
Abstract-- In the lithium-ion batteries for electric vehicle 

applications, the charge equalizer is required to enhance life 

time and guarantee safety. For efficient charge equalization, 

a cell voltage sensing module should be used. However, the 

cost of the sensing module is relatively high. Thus, to 

achieve higher equalization performance without the cell 

voltage sensing module, a new automatic charge equalizer 

based on regulated voltage source is proposed. A fast 

regulated voltage source with average voltage of the 

batteries is implemented by a bidirectional dc-dc converter. 

The charge equalization can be automatically achieved by 

periodic connections between battery cells and regulated 

voltage source without the sensing module. The high 

equalization performance can be obtained by proposed 

reference voltage modulation and advanced skip mode. The 

operational principles and design considerations of the 

proposed equalizer are presented and equalization 

performance is verified by the prototype with 7Ah lithium-

ion batteries. 

Index Terms-- charge equalization, battery equalizer, 

lithium-ion battery, cell balancing. 

I.  NOMENCLATURE

BN Nth cell in the battery string.

SN Nth selection switch of switching block.

Q
Charge quantity which is moved to the selected 

cell.

Cbatt Capacitance of lithium-ion battery cell..

v
Voltage gap between average voltage and 

selected cell voltage. 

bandv Average voltage band gap. 

Vref
Modulated reference voltage for output 

feedback.
Vbatt(0) Open circuit voltage of the selected cell.

ibatt(t) Current which flows to the selected cell. 

ibatt(0) Equalization current at balancing start. 

iend Equalization current at balancing finish. 

Rsw Equivalent resistance of switching block. 

t Charge equalization time. 

II.  INTRODUCTION

Nowadays, lithium-ion batteries are considered the 

only viable energy storage device for hybrid electric 

vehicle (HEV) or electric vehicle (EV) applications due 

to its high energy density and low self-discharge rate [1], 

[2]. However, since the cell voltage of lithium-ion battery 

is low about 4V, the series connected battery string is 

required for driving a high voltage electric motor in EV 

and HEV [3]. Nevertheless, when the batteries of string 

are repeatedly charged or discharged, the charge 

imbalance of the batteries occurs since internal 

impedance of each battery is not purely identical [4], [5]. 

When these unbalanced batteries are left in use without 

any control such as charge equalization, the energy 

storage capacity decreases severely and, in the worst case, 

they may explode or fire [5]. Thus, charge equalization 

for a series connected batteries is necessary to prevent 

these phenomena and extend the life time of the batteries 

[6]-[8].  

In charge equalization circuits, the cell voltage 

sensing module is used for efficient charge equalization 

[9]. Fig. 1 shows the conventional charge equalization 

circuit with voltage sensing module. The cell voltage 

sensing module monitors the cell voltage and state of 

charge (SOC) of batteries, and charge equalization of the 

unbalanced cells is conducted by using sensing data [9]. 

The charge equalization is efficiently achieved with 

various methods [9]-[15]. However, the cell voltage 

sensing module causes increase of the cost and size. Thus, 

development of the equalization circuit without the 

sensing module is required because removing the sensing 

module is economically beneficial in the market. 

Conventional automatic equalizers are as shown in 

[16],[17], which can achieve the charge equalization 

without the cell voltage sensing module. The equalization 

current of the conventional automatic equalizer is only 

determined by voltage gap of each cell [16],[17]. 

However, the equalization current of the conventional 

one is very small because the lithium-ion battery has 

small voltage difference even in large difference of SOC 

as shown in Fig. 2. Therefore the conventional equalizers 

are not suitable for lithium-ion battery because they have 

long equalization time.

To fulfill the efficient charge equalization without the 

cell voltage sensing module, this paper proposes an 

automatic charge equalizer based on a regulated voltage 

source. A fast regulated voltage source is implemented by 

a bidirectional dc-dc converter. The output voltage of the 

converter is always regulated to the average voltage of 

the battery string by output voltage feedback, and the 

switching block exists for a connection between battery  
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Fig. 1: Conventional charge equalization circuit 

Fig. 2: Relation between cell voltage and SOC 

cells and the regulated voltage source. The charge 

equalization can be automatically achieved by a periodic 

connection between battery cells and regulated voltage 

source without the cell voltage sensing module. Moreover, 

the large equalization current can be obtained by the 

proposed reference voltage modulation and equalization 

time can be shortened by the advanced skip mode.

In this paper, the operational principles and design 

considerations are presented. To confirm the validity of 

the proposed scheme, a prototype of 8 lithium-ion 

batteries is designed and implemented. The experimental 

results show that the proposed automatic equalizer has 

outstanding cell balancing performance. 

III.  PROPOSED AUTOMATIC EQUALIZER

A.  Concept of the proposed equalizer 

Fig. 3 shows the conceptual diagram of the proposed 

charge equalizer. There is a regulated voltage source, and 

its voltage is the same with the average voltage of the 

battery string. Voltage source is periodically connected 

with each battery from 1st cell to nth cell by switching 

block. When the voltage source is connected with a 

specified battery cell, specified equalization current flows 

according to the relationship as below; 

  Case 1: When average voltage of batteries is higher 

than voltage of the selected cell, the charging 

current flows into the cell and its voltage 

becomes high. 

  Case 2: When average voltage of batteries is lower 

than the selected cell voltage, the discharging 

current flows from the cell and its voltage 

becomes low. 

Fig. 3: Conceptual diagram of the proposed equalizer 

Fig. 4: Configuration of the proposed automatic equalizer  

After continuous iteration of switching, voltage of each 

cell will be automatically changed to the average voltage 

of the batteries without the cell voltage sensing module. 

B.  Operational principle 

Configuration of the proposed automatic equalizer is 

shown in Fig. 4. Regulated voltage source can be 

implemented by bidirectional dc-dc converter. 

Bidirectional flyback converter is used due to its simple 

structure [18]. The output of the converter is regulated to 

average voltage of the battery string by output voltage 

feedback. The battery string is used as input power source 

of the converter, thus self-charge equalization can be 

achieved without an additional power supply. A pulse 

generator sequentially gives the control signal for the 

switching block. The cell selected by the switching block 

is connected to the output of the bidirectional converter as 

load of the converter. Because the output voltage is 

always regulated to the average voltage by output voltage 

feedback, specified charging (or discharging) current 

flows to the selected cell. The magnitude of charging or 

discharging equalization current depends on voltage 

difference between average voltage and the selected cell 

voltage as follows: 



Fig. 5: Reference voltage modulation scheme (a) Reference voltage 

modulation. (b) Equalization current versus the voltage gap 

 Fig. 6: Advanced skip mode scheme 
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where, Rsw is the resistance of the switching block.  

However, the equalization current is very small 

because the lithium-ion battery has small voltage 

difference even in large difference of SOC as mentioned 

in introduction section. Thus, proposed automatic 

equalizer adopts reference voltage modulation scheme for 

high equalization performance. The proposed reference 

voltage modulation scheme is shown in Fig. 5. The dotted 

line in Fig. 5 (b) is the graph of equalization current verse 

voltage gap without reference voltage modulation. To 

increase the equalization current, the reference voltage is 

modulated as shown in Fig. 5 (a). There is average 

voltage band which is a margin of the charge equalization. 

The charge equalization means that all of the cells are  

Fig. 7: Flow chart of the proposed equalizing operation  

located in average voltage band. Therefore, when the 

voltage gap between regulated voltage source and the 

selected cell is larger than specified average voltage band, 

the reference voltage is modulated to high voltage or low 

voltage. In case the reference voltage is changed, the 

output voltage of proposed equalizer is also changed by 

output voltage feedback circuit. Thus, the equalization 

current boosts up with hysteresis due to the large voltage 

difference between regulated voltage source and the 

selected cell. 

The equalization effect of the cell in the average 

voltage band is insignificant because there is no reference 

voltage modulation and the equalization current is very 

small. Thus, the cell selection in the average voltage band 

is not necessary. Fig. 6 shows the advanced skip mode 

scheme of proposed equalizer. It is assumed that the 

voltage of Battery B2 and B3 is located in average voltage 

band as shown in Fig. 6 (a). Thus equalization current of 

B2, B3 is small due to no reference modulation. When the 

equalization current is small, cell selection skips to the 

next cell as shown in Fig. 6 (b). The proposed equalizer 

can operate like a cell selective equalizer which chooses a 

specified cell with cell voltage sensing module. Thus, 

proposed charge equalizer can achieve short equalization 

time by using skip mode. 

Fig. 7 shows the flow chart of the proposed equalizing 

operation. When equalizing signal is detected, DC/DC 

converter offers regulated voltage source and proposed 

automatic equalizer selects the specified cell form 1st cell 

to nth cell by switching block and cell selection is kept 

going until stop interrupt signal exists. Equalizer is 

stopped when the stop interrupt signal exists or the 

number of skip counter is the same with the number of 

cells. Skips of all cells mean that there is no reference 

voltage modulation signal and all of the cells are located 

in voltage band. 
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Fig. 8:  (a) Equalization current of the specified cell 

 (b) Sum of charges which flows to the specified cell   

(c) Linear approximation 
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Fig. 9: (a) Relation between equalization current and equalization time 

 (b) Maximum switching period 

IV.  DESIGN CONSIDERATIONS

This section presents the optimal design guide for the 

proposed equalization converter and switching block. 

Before designing this proposed equalizer, we first 

introduce the model of a lithium-ion battery, which is 

shown in Fig. 1. The open circuit voltage is expressed in 

relation to the SOC. The dot symbol shows the 

experimental results in SOC range from 30% to 70%, and 

the solid line represents a linear approximation of the 

experimental observations. The voltage of batteries is 

increased (or decreased) according to the linear model 

[13]. This results of experimental observations show that 

the voltage is about 7mV per 1% gap of SOC in case of 

7Ah Lithium-ion battery. 

A.  Equalization current 

Equalization current determines the power rating and 

equalization performance of proposed equalizer [13]. So, 

we design the equalization current first. Equalization 

current of the specified cell is shown in Fig.8 (a) and the 

waveform of the current is pulse form because the 

specified cell is periodically selected. Fig.8 (b) shows 

total charges which flows to the specified cell. The total 

charges are the same with the area of waveform and the 

equation is given as follows: 

0
( )

t

batt battQ i t dt C v (2)

When some charges are moved to the battery, the 

voltage of the battery is increased because the battery is 

equivalent to a capacitor with large capacitance (Cbatt).

Thus, the equalization current at equalization termination   

is slightly smaller than current at equalization start 

because the voltage of battery is slightly changed. 

However, because the voltage difference of battery is 

relatively smaller than the reference voltage level for high 

current, the equalization current is nearly same during 

cell balancing period and thus the area of Fig.8 (b) can be 

linearly approximated like Fig.8 (c). Therefore the 

equation of area can also be approximated as a below 

equation: 

1
(0)

2
batt end equalArea Q t i i I t (3)

From equation (2) and (3), the equalization current can 

be found as follows: 

batt
equal

C v
I

t
(4)

Fig. 9 (a) presents the simulation result of equalization 

current design. The equalization time is plotted in relation 

to the equalization current of the equalizer as shown in 

Fig. 9 (a). From these results, we know that the shorter 

equalization time will be taken for the higher equalization 

current of equalizer. In addition, the equalization time is 

also prolonged as the voltage gap increase. As one design 

example, when voltage gap of 100mV is required to 

change to the voltage band (10mV) during 30 minutes 

(0.5 hour), the equalization current is designed to 2A as 

shown in Fig.9 (a). 

B.  Switching period of switching block 

In case the voltage of the selected cell is located near 

the average voltage band, the balancing operation is never 

stopped if the selection switching period is too long. For 

example, when the voltage of the arbitrary cell is slightly 

smaller than average voltage band, the equalizer begins to 

supply high equalization current by reference modulation 

scheme and the cell voltage starts to increase. If 

switching period is too long, the cell voltage becomes 

larger than average voltage band. And then, at a next 

cycle, the cell will be discharged. Thus, this infinite loop 

of charging / discharging operation will maintain. This 

phenomenon indicates necessity of the limited switching 

period. If equalization current is designed, the switching  
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Fig. 10: System efficiency of proposed equalizer 
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Fig. 11: Relation between resistance of switching block and efficiency 

Fig. 12: Reference voltage modulator 

period also can be designed. The equation of the 

maximum switching time is obtained from equation (4) 

and the equation is expressed as follows:

max
batt band

equal

C v
t

I
(5)

For example, when the specifications of the equalizer 

are determined (voltage band : 10mV , equalization 

current : 2A), the maximum switching time can be 

designed to 3 minutes and 20 seconds as shown in Fig. 9 

(b). However, since maximum switching time is the worst 

case, we can choose the 20 seconds which is 10% of 3 

minutes and 20 seconds. 

C.  Selection of switching block  

Switching block for cell selection can be implemented 

by various components such as power MOSFET, 

photomos relay and mechanical relay. These switches can 

be regarded as a resistor as shown in Fig. 10. The 

resistance of switching block is important factor from the 

viewpoint of efficiency because the output current of 

bidirectional converter is relatively high. The system 

efficiency can be calculated as follow: 

/

o o c B
s

in oc c o sw B

P P V

P P I R V
(6)

From equation (6), the selection of switching block is 

limited for specified system efficiency as follow: 

1 c B
sw B

o c

V
R V

I
(7)

For example, when the efficiency of bidirectional 

converter is 82%, the switches with resistance under the 

0.17 Ohm are needed to satisfy 75% system efficiency as 

shown in Fig. 11. 

D.  Design of reference voltage  

When the switch of switching block is selected, the 

equalization current and reference voltage are determined 

as follows:  

ref cell ref average

equal

sw sw

V V V V
I

R R
(8)

ref average equal swV V I R (9)

Because Iequal can be positive or negative value for 

charging or discharging current, three levels of reference 

voltage are required (average reference : Vaverage, high 

reference : Vaverage+IequalRsw , low reference : Vaverage-

IequalRsw). Reference voltage modulator can be 

implemented by a weighted summer as shown in Fig. 12. 

The reference voltage can be calculated by superposition 

as follows: 
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c

ref

b

R
V V

R
(10)

2 1
2

1 2 1 2

1 c c
ref average average

b b

R RR R
V V V

R R R R R R
(11)

1
2 charge

1 2

1
/ /

c
ref

a b

RR
V V

R R R R
(12)

1 2 3ref ref ref refV V V V (13)

Assume that Ra=Rb=Rc and R2=2R1, equation (13) is 

expressed as follows: 

average charge dischargerefV V V V (14)

From equation (6), the three levels of reference 

voltage can be derived as follows: 

TABLE I. 

Vcharge Vdischarge Vreference

High High Average voltage 

High 0 
High voltage 

(Vaverage + Vcharge)

0 High 
Low voltage 

(Vaverage - Vdischarge)



V.  EXPERIMENTAL RESULTS

In order to verify the performance of the proposed 

charge equalization converter, a prototype of eight 

lithium-ion cells is designed and implemented. Fig. 13 

shows a schematic diagram of the prototype and Fig. 14 

is a photograph of the prototype. The prototype circuit 

consists of a bidirectional flyback dc-dc converter, cell 

selection switches (S1~S8 ) and the eight lithium-ion 

batteries with 7Ah are connected in series. The 

bidirectional energy flows can be achieved by 

complementary switching between a primary switch (Q1)

and a secondary switch (Q2) of dc-dc converter [18]. The 

driving signals for Q1, Q2 and the cell selection switches 

are controlled by a micro-controller. Cell selection 

switches were implemented by 4 power MOSFET 

switches per each cell and these can be replaced by 

mechanical relay switches or other switches. The output 

voltage of dc-dc converter is regulated to the reference 

voltage by a negative feedback circuit and it is used as a 

regulated voltage source. Reference voltage is modulated 

according to the connected battery status by reference 

voltage modulator.  

To verify the charge equalization performance of the 

proposed automatic equalizer, an equalization test is 

conducted. The voltage of the most overcharged cell (B1)

is 3.900V, the voltage of the most undercharged cell (B7)

is 3.799V and the voltage of remained cells is about 

3.850V. Voltage gap is 101mV and approximately 14.4% 

SOC gap is made. When voltage gap of 100mV is 

required to change to the voltage band (10mV) during 30 

minutes, the equalization current is designed to 2A as 

shown in Fig. 9 (a). 

Table II summarizes the parameter of the proposed 

charge equalizer and the status of lithium-ion battery. 

Fig. 12 shows the key waveform of bidirectional dc-dc 

converter. Input voltage is 30.8 V which is the stack 

voltage of 8 battery cells. The energy is built up from 

primary sides and the energy moved to secondary sides 

when charging signal is on as shown in Fig. 15 (a). Thus, 
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Fig. 13: Prototype circuit for 8 lithium-ion battery 

Fig. 14: Photograph of the implemented prototype

Ipri (0.5A/div)

Isec (5A/div)

Vds1 (100V/div)

Ibatt (1A/div)

Ipri (0.5A/div)

Isec (5A/div)

Vds1 (100V/div)

Ibatt (1A/div)

Time (5us/div) Time (5us/div)

(a)                              (b) 
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(a) Charging operation,  (b) Discharging operation

TABLE II. 

PARAMETER FOR THE PROPOSED CHARGE EQUALIZATION CIRCUIT

Parameters Value 

Charge

equalizer 

 DC-DC 

converter 

Primary switch Q1 FQP10N20

Secondary switch Q2 IRF3710 

PWM generator 
TL494 

(fs=100kHz)

Transformer 

Core EPC1920 

N1:N2 32:4 

Lm

Lkg

144uH 

2.68uH 

switching

block 

Micro controller Atemega8 

Selection switch  FDS9958 

Lithium-ion battery 

Capacity (Ah) 7Ah 

Average voltage  3.850 V 

Maximum voltage (B1)  3.900 V 

Minimum voltage (B7)  3.799V 
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Fig. 17: Equalization test of the proposed work 

dc charging current (2A) flows to the battery for charge 

equalization. However, the discharging current (-2A) 

flows at discharging mode as shown in Fig. 15 (b). The 

maximum voltage stress at the MOSFET switches does 

not exceed 150 V, even in the voltage spikes. The 

efficiency of the charging mode and the discharging 

mode are approximately 80.5% and 82.7% respectively.  

Waveforms of cell selection signals and the equalizer 

current of each cell are shown in Fig. 16. Cell selection 

signals periodically are turned on from 1st to 8th. In this 

test, charging equalization current of 2A automatically 

flows into battery cell B7 and discharging equalization 

current of -2A is automatically passing through battery 

cell B1 as shown in Fig. 16 (a). The equalization current 

of the other cells is nearly zero because these cells are 

located in average voltage band and thus reference 

voltage modulation is not activated. To reduce the 

equalization time, advanced skip mode is used as shown 

in Fig. 16 (b). The other signals except for S1, S7 are not 

activated by advanced skip mode and the equalization 

time can be reduced.  

Fig. 17 shows the equalization performance of the 

proposed equalizer. After equalization for 30 minutes, the 

gap of SOC is diminished from 14.4% to approximate 

1.6%, and the voltage difference decreases from 101mV 

to 11mV as expected by the simulation result. 

VI.  CONCLUSIONS

In this paper, a new automatic charge equalizer based 

on regulated voltage source is proposed and the 

equalization test of a prototype with 8 lithium-ion 

batteries is conducted. In the proposed equalizer, all of 

the batteries can be located in average voltage band by 

connecting the regulated voltage source and each battery 

cell without the cell voltage sensing module. Moreover, 

by adopting the reference voltage modulation and 

advanced skip mode, the proposed equalizer can have 

outstanding charge equalization performance. Therefore, 

the proposed automatic charge equalizer is expected to be 

suitable for the series connected lithium-ion batteries with 

low production cost. 
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