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Abstract - The rise in popularity of electric vehicles has raised demand for lithium-ion battery systems that provide improved
safety, efficiency, and battery life. One of the most crucial factors influencing a battery pack's performance is the state of
charge imbalance among its cells. This causes cells to degrade more quickly, have less useful capacity, and be less efficient.
Active and passive balancing are two ways of Cell balancing that are already available. Both approaches have their own
advantages and disadvantages as well. The passive balancing approach is fast but results in significant energy loss, whereas
the active balancing method is energy-efficient but operates at a slower speed. This trade-off is achieved through the proposal
of a novel hybrid cell equalization approach that leverages the high energy efficiency of capacitive charge transfer while also
ensuring fast convergence through resistive equalization. The approach combines capacitive charge transfer to diminish large
state of charge variations at the beginning and resistive balancing during the final equalization phase for enhancing
convergence speed. This hybridized operation enables competent redistribution of charge with a reduction in balancing time
and energy loss. Simulation results confirm that the hybrid approach is more energy efficient and faster than both the current
approaches. The results indicate that the proposed hybrid balancing approach has great potential in imminent battery

management systems to increase the lifetime and reliability of electric vehicles.

Keywords - Electric Vehicles (EVs), Battery Management System (BMS), Cell Balancing Techniques, State of Charge (SOC).

1. Introduction

The rising levels of pollution in the air due to the
increasing use of public and private transportation make
green energy solutions paramount all over the world. Electric
vehicles are a promising alternative for eco-friendly
transportation in this regard [1, 2]. Their efficiency and
robustness, however, rest on the effective design and
coordination of their elementary components. An EV may
generally include major components such as an electric
motor, an inverter controller, and a battery equipped with the
BMS. Of these, the battery is a key and crucial ingredient in
such systems. The three most common battery types used in
EV applications to date are lithium-ion (Li-ion), nickel-metal
hydride, and lead-acid [3]. Li-ion batteries are the most
recommended and widely preferred for EVs on account of
their multiple benefits. These advantages are reflected in
high energy and power densities, low self-discharging, high
working voltages, long life, almost no memory effect, and
low maintenance [4-6]. Despite all Li-ion batteries'
advantages, a key issue is that the battery’s temperature,
voltage , and current must always be maintained within a

predetermined safe working range. To ensure this, a BMS
acts as an important protective and control circuit [7]. As the
"Brain" of a battery pack, the BMS keeps an eye on and
controls vital factors for each individual Cell, including
voltage, current, SOC, temperature, and State of Health
(SOH) [8].

Preventing overcharge and overdischarge, as well as
thermal problems, is critical for safe battery operation. This
is particularly critical in EVs, where large battery packs
contain hundreds or thousands of cells, making BMS a
fundamental component for safe and optimal operation, and
extended battery life [9, 10]. These cells connected in series
result in a challenging issue called cell SOC imbalance. This
imbalance may cause some cells to attain their highest state
of charge or discharge more quickly than others, as shown in
Figure 1. This can result in safety risks like overcharging or
overdischarging, along with a reduced usable capacity and a
shorter driving range. Furthermore, they can lead to early
deterioration and eventually reduce the overall battery pack
lifespan [11-14].
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(a) The battery's full charge state
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(b) The battery's full discharge state
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Fig. 1 A schematic arrangement of series-connected cells in
different charge states
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A number of Cell balancing techniques for Li-ion battery
applications have been developed to accommodate this
imbalance [15, 16]. These techniques can be mainly
classified as active balancing and passive balancing [17].
Active balancing redistributes charges between cells, and
passive balancing transforms the surplus energy of a cell
with higher SOC into heat. Each of these balancing strategies
has its perks and shortcomings [18, 19]. Current research
predominantly treats active and passive balancing as
mutually exclusive. Active balancing research focuses on
maximizing energy retention but fails to overcome the
inherent transfer latency caused by inductive or capacitive
components.

Conversely, passive balancing research focuses on speed
but accepts high dissipation loss as an unavoidable
byproduct. Although both methods are well-established on
their own, there is a significant lack of a cohesive
architecture in current research. Previous research has not
examined a coordinated control strategy that facilitates the
synergistic operation of these two mechanisms. This study
addresses the gap by moving away from the binary approach.
A new hybrid balancing strategy combines the best parts of
both methods, using the high efficiency of active balancing
and the quick equalization abilities of passive balancing. The
suggested hybrid strategy aims to yield better results than
traditional individual strategies.

The subsequent sections of this work are structured as
follows: Section 1l examines various cell-balancing
techniques employed for Li-ion batteries. Section Il
introduces the proposed novel hybrid balancing technique
along with simulation results and discussions. Finally,
Section IV concludes the study.

2. Review of Cell Balancing Techniques

The two main categories of Cell balancing approaches are
passive and active cell balancing techniques. Passive Cell
balancing approaches equalize the SOCs of all cells to the
lowest SOC cell by dissipating the surplus charge from
higher SOC cells via a resistor component. Active cell
balancing approaches extract charge from cells with greater
SOC and redistribute it to cells with lower SOC [17]. In the
following sections, both passive and active cell balancing
techniques are explored.
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2.1. Passive Cell Balancing Techniques

There are two main types of passive cell balancing
methods: one involves fixed shunt resistors, and the other
uses switched shunt resistors, as explained below.

2.1.1. Fixed Shunt Resistor

With the fixed shunt resistor balancing, as displayed in
Figure 2, a constant current flows through the parallel-
connected shunt resistor of each Cell. It is feasible to
equilibrate the energy levels of the cells without controlling
operations since the bypass current in this case is
proportionate to the cell terminal voltages [20]. However,
persistent dissipation results from bypass currents. The
balancing speed of this method is also very low.
Overcharging and over-discharging may occur, which is not
permissible for lithium-ion batteries [21].

R1 R2 R3 R4
SRMERTINEN
Cell-1 Cell-2 Cell-3 Cell-4

Fig. 2 Fixed resistor balancing

2.1.2. Switched Shunt Resistor

Switched resistor balancing, depicted in Figure 3, has an
extra switch linked to each shunt resistor. Before starting the
balancing process, it is required to know the SOC value for
each Cell [12]. The balancing is achieved by connecting a
resistor in parallel with the Cell having an SOC higher than
the minimum SOC value. The resistors will remain
connected until the Cell reaches its minimum SOC value.
The balancing will be completed once all cells are discharged
to this minimum SOC value [19].

R1 R2 R3 R4
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Fig. 3 Switched shunt resistor balancing

2.2. Active Cell Balancing Techniques

Active Cell balancing techniques use various circuit
components like capacitors, inductors, transformers, and
power electronic converters [22]. Among these, capacitor-
based balancing methods have gained significant attention
because of their structural simplicity, high reliability, and
cost-effectiveness. Thus, active Cell balancing using
capacitor-based methods and their working principles are the
main concerns of this section.
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2.2.1. Switched Capacitor

Switched capacitor balancing uses the same PWM signals
for every balancing switch that runs at the same frequency,
as seen in Figure 4. In order to regulate the transfer of
charge, each switch periodically connects its corresponding
Capacitor between the two neighboring cells. This design
facilitates the flow of energy from cells with a higher SOC to
those with a lower SOC. A bonus of this control method is
that it does not require SOC measurements, thereby
simplifying the control strategy and reducing sensor circuits.

C1
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Fig. 4 Switched capacitor balancing

Despite its simplicity and robustness, the balancing
process in this approach tends to be time-consuming due to
its inherent limitations. Additionally, energy exchange can
only happen between cells that are next to each other. This
means that transferring charge between cells that are not
directly next to each other takes multiple cycles. This method
of indirect energy transfer increases the total time required to
balance the entire battery pack. Because of this, switched
capacitor balancing is an easy and sensor-free way to balance
cells, but its operational delay needs to be taken into
consideration when quick balancing is needed [23-25].

2.2.2. Double-Tiered Switched Capacitor

The double-tier switched capacitor balancing system
makes SOC equalization faster and more efficient by using a
hierarchical capacitor design, as shown in Figure 5.
Capacitors C1, C2, and C3 make up the first level, which is
in charge of the normal charge transfer between cells that are
next to each other. The second level, which has capacitors C4
and C5, is used to move energy directly between cells that
are not next to each other, such as cells 1 and 3. This direct
routing function skips the first level's intermediary
capacitors, which cuts down on the number of steps needed
to transfer charge. This makes the balancing process fast and
cuts down on the energy losses that come with having several
switching cycles, which makes the whole system more
efficient. However, this increased efficiency comes at a cost
of increased hardware and more complicated circuits. Adding
more capacitors and switches to the balancing circuit makes
it bigger and more expensive. But a double-tiered design is a
good choice for systems that want to quickly equalize SOC
and increase energy efficiency [26-28].
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Fig. 5 Double-tiered switched capacitor balancing

2.2.3. Single Switched Capacitor

Figure 6 shows a technique of Capacitor balancing using
a single switch that increases control algorithm flexibility.
This method requires the calculation and monitoring of the
SOC of each Cell. The system identifies the cells with the
highest and lowest SOCs and turns on the switches that
connect those cells to the Capacitor. After that, SPDT-1 and
SPDT-2 switches switch back and forth at a set frequency, to
transfer energy from the Cell with the highest SOC to the
Cell with the lowest SOC [24]. The balancing process is
completed when the SOC differences are less than the set
threshold value. This method quickly balances when there is
a large SOC difference between just two cells, no matter
where they are located. It takes a longer time if all the cells
have different SOC levels because only two cells can be
balanced at a time [29].
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Fig. 6 Single switched capacitor balancing

2.3. Comparative Analysis between Passive and Active Cell
Balancing

Passive cell balancing methods are simple and reliable
techniques that equalize the SOC among all cells by
discharging excess energy from cells with higher SOC
through resistors. This approach is relatively swift because
the excess energy is directly dissipated as heat without any
energy transfer mechanisms. However, it is inherently
inefficient because the discharged energy is wasted, reducing
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the overall system efficiency and potentially causing thermal
stress due to heat generation. Passive balancing is often used
in low-cost or small BMS where quick balancing and a
simple circuit are more important than energy efficiency,
since it is easy to use, cheap, and easy to set up.

The active cell balancing method, on the other hand, uses
capacitors that are controlled by switches to move energy
from cells with higher SOC to cells with lower SOC. This
method improves battery performance and makes it more
energy-efficient by moving charge between cells efficiently
instead of dispersing it as heat. However, this process is slow
because it takes a few switching cycles to move charges
across capacitors and achieve equal SOC levels. The active
balancing technique is more complicated than passive
techniques and uses more parts. This is why it is often used
in BMS, where long-term performance and energy efficiency
are more important than speed.

In this context, passive balancing has the cells balance
their charge by dumping excess charge as heat energy which
is fast but not efficient, a process that is quick but not
efficient. Active balancing methods, however, are both slow
and effective, as they perform charge transfer across cells
with capacitors while conserving energy. Therefore, there
exists the possibility of combining the benefits of active and
passive balancing.

3. Hybrid Cell Balancing Technique
3.1. Proposec Hybrid Cell Balancing Technique

This study proposes a novel hybrid balancing technique
that combines the beneficial features of active and passive
balancing. Specifically, it combines switched resistor
balancing with switched capacitor balancing to accomplish
better performance. When compared to independent switched
resistor balancing, the suggested hybrid approach is more
efficient, and when compared to independent switched
capacitor balancing, it balances more quickly. The suggested
hybridization of the imbalance control strategies produces an
enhanced, more complete technique for Cell balancing in
battery management systems by addressing the shortcomings
of each applicable balancing methodology.
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Fig. 7 Circuit diagram of the proposed hybrid cell balancing circuit
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Figure 7 shows the circuit diagram of the proposed
hybrid cell balancing technique. The hybrid technique uses a
combination of resistive and capacitive cell balancing.
Resistors were connected in parallel to each Cell using
controlled switches. Capacitors were connected between the
two cells using SPDT switches. When the SOC difference
between cells is high, the system follows a capacitive cell
balancing approach by alternatively connecting capacitors
across adjacent cells to balance their SOC. With a significant
difference in cell voltages, capacitive cell balancing operates
more quickly and efficiently. When the difference between
the SOC of the cells falls below a certain predefined
threshold value, the circuit switches to resistive balancing
and completes balancing.

Using this hybrid technique and the control algorithm shown
in Figure 8, we achieved an output that was more efficient
than resistive balancing alone, and the time required to
complete the balance was less than that required for
capacitive balancing alone, increasing both efficiency and
speed.

A
Check SOC of all -
Cells Re5|st|_ve
¢ Balancing
Capacitive <
Balancing
If
Balancing

Done

Between
SOC
<

Threshold
Value

Fig. 8 Control algorithm for hybrid cell balancing

3.2. Simulation Model of Hybrid Cell Balancing Technique

The MATLAB modelling of resistive, capacitive, and
hybrid Cell balancing strategies produced simulation results.
To run the simulation, four cells with various SOCs were
connected in series. The resistive balancing block provides
switching signals when it detects the SOC of each Cell,
allowing for resistive balancing, as shown in Figure 9.
Resistors are connected in parallel to cells that have an SOC
value higher than the minimum. When every Cell reaches a
SOC equal to the minimal SOC value, balancing is stopped.
The capacitors are first linked across a cell and then swapped
to neighboring cells in the setting of capacitive balancing, as
shown in Figure 10. By repeatedly executing this process, the
charges are evenly distributed among all cells, balancing the
SOCs of all cells.
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Figure 11 shows the simulation model for hybrid cell
balancing. The simulation employed capacitive cell
balancing until the SOC difference between the cells
exceeded a specified predefined threshold value. Once the
SOC difference fell below this threshold, the simulation
transitioned to resistive Cell balancing to complete the
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balancing process. A control mechanism was developed to
facilitate the transition between capacitive and resistive
balancing when the SOC difference decreased below a
threshold value. Figure 12 illustrates the SOC waveforms of
all four cells during resistive cell balancing, capacitive cell
balancing, and the hybrid cell balancing process.
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3.3. Result Analysis and Discussion

Figure 12 illustrates the waveforms associated with
various cell balancing techniques. For the simulation, we
used the parameters specified in Table 1. Four cells were
connected in series, with initial SOC values of 80%, 70%,
60%, and 50%. In the case of resistive cell balancing, the
process concluded in 0.11 x 10* s. However, the SOC of all
cells at the end of the balancing process was 50%. As
depicted in the resistive Cell balancing waveforms in Figure
12, cells with an SOC exceeding 50% (the minimum SOC)
were discharged through resistors connected in parallel until
all cells achieved an equal SOC of 50%. Consequently, the
energy stored in the other cells was dissipated as heat to
achieve cell balance.

Conversely, through the implementation of capacitive cell
balancing, the charge from a cell with a higher SOC is
transferred to a cell with a lower SOC via a Capacitor by
continuously switching capacitors between adjacent cells,
thereby eliminating energy wastage. Upon completion of the
balancing process, the SOC of all cells was around 65%,
which was significantly higher than the 50% achieved
through resistive balancing. However, the duration required
to complete the balancing process was considerably long,
amounting to 4 x 10%*s.

Table 1. Simulation parameters

Parameter Value
Battery Capacity 2600 mAh
Battery Type Li-lon

Nominal Voltage 3.6V
Cell-1: 80%
Cell-2: 70%
SOCs Cell-3: 60%
Cell-4: 50%
Switching Frequency 1 kHz
R1R2 R3 R4 1.5Q
Cl1C2C3 100e°F

During the initial phase of the hybrid balancing, the
system works in a capacitive balancing mode. This is done
by switching SPDT switches at a constant frequency, which
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