC-DC
converter-based lithium-ion battery charge equalization. Int Trans Electr Energy Syst. 2023;2023:3648488. doi:10.
1155/2023/3648488.

Sharma A, Adhikari A, Adhikari B, Pandey P, Tamrakar I. Active cell balancing approach for efficient battery
management system. KEC J Sci Eng. 2024;8(1):23-6. doi:10.3126/kjse.v8i1.69260.

Ding X, Zhang D, Cheng J, Wang B, Chai Y, Zhao Z, et al. A novel active equalization topology for series-connected
lithium-ion battery packs. IEEE Trans Ind Appl. 2020;56(6):6892-903. d0i:10.1109/tia.2020.3015820.

Zhang Y, Tian S, Zhang Y. A new equalization method for lithium-ion battery packs based on Cuk converter.
Energy Eng. 2024;121(6):1459-72. d0i:10.32604/ee.2024.047247.

Marimuthu G, Umamaheswari MG. Analysis and design of single stage bridgeless Cuk converter for current
harmonics suppression using particle swarm optimization technique. Electr Power Compon Syst. 2019;47(11-
12):1101-15. d0i:10.1080/15325008.2019.1630692.

Brahmbhatt A, Mankad P. Effective cell balancing methods for electric vehicle applications: a review. ] Electr Syst.
2024;20:3081-91.

Mudiyanselage GA, Keshmiri N, Emadi A. A review of DC-DC resonant converter topologies and control
techniques for electric vehicle applications. IEEE Open J Power Electron. 2023;4:945-64. doi:10.1109/0jpel.2023.
3331180.

Lee YS, Cheng GT. Quasi-resonant zero-current-switching bidirectional converter for battery equalization
applications. IEEE Trans Power Electron. 2006;21(5):1213-24. d0i:10.1109/tpel.2006.880349.

Yu Y, Saasaa R, Khan AA, Eberle W. A series resonant energy storage cell voltage balancing circuit. IEEE ] Emerg
Sel Top Power Electron. 2020;8(3):3151-61. doi:10.1109/jestpe.2019.2914706.

Farahani G. DC-DC series-resonant converter with multi stage current driven for balance charger of series
connected lithium ion batteries. IET Power Electron. 2021;14(5):992-1007. d0i:10.1049/pel2.12081.

Jayasree KS, Vijaya Chandrakala KRM. Active cell balancing technique for improved charge equalization in
lithium-ion battery stack. In: Proceedings of the 2021 4th International Conference on Recent Developments
in Control, Automation & Power Engineering (RDCAPE); 2021 Oct 7-8; Noida, India. p. 160-4. doi:10.1109/
rdcape52977.2021.9633385.

Angulo-Garcia D, Angulo F, Muiioz JG. DC-DC Zeta power converter: ramp compensation control design and
stability analysis. Appl Sci. 2021;11(13):5946. doi:10.3390/app11135946.

Tiwari VK, Asim M, Aftab Alam MD, Siddiqui MI, Alam MA. Implementation of single-phase shift (SPS) and
extended phase shift (EPS) for dual active bridge (DAB). Indian J Sci Technol. 2024;17(41):4262-9. doi:10.17485/
ijst/v17i41.2456.

Bhattacharjee AK, Batarseh I. Optimum hybrid modulation for improvement of eDciency over wide operating
range for triple-phase-shift dual-active-bridge converter. IEEE Trans Power Electron. 2020;35(5):4804-18. doi:10.
1109/tpel.2019.2943392.

Wang J, Qiao X, Li L, Li R. An optimal control for dual active bridge converter in battery charging applications.
IET Power Electron. 2025;18(1):€12850. doi:10.1049/pel2.12850.

Shao S, Chen L, Shan Z, Gao F, Chen H, Sha D, et al. Modeling and advanced control of dual-active-bridge DC-DC
converters: a review. IEEE Trans Power Electron. 2022;37(2):1524-47. doi:10.1109/tpel.2021.3108157.

Coelho S, Sousa TJC, Monteiro V, Machado L, Afonso JL, Couto C. Comparison and validation of five modulation
strategies for a dual active bridge converter. EAI Endorsed Trans Energy Web. 2023;9(6):e2. doi:10.4108/ew.v9i6.
3066.

Kumar BM, Kumar A, Bhat AH, Agarwal P. Comparative study of dual active bridge isolated DC-to-DC converter
with single-phase shift and dual phase shift control techniques. In: Proceedings of the 2017 Recent Developments
in Control, Automation & Power Engineering (RDCAPE); 2017 Oct 26-27; Noida, India. p. 453-8. d0i:10.1109/
rdcape.2017.8358314.

Hou N, Song W, Li Y, Zhu Y, Zhu Y. A comprehensive optimization control of dual-active-bridge DC-DC con-
verters based on unified-phase-shift and power-balancing scheme. IEEE Trans Power Electron. 2019;34(1):826-39.
doi:10.1109/tpel.2018.2813995.


https://doi.org/10.1155/2023/3648488
https://doi.org/10.1155/2023/3648488
https://doi.org/10.3126/kjse.v8i1.69260
https://doi.org/10.1109/tia.2020.3015820
https://doi.org/10.32604/ee.2024.047247
https://doi.org/10.1080/15325008.2019.1630692
https://doi.org/10.1109/ojpel.2023.3331180
https://doi.org/10.1109/ojpel.2023.3331180
https://doi.org/10.1109/tpel.2006.880349
https://doi.org/10.1109/jestpe.2019.2914706
https://doi.org/10.1049/pel2.12081
https://doi.org/10.1109/rdcape52977.2021.9633385
https://doi.org/10.1109/rdcape52977.2021.9633385
https://doi.org/10.3390/app11135946
https://doi.org/10.17485/ijst/v17i41.2456
https://doi.org/10.17485/ijst/v17i41.2456
https://doi.org/10.1109/tpel.2019.2943392
https://doi.org/10.1109/tpel.2019.2943392
https://doi.org/10.1049/pel2.12850
https://doi.org/10.1109/tpel.2021.3108157
https://doi.org/10.4108/ew.v9i6.3066
https://doi.org/10.4108/ew.v9i6.3066
https://doi.org/10.1109/rdcape.2017.8358314
https://doi.org/10.1109/rdcape.2017.8358314
https://doi.org/10.1109/tpel.2018.2813995

22

37

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

Energy Eng. 2026;123(6):3

Zhang C, Li Y, Huang J, Xia Z, Liu J. Research on alternating equalization control systems for lithium-ion cells
charging. World Electr Veh J. 2021;12(3):114. doi:10.3390/wevj12030114.

Guo X, Geng J, Liu Z, Xu X, Cao W. A flyback converter-based hybrid balancing method for series-connected
battery pack in electric vehicles. IEEE Trans Veh Technol. 2021;70(7):6626-35. d0i:10.1109/tvt.2021.3087320.

Kim M-Y, Jong WK, Kim CH, Cho SY, Moon GW, Jong WK. Automatic charge equalization circuit based on
regulated voltage source for series connected lithium-ion batteries. In: Proceedings of the 8th International
Conference on Power Electronics-ECCE Asia; 2011 May 30-Jun 3; Jeju, Republic of Korea.

Dam SK, John V. Low-frequency selection switch based cell-to-cell battery voltage equalizer with reduced switch
count. IEEE Trans Ind Appl. 2021;57(4):3842-51. doi:10.1109/tia.2021.3075184.

Zhong H, Li ], Wang Y-X. A bus-based battery equalization via modi9ed isolated CUK converter governed by
adaptive control. In: Proceedings of the Chinese Automation Congress (CAC); 2019 Nov 22-24; Hangzhou, China.
Pham VL, Duong VT, Choi W. High-efficiency active cell-to-cell balancing circuit for Lithium-Ion battery modules
using LLC resonant converter. ] Power Electron. 2020;20(4):1037-46. d0i:10.1007/s43236-020-00088-6.

Lee 10. Hybrid PWM-resonant converter for electric vehicle on-board battery chargers. IEEE Trans Power
Electron. 2016;31(5):3639-49. d0i:10.1109/tpel.2015.2456635.

Vulligaddala VB, Vernekar S, Singamla S, Adusumalli RK, Ele V, Brandl M, et al. A 7-cell, stackable, Li-ion
monitoring and active/passive balancing IC with in-built cell balancing switches for electric and hybrid vehicles.
IEEE Trans Ind Inf. 2020;16(5):3335-44. d0i:10.1109/tii.2019.2953939.

Pham VL, Duong VT, Choi W. A low cost and fast cell-to-cell balancing circuit for lithium-ion battery strings.
Electronics. 2020;9(2):248. d0i:10.3390/electronics9020248.

Shang Y, Xia B, Zhang C, Cui N, Yang ], Mi C. A modularization method for battery equalizers using multiwinding
transformers. IEEE Trans Veh Technol. 2017;66(10):8710-22. doi:10.1109/tvt.2017.2702065.

Sun J, Zhu C, Lu R, Song K, Wei G. Development of an optimized algorithm for bidirectional equalization in
lithium-ion batteries. ] Power Electron. 2015;15(3):775-85. doi:10.6113/jpe.2015.15.3.775.

Lim JW, Hassan J, Kim M. Bidirectional soft switching push—pull resonant converter over wide range of battery
voltages. IEEE Trans Power Electron. 2021;36(11):12251-67. doi:10.1109/tpel.2021.3078413.

Gabbar HA, Othman AM, Abdussami MR. Review of battery management systems (BMS) development and
industrial standards. Technologies. 2021;9(2):28. d0i:10.3390/technologies9020028.

Feng F, Hu X, Liu J, Lin X, Liu B. A review of equalization strategies for series battery packs: variables, objectives,
and algorithms. Renew Sustain Energy Rev. 2019;116(4):109464. doi:10.1016/j.rser.2019.109464.

Wadi A, Abdel-Hafez M, Hussein A, Alkhawaja F. Alleviating dynamic model uncertainty effects for improved
battery SOC estimation of EVs in highly dynamic environments. IEEE Trans Veh Technol. 2021;70(7):6554-66.
doi:10.1109/tvt.2021.3085006.

Klintberg A, Zou C, Fridholm B, Wik T. Kalman filter for adaptive learning of two-dimensional look-up tables
applied to OCV-curves for aged battery cells. Control Eng Pract. 2019;84(1):230-7. doi:10.1016/j.conengprac.2018.
11.023.

Li W, Yang Y, Wang D, Yin S. The multi-innovation extended Kalman filter algorithm for battery SOC estimation.
Ionics. 2020;26(12):6145-56. d0i:10.1007/s11581-020-03716- 0.

Tang X, Liu B, Lv Z, Gao F. Observer based battery SOC estimation: using multi-gain-switching approach. Appl
Energy. 2017;204:1275-83. d0i:10.1016/j.apenergy.2017.03.079.

Ren Z, Du C. A review of machine learning state-of-charge and state-of-health estimation algorithms for lithium-
ion batteries. Energy Rep. 2023;9(12):2993-3021. doi:10.1016/j.egyr.2023.01.108.

Shrivastava P, Soon TK, Bin Idris MYI, Mekhilef S. Overview of model-based online state-of-charge estimation
using Kalman filter family for lithium-ion batteries. Renew Sustain Energy Rev. 2019;113(4):109233. d0i:10.1016/j.
rser.2019.06.040.

Wu L, Pang H, Geng Y, Liu X, Liu J, Liu K. Low-complexity state of charge and anode potential prediction for
lithium-ion batteries using a simplified electrochemical model-based observer under variable load condition. Int
J Energy Res. 2022;46(9):11834-48. d0i:10.1002/er.7949.


https://doi.org/10.3390/wevj12030114
https://doi.org/10.1109/tvt.2021.3087320
https://doi.org/10.1109/tia.2021.3075184
https://doi.org/10.1007/s43236-020-00088-6
https://doi.org/10.1109/tpel.2015.2456635
https://doi.org/10.1109/tii.2019.2953939
https://doi.org/10.3390/electronics9020248
https://doi.org/10.1109/tvt.2017.2702065
https://doi.org/10.6113/jpe.2015.15.3.775
https://doi.org/10.1109/tpel.2021.3078413
https://doi.org/10.3390/technologies9020028
https://doi.org/10.1016/j.rser.2019.109464
https://doi.org/10.1109/tvt.2021.3085006
https://doi.org/10.1016/j.conengprac.2018.11.023
https://doi.org/10.1016/j.conengprac.2018.11.023
https://doi.org/10.1007/s11581-020-03716-0
https://doi.org/10.1016/j.apenergy.2017.03.079
https://doi.org/10.1016/j.egyr.2023.01.108
https://doi.org/10.1016/j.rser.2019.06.040
https://doi.org/10.1016/j.rser.2019.06.040
https://doi.org/10.1002/er.7949

Energy Eng. 2026;123(6):3 23

58.

59.

60.

61.

62.

Tian H, Qin P. State of health prediction for lithium-ion batteries with a novel online sequential extreme learning
machine method. Int ] Energy Res. 2021;45(2):2383-97. d0i:10.1002/er.5934.

Meng J, Ricco M, Luo G, Swierczynski M, Stroe DI, Stroe Al, et al. An overview and comparison of online
implementable SOC estimation methods for lithium-ion battery. IEEE Trans Ind Appl. 2018;54(2):1583-91. doi:10.
1109/tia.2017.2775179.

Zhang M, Fan X. Review on the state of charge estimation methods for electric vehicle battery. World Electr Veh
J. 2020;11(1):23. doi:10.3390/wevj11010023.

Ouyang Q, Han W, Zou C, Xu G, Wang Z. Cell balancing control for lithium-ion battery packs: a hierarchical
optimal approach. IEEE Trans Ind Inf. 2020;16(8):5065-75. doi:10.1109/tii.2019.2950818.

Uzair M, Abbas G, Hosain S. Characteristics of battery management systems of electric vehicles with consideration
of the active and passive cell balancing process. World Electr Veh J. 2021;12(3):120. doi:10.3390/wevj12030120.


https://doi.org/10.1002/er.5934
https://doi.org/10.1109/tia.2017.2775179
https://doi.org/10.1109/tia.2017.2775179
https://doi.org/10.3390/wevj11010023
https://doi.org/10.1109/tii.2019.2950818
https://doi.org/10.3390/wevj12030120

	Active Cell Equalization for Battery Management Systems: A Comprehensive Review of DC-DC Converter Topologies
	1 Introduction
	2 Cell Equalization Methods and Analysis
	3 Conclusions
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [300 300]
  /PageSize [612.000 792.000]
>> setpagedevice


