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Abstract-the necessity of a charge equalizer is increasing for
series-connected lithium-ion cells in electric vehicles. It is used to
enhance the battery's safety and life cycle. For these reasons, the
cell voltage levels should be individually monitored and
effectively balanced in the battery string. However, individual
cell balancing has the problem of size as well as the control
complexity for a large number of battery cells. To alleviate these
drawbacks, this paper proposes an individual cell equalizer with
simple structure. In the proposed equalizer, each cell has its own

active-clamp flyback DC-DC converter. A main switch and

clamp switch in the converter are shared by every separated
through
parallel-primary
connection.
This

transformer

converter is utilized as a selectable current source by using
selection switches in the primary winding of transformer. With
this configuration, the simple structure and easy control can be
effectively achieved for each cell even if the proposed equalizer
has separated transformers as for the counts of battery cells.
Furthermore, high equalization efficiency and outstanding
equalization performance can be obtained for a high capacity
battery.
In this paper, a prototype for eight lithium-ion battery cells
is optimally designed and implemented. Experimental results
verify that the proposed equalization method has a good cell
balanced performance.

1.

INTRODUCTION

Currently, electric vehicles (EVs) have attracted more and
more attention for fuel economy and eco-friendly demands
[1], [2]. Compared to conventional vehicles, in an EV, battery
string is employed as main power source for driving electric
motors. These EV batteries are required to have good
characteristics such as energy density, single-cell voltage, and
self-discharge rate [3]. [4]. To meet these demands, lithium
ion batteries are widely used for an electric vehicle due to
their high energy density and efficient charge properties [5],
[6]. However, lithium-ion batteries require a more careful
management system because the battery's chemistry cannot
withstand overcharged and undercharged states. In lithium
ion batteries, an overcharged battery cell has a high risk of
explosion and an undercharged battery cell can reduce the
battery cell's lifecycle [7]-[9]. Moreover, repetition of battery
charging and discharging can cause the battery cells to be an
imbalanced voltage due to their different characteristics. The
voltage imbalance decreases the total storage capacity and the
whole life cycle of the batteries [7]-[10]. Hence, the battery

charge equalization should be realized to maintain the safe
and balanced voltage level.
Battery cell equalizers have been presented in [11]-[22].
One of the cell equalizers is resistive current shunt, which
consist of a resistor and an active switch [14]. This scheme is
very popular method due to simple and easy implementation
and low cost. The critical drawbacks of the resistive current
shunt are energy dissipation and heat problem. The switched
capacitor method exhibits a prolonged equalization time
caused by a cell-to-cell energy shift [11]. The secondary
multi-winding method experiences difficulty in the
implementing of a multiple secondary winding in a single
transformer [12], [13].
Other cell equalizers based on the individual cell control
are discussed in [15]-[21]. These methods allocate a separated
DC-DC converter to each cell, such that implementation and
individual control of equalization are easily achieved.
However, these schemes have many problems such as high
implementation cost and complex control of DC-DC
converters for a large number of cells. Moreover, the higher
power density of battery cell needs the higher performance of
DC-DC converter for extended range EY.
To solve abovementioned problems, this paper proposes a
cell control equalizer using the active-clamp flyback with a
common inverter. It has individual DC-DC converter for each
battery cell. This converter shows efficient equalization as
same advantage of the active-clamp flyback [22]. A main
switch and clamp switch in the active-clamp flyback are
shared by every separated transformer through parallel
primary connection. It is utilized as a selectable current
source by using selection switches in the primary winding of
transformer. The principle of the proposed equalization work
is that the equalization energy from all battery cells moves to
target cell through a common inverter, separated transformers
and cell selection switches. With this configuration, the
simple structure and easy control can be effectively achieved
for the each cell even if the proposed equalizer has separated
transformers as for the counts of battery cells. Furthermore,
the proposed work with effective DC-DC converter shows
outstanding equalization performance for a high capacity
battery.
In this paper, a prototype of 8 lithium-ion battery cells
employing the proposed method is optimally designed and
implemented. Experimental results are presented to verify
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that the proposed method can achieve excellent cell balancing
performance with a simple control method.
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FEATURES OF THE PROPOSED CHARGE EQUALIZER

Fig. 1 shows the block diagram of the proposed charge
equalization converter applied to N battery cells. The entire
battery cells are separated with individual transformer and
selection switches; i.e., N transformers and N selection
switches in each cell. The proposed equalizer consists of three
parts; the common inverter, the selection switches and
separated transformers. In the common inverter, to operate
the conventional active-clamp flyback, an inverted waveform
from dc input source is applied to the separated transformers
linked with one connection. The inverter circuit is composed
of two power switch and clamp capacitor with same
configuration as conventional one. The selection switches are
operated by simple on or off signal for connection of targeted
cell. It makes the primary current path between the common
inverter and the selected transformer to normally work as
conventional DC-DC converter. The separated transformer is
designed by same tum ratio. With this configuration, it
provides a simple structure easily to be implemented in
despite of a long battery string application.
Fig. 2 shows the example of the proposed scheme for N
battery cells. The input source of the common inverter comes
from overall battery in the string. The primary switch, QI and
the auxiliary switch, Q2 are operated by a pulse width
modulation (PWM) control. As shown in Fig. 2, primary side
of the transformer is parallel connected to the common
inverter, and secondary side of the transformer is directly
connected to the cell with a diode rectifier. The selection
switches are constructed in each primary winding of the
transformer. Those switches consist of the bi-directional
switches for connecting a current path between a common
inverter and transformer. With this configuration, the
individual equalization control is easily achieved without
additional control scheme. The key features of the proposed
equalizer are as follows:
•

•

•

B.

n
0

3
3

Circuit description

Easy implementation of the electronic devices can be
achieved when the whole transformer and the selection
switch are separated into a number of the battery cell.
Tn contrast to the allocation of a complete DC-DC
converter to each cell [15]-[19], a common inverter,
which is shared by the each transformer, leads to a size
reduction for DC-DC converters.
Like the method described in [16], individual
equalization can be achieve when the cell switches can
route the equalization current to the target cells..
Operation principle

Tn the proposed charge equalizer, the charge balance is
achieved by exchanging the equalization current between the
overall battery string and the selected cell. To achieve this
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Fig. 1: Block diagram of the proposed circuit
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Fig. 2: The proposed circuit for Nth cells

process, the proposed equalizer employs a microcontroller.
The microcontroller reads the sensing data from the cell
monitoring circuitry. After reading the cell voltage, it
determines if there is an imbalanced cell in the battery string.
Then, it drives the charge equalizer with three consecutive
steps. To show the operation modes of the proposed method
more easily, one example is presented in Fig.3 (a)-(c). Before
describing these modes, it is assumed that the first battery in
the string, BI, is undercharged. Tn this process, the selection
switches are kept on during the cell balancing period.
Furthermore, these switches are driven into two level signals.
These signals are the logical high and logical low signals. The
following assumptions are made:
•

•

The Metal-Oxide-Semiconductor Field-effect Transistor
(MOSFET) switches are ideal except for their internal
body diode. Furthermore, the rectifier diodes of the DC
DC converter are ideal.
The DC-DC converter is operated as an ideal current
source in the steady state.
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At first, when BI is recognized as an
undercharged battery by the microcontroller, the controller
send the signal to turns on the selection switches, SI, as
shown in Fig. 3 (a).
Mode 2: If Sl is completely turned on, the active-clamp
flyback is ready to operate for Tl transformer. After
connecting the Sl switch, PWM control is executed for
turning on the primary switch, QI, as shown in Fig. 3 (b). In
this mode, the magnetizing inductance of TI transformer is
being linearly charged as the inductor charging phase in
normal flyback operation.
Mode 3: After turning off the primary switch, QI, the
auxiliary switch, Q2 is operated, as shown in Fig. 3 (c). In this
mode, the equalization energy flows to the under-charged
battery, B1, by active-clamp flyback operation. More detail
operation of the active-clamp flyback is simplified in Fig. 3
(b), (c).

A.

]
J
J
JUL
s
s
l

n

L-__

(a)
s'' ,
Fig. 3: Operation modes of the proposed circuit. (a) Mode 1. (b) Mode 2. (c) Mode 3.
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EXPERIMENTAL RESULTS

Prototype circuit for 8 cells

Fig. 4: Prototype equalizer circuit for 8 battery cells.

In order to verity the operational principles and show the
balancing performance of the proposed equalizer, a prototype
of 8 lithium-ion cells is designed and implemented. As shown
in Fig. 4, the prototype circuit consists of modified DC-DC
converters and 8 selection switches. The modified converter
has the common inverter and the separated transformers. The
inverter stage for the DC-DC converter is operated by the
primary switch and auxiliary switch. These switches are
controlled by the PWM control. Each selection switch is
composed of the 8 bi-directional switches. All of bi
directional selection switches is employed with opto-couplers
to control the signal according to on or off command from
microcontroller. The DC-DC converter was implemented so
that the maximum output power is approximately 8W 4V *

2A. Table I summarizes the parameters of the prototype
circuit.
B.

Estimation of equalization time

To calculate the equalization time, the microcontroller
needs a modeling of the lithium-ion battery. Fig. 5 shows an
example of battery modeling [19]. In this figure, the open
circuit voltage is plotted according to the SOC (state of
charge) of a lithium-ion 7 Ah battery. The SOC corresponds
to the stored charge of the battery that is available for doing
work relative to the open circuit voltage [23]. The dot symbol
represents the experimental results in the range of 30% to
70% of the SOc. The solid line is the linear approximation of
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these results. From the linear approximation, the relationship
between the differences in the SOC value, /),SOC, and the
differences in the cell voltage, /), V, can be obtained as
follows:

Qavailahle /Qtotal = C � V/Qtotal ,

(1)

where Qavailahle and Qtotal are the available and maximum
charges for the 7 Ah lithium-ion battery, and C is the amount
of capacitance remaining in the battery cell. To calculate the
relationship between the equalization time, Meq, and the
equalization current, leq, the following equation should be
satisfied:

Qavailahle //), V =( leq �teq)//), V ,

(2)

where the equalization current, leq, is the net current between
the input current, lim and the output current, lout, of the DC
DC converter (lout -lin). By using (1) and (2), the relationship
between the equalization time and the equalization current is
as follows:
(3)
With this analysis, the simulation results of the equalization
time for 8 cells can be achieved, as shown in Fig. 6. In these
results, it is assumed that only one cell is selected and that the
SOC difference is 10%, 15% and 20%. From the simulation
results, the shorter equalization time will be taken for the
TABLE!.
PARAMETER FOR THE PROPOSED CHARGE EQUALIZATION CIRCUIT

Value

Parameters
Main switch

DC-DC
converter

IRF540

Aux. switch

IRF540

Rectifier diode

90SQ045

PWM gen.

TL494

Aux. capacitor
Core

Transformer

Selection
switch
Control
switch

NJ:N2
LII/
Lk•
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Fig. 5: Linear modeling according to the SOC for 7Ah lithium-ion battery.
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Experimental results a/the DC-DC converter

Fig. 7 shows the key waveform of the DC-DC converter in
the prototype equalizer. The DC-DC converter is
implemented by using an active-clamp flyback. Input voltage
is 3l.2 V, which is the stack voltage of 8 battery cells. The
output current is regulated 2A, and the maximum voltage
stress at the MOSFET switches, (Vd,J, Vd,2) , does not exceed
70 V, even in the voltage spikes. The measured efficiency of
the DC-DC converter is approximately 85% including the
conduction losses of the selection switches.
D.

Cell balancing results

To show the cell balancing performance of the proposed
charge equalizer, equalization tests are carried out for 8
batteries. The battery SOC distribution for the test
environments is summarized in Table II. The SOC difference
of the maximum voltage cell, B], is approximately 15% when
compare to the SOC of the minimum voltage cell, B3. The test
process is as follows: the microcontroller reads the voltage
information from the cell monitoring circuit. After reading
the cell voltages, it detects the unbalanced SOC cells. The
cell balancing test begins when the SOC difference between
the maximum and minimum SOC cell shows more than 15%.
The cell balancing is kept during the programmed
equalization time. The equalization time comes from the
simulation result, as shown in Fig. 6. In this test, since B3
shows the lowest SOC difference, the proposed equalizer
drives the charging current to B3 cell for 22 minutes. Fig. 8
TABLE II.
SOC DISTRIBUTION OF THE LITHIUM-ION BATTERY CELLS

Parameters

17:3

N-type

FDS9945

Opto-coupler

HMHA2801

2.8

higher equalization current. For example, if the equalization
current is about 2A, the equalization time takes
approximately 22 minutes at the SOC difference of 15%, as
shown in Fig. 6.

PQ2020

7.34uH

2.6

Fig. 6: Simulation result of the equalization time.

Miler cap. 2uF

IOluH

24

Equalization current rA1

7Ah
lithium
-ion
battery

Average voltage cell

Value

Value

[V]

[SOC%]

3.878V

54.2 %

Maximum voltage cell

BI

3.896V

56.0%

Minimum voltage cell

B3

3.785V

41.0%
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shows the equalizer performance of the proposed equalizer.
Tn the prototype experiment, an equalization time of 22 min.
is required to obtain the cell balance of eight lithium-ion
batteries. The SOC difference for the unbalanced cells is
decreased its SOC difference trom 15% to approximate 1%.
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and the separated transformer, the proposed equalizer
effectively reduces the complexity of equalizer system for a
large number of battery cells. Experimental results on
lithium-ion battery string demonstrate that the proposed
circuit has outstanding equalization performance. Therefore,
the proposed equalizer can be widely used for EV lithium-ion
battery cells.
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