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Abstract

Background: Unbalanced cells in the battery caused by differences in cell compounds and initial charge capacities may
reduce its capacity and exert on a bad influence on its safety and lifetime. Methods: This paper introduces comparisons on
the different cell balancing methods for energy storage applications. This study first categorizes cell balancing circuits as
passive or active cell balancing methods based on the usage of resistors. Then, this paper investigates the advantages and
disadvantages of these passive and active cell balancing methods. The investigated passive cell balancing methodologies
include a fixed shunting resistor circuit and a switching shunting resistor circuit. In addition, the studied active cell balancing
methods in this paper include cell balancers using capacitor, inductor/transformer, or DC-DC converter. Findings: Based on the
comparison results of this study, a passive cell balancer is easy to implement although it requires long balancing time and has
low cell balancing energy efficiency because of a thermal loss from a resistor. This passive cell balancer is a suitable technique
for portable tools and low-power systems. On the other hand, an active balancing method has higher energy transmission
efficiency and shorter balancing time than a passive cell balancer although it requires complex control algorithms and
high cost for fabricating the balancing circuit. Applications: By comparing the advantages and disadvantages of these cell
balancing methods, this paper presents a guide for selecting a proper cell balancing method for energy storage applications.
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1. Introduction

Each cell in the battery pack usually has different cell
compounds, initial charge capacities and external effects.
In addition, series-connected cells in the battery pack are
repeatedly charged and discharged in various energy stor-
age devices. Hence, the differences of charge-discharge
speed and lifetime may result in unequal state-of-charge in
the battery cells'. The differences of charging and discharg-
ing speed in these unbalanced cells result in variations in
the battery voltage and capacity of series-connected cells
in the battery pack. These variations in the battery pack
are the major source that is to reduce a cell capacity and to
shorten the life of a battery. In order to resolve this imbal-
ance of the cell energy, an auxiliary cell balancing circuit
should be used in the battery management system.

As illustrated in Figure 1, various cell-balancing algo-
rithms have been presented in the literature. Cell balancing
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methods are usually classified with a passive circuit and
an active circuit. A passive cell-balancing methodology
uses resistors to equalize the cell energy of a battery pack
by consuming higher energy cell than others. Although
this passive cell balancing circuit is easy to implement,
its energy transmission efficiency is usually low due to
energy losses generated by heat dissipation from the resis-
tors. On the other hand, an active cell-balancing circuit
transfers higher cell energy to lower cell energy using a
power electronic interface. Although this active cell bal-
ancer has higher efficiency than a passive cell balancer,
its control algorithm may be complex and its production
cost is expensive because each cell should be connected
with an additional power electronics interface*”.

The rest of this paper is organized as follows: Section
2 describes passive cell balancing methods using a fixed
shunting resistor and a switching shunting resistor. Section
3 discusses various active cell balancing methods with a
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Figure 1. Cell balancing method.

power electronics interface. Lastly, Section 4 describes
reviews of the previous cell balancing studies and con-
cludes this paper with the advantages and disadvantages of
cell balancing circuits which have been investigated.

2. Passive Cell Balancing Method

A passive cell equalizing circuit usually uses resistors to
balance cell energy by consuming higher cell energy rela-
tively in a battery string. This balancing method is more
reliable and uses less number of components than other
cell equalizing circuits®'.

2.1 Fixed Shunting Resistor

As shown in Figure 2, a fixed shunting resistor circuit
uses N number of resistors (i.e., R, ~ R ) connected in
each cell to prevent it from being overcharged’. Because
of the resistors this passive balancing circuit is possible to
control the limit value of each cell voltage and does not
damage cells (B, ~ B,). This fixed shunt resistor method
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Figure 2. Cell balancing circuit with fixed shunting resistor’.
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is mainly used in the lead-acid and nickel battery appli-
cations. This fixed shunt resistor circuit requires low
cost because its composition is simple. However, energy
consumed by these resistors for balancing a battery may
result in thermal losses in the battery management sys-
tem. Therefore, this fixed shunting resistor method is an
ineflicient cell equalizing circuit.

2.2 Switching Shunting Resistor

As shown in Figure 3, a switching shunting resistor
cell balancing circuit consists of N number of switches
(S, ~ S,) and resistors (R, ~ R,) for each cell’. This cell bal-
ancing circuit is currently the most common method in the
cell equalizing system. This method is divided into a contin-
uous mode and a sensing mode. At the continuous mode,
all switches are controlled to be turned on or turned off at
the same time. When a resistor value is properly selected
at this mode, it is effective to charge the entire battery?®.

In the sensing mode, this method requires a real-time
voltage sensor for each cell. This cell balancing circuit
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Figure 3. Cell balancing circuit with switching shunting
resistors®.
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also consumes high energy through a balancing resistor.
Because of this characteristic, thermal losses may result
from high currents through balancing switches and resis-
tors. Therefore, cell thermal management is also required
to control the thermal losses. This cell balancing circuit is
suitable for a battery system which requires a low current
when it is charged or discharged®.

3. Active Cell Balancing Method

An active cell-balancing circuit usually uses energy trans-
ferring components such as capacitors, inductors, or
transformers to balance cell energy in the battery pack.
This active cell-balancing circuit has shorter cell balanc-
ing time and has higher efficiency than the passive cell
balancing circuit. However, this cell equalizing circuit has
high cost and requires complex system control algorithms
for balancing cells.

3.1. Active Cell Balancing Circuit based on
Capacitors

An active cell balancing circuit based on capacitors bal-
ances cells with capacitors by transferring unequal energy
between multiple cells in the battery string. When a spe-
cific cell voltage is lower than a capacitor voltage, this cell
is charged by the capacitor. In contrast, when a certain
cell voltage is higher than a capacitor voltage, this cell is
discharged to the capacitor. In other words, a charged
capacitor by a higher energy cell than others discharges
its energy to a relatively lower energy cell. Because energy
is transferred from cells by capacitors, thermal losses of
this cell balancing circuit are usually lower than those of
a passive cell balancing method. However, this equalizing
circuit requires a complex switch structure and a compli-
cated control method for a switch'! ">,

3.1.1. Single Capacitor

As shown in Figure 4, an active cell balancing circuit with
a single capacitor consists of N number of cells (B, ~ B,),
N + 2 number of switches (S, ~ S, ) and one capacitor (C)
in the cell balancing circuit'. A capacitor in the battery
string is charged or discharged in order to equalize each
cell. This cell balancing circuit is simple because it uses
a single capacitor regardless of the number of cells con-
nected in the battery string. However, this cell balancer
requires a large number of switches and intelligent con-
trol of the switches'!"3.
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Figure 4. Cell balancing circuit with a single capacitor''.

3.1.2. Multiple Capacitors

As shown in Figure 5, an active cell balancing circuit
with multiple capacitors transfers unequal cell energy
by multiple capacitors. This cell balancer is composed of
N number of cells (B, ~ B,), switches (S, ~ S,) and N-1I
number of capacitors (C, ~ C, ) in the cell balancing cir-
cuit®. In this circuit, capacitors for balancing unequal cell
energy are connected to each battery. The advantage of
this cell balancing circuit is that it is not required to use
a voltage sensor or closed-loop control and that the stress
of switches is low. However, its balancing speed is usually
not satisfactory'*'.
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Figure 5. Cell balancing circuit with multiple capacitors®.

3.2. Active Cell Balancing Circuit based on
Inductors or Transformers

A cell balancing circuit described in this section equalizes
battery cells with magnetic components, such as induc-
tors or transformers, by transferring unequal energy
between multiple cells. This cell balancer results in all
cells to be equalized by transferring unequal cell energy
from a higher energy cell to a lower energy cell in the
battery pack through inductors or transformers. The bal-
ancing time of this cell balancing circuit can decrease by
a high cell balancing current. However, this cell equaliz-
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ing circuit requires high production cost, and a magnetic
transformer loss should be considered during the design
phase of this cell balancer. Because its switching frequency
is usually high, each cell in the battery string should have
a filtering capacitor''¢'%2!,

3.2.1. Single/Multiple Inductors

As shown in Figure 6, this cell balancing method uses
single or multiple inductor (L)'®*. The control algorithm
of this cell balancing circuit with single or multiple induc-
tors is that it detects each cell voltage and selects a cell to
transfer energy. When MOSFETs (Q,) are turned on and
turned off, unequal cell energy is delivered to an induc-
tor. In this circuit, unequal cell energy is transferred from
a higher energy cell to a lower energy cell in the battery
string through an inductor. A cell balancing circuit with a
single inductor as shown Figure 6(a) has a small volume
and low cost®. In addition, the cell balancing method with
multiple inductors as shown Figure 6(b) has fast balanc-
ing speed and decent cell balancing efficiency. However
this cell balancer requires accurate voltage sensors'®'82!.

3.2.2. Single Transformer

Figure 7 shows an active cell balancing circuit based on
a single transformer that consists of a MOSFET (Q), a
transformer (7), a diode (D) and N+2 number of switches
(S, ~S,,,) and N number of battery cells (B, ~ B,)"". This
cell balancing method with a single transformer has the
following two topologies: the first one is a pack-to-cell
topology, and the other one is a cell-to-pack topology.
This cell balancer has a fast balancing speed with low
magnetic losses. However, this cell equalizer requires
accurate switch control!"'¢72!,
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Figure7. Cell balancing circuit with a single transformer"".

3.2.3. Multiple Transformers

Figure 8 depicts an active cell balancing circuit with mul-
tiple transformers is composed of N number of cells
(B, ~ B,), transformers (T, ~ T,), diodes (D, ~ D, ) and a sin-
gle MOSFET (Q)". The control method of this cell balancing
circuit is simple because this circuit only uses a single switch.
In addition, this cell balancer has a fast equalization speed.
However, it requires high price and complicated circuit and
should prevent transformer from being saturated'!s192!,
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Figure8. Cellbalancingcircuitwith multiple transfomers''.
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Figure 6. Cell balancing circuit with Single/Multiple inductor. (a) Single inductor'®. (b) Multiple inductors®.
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3.3. Active Cell Balancing Circuti with a
Power Electronics Interface

This active cell balancing circuit balances unequal cell
energy in the battery string with a DC-DC converter such
as flyback converter or forward converter. The structure
of a balancer with a flyback converter topology has the
primary and secondary side based on its transformer. This
cell balancer charges or discharges unequal cell energy
through a transformer which provides an insulated struc-
ture with safe energy transmission. However, a circuit
designer should consider the design and magnetic hys-
teresis loss of a transformer for high energy transmission
efficiency. This cell equalizer has higher energy trans-
fer efficiency than a passive balancing circuit. This cell
balancer can be bulky and may require a complex control
algorithm because each cell should be connected with
additional passive components and active switches'* .

3.3.1 Flyback /Forward Converter

As shown in Figure 9(a), a cell balancer with a flyback
converter topology consists of N number of cells (B, ~
B,), diodes (D, ~ D,), a transformer (T), and a single
MOSEET (Q)*. In this cell balancer, the energy of a high
voltage cell is stored in the transformer. When the sec-
ondary side switch is turned on, this energy is transmitted
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Figure 9. Cell balancing circuit with Flyback/Forward
converter®. (a) Flyback converter. (b) Forward converter.
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to the lower voltage cells through the diodes (D, ~ D).
This cell balancing method can be easily implemented in
the large number of cells and is commonly used for EVs.
However, there is a magnetic loss problem in the multi-
winding transformer®!2**!,

Figure 9(b) shows a cell equalizer with a forward
converter that consists of N number of cells (B, ~ B,),
MOSFETs (Q, ~ Q,), a transformer (T), and a single
diode (D)*. This cell balancing circuit has high reliability.
Although additional cells are also connected to this cell
balancer, it does not require to change a transformer turns
ratio. However this cell equalizer should require a reset
circuit to prevent a transformer saturation problem'"*.

3.3.2. Full-bridge Converter

Figure 10 shows a cell balancing circuit with a full-bridge
converter that consists of eight MOSFETs (Q, ~ Q,), N+5
number of switches (S, ~ S, ), a transformer (T) and N
number of cells (B, ~ B,)*. This cell balancer with a full-
bridge converter operates with the following two modes:
“buck mode” and “boost mode”. This method is widely
used in relatively high-power systems such as plug-
in hybrid electric vehicles (PHEV) and energy storage
system (ESS). The cell balancing method has fast equal-
ization speed and high efliciency. However, the price of
this cell balancer is expensive, and its control scheme is
complicated®.

4. Conclusions

This paper analyzed the characteristics, advantages and
disadvantages of cell balancing methods. Table 1 com-
pared passive balancing methods and active balancing
methods based on their advantages and disadvantages. A
passive cell balancing method normally uses a low cur-
rent. Therefore, its energy transmission efficiency is low

Table 1. Comparison of cell balancing method
Type Advantages Disadvantages | Applications
Passive | Small size, high energy Portable
balancer | Low cost losses, device,

Poor thermal Low-power

management system
Active High eflicient, | High cost, UPS, ESS,
balancer | Fast balancing | Complicated EV/HEV

control,

Magnetic losses
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Figure 10. Cell balancing circuit with Full-Bridge Converter®.

because of its low heat dissipation although it requires long
balancing time. A passive method is a suitable technique
for portable tools and low-power systems. An active bal-
ancing method has higher energy transmission efficiency
and shorter balancing time than a passive cell balancer.
Therefore, an active cell balancing method is a suitable
technique for uninterruptible power supply (UPS), energy
storage system (ESS) and electrical vehicle (EV).
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