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ABSTRACT 
 

This paper proposes a modularized charge equalization converter for hybrid electric vehicle (HEV) lithium-ion battery 
cells, in which the intra-module and the inter-module equalizer are implemented. Considering the high voltage HEV 
battery pack, over approximately 300V, the proposed equalization circuit modularizes the entire M*N cells; in other words, 
M modules in the string and N cells in each module. With this modularization, low voltage stress on all the electronic 
devices, below roughly 64V, can be obtained. In the intra-module equalization, a current-fed DC/DC converter with cell 
selection switches is employed. By conducting these selection switches, concentrated charging of the specific under 
charged cells can be performed. On the other hand, the inter-module equalizer makes use of a voltage-fed DC/DC 
converter for bi-directional equalization. In the proposed circuit, these two converters can share the MOSFET switch so 
that low cost and small size can be achieved. In addition, the absence of any additional reset circuitry in the inter-module 
equalizer allows for further size reduction, concurrently conducting the multiple cell selection switches allows for shorter 
equalization time, and employing the optimal power rating design rule allows for high power density to be obtained. 
Experimental results of an implemented prototype show that the proposed equalization scheme has the promised cell 
balancing performance for the 7Ah HEV lithium-ion battery string while maintaining low voltage stress, low cost, small 
size, and short equalization time. 
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1. Introduction 
 

 The hybrid electric vehicle (HEV) has become one of 
the most promising cars in the automobile industry due to 
its energy saving ability and low emission of harmful 

pollutants [1]-[5]. An HEV can recover energy from the 
wheels, which had been wasted in the past, and reuse it to 
propel the vehicle at low speeds or provide extra power 
required during high acceleration. Additionally, a battery 
powered HEV does not emit air pollutants.  

 Most HEVs on the streets these days use nickel-metal 
hybrid (Ni-MH) batteries. Recent developments in the 
lithium-ion battery, which have been verified by test 
results, show that the lithium-ion battery has higher power 
and energy density, a lower self-discharge rate, and higher 
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single cell voltage than the Ni-MH battery. Therefore, it 
has great potential to take the place of the Ni-MH battery 
in the near future [4], [5]. However, to realize this possibility, 
reliability and safety need to be ensured; that is, the 
lithium-ion battery voltage and current limits should be 
maintained within allowable ranges to prevent permanent 
deterioration of performance and, in the worst case, 
explosion or fire in the vehicle.  

Currently, continual charge and discharge of series 
connected battery cells can cause charge imbalance. The 
problem is that when cells are left in use without any 
control such as cell equalization, this unwanted 
circumstance can occur frequently. For example, in 
regenerative braking mode highly charged cells cannot 
capture an optimal amount of renewable energy. And in 
battery powered driving mode deeply discharged cells 
cannot provide sufficient stored energy. Therefore, charge 
equalization for the series connected battery cells is 
essential to prevent these undesirable situations, 
accomplish the maximum utilization of the battery, and 
prolong its lifetime [4]-[17]. Protection circuitry is, of course, 
important in battery management, but it is beyond the 
scope of this paper.  

To achieve charge equalization for the battery string, 
plenty of algorithmic schemes and circuitry topologies 
have been developed [5]-[16] and are well summarized [6]. 
Among them, a resistive current shunt, which is connected 
across each cell and controlled by a micro-processor, has 
been presented. Simple implementation, low production 
cost, and stable operations are great advantages, but 
energy dissipation is a major drawback of this circuit [7]. 

To improve the energy consumption, non-dissipative 
charge equalization methods have been applied, in which 
charge-type, discharge-type, and charge- and 
discharge-type equalization are involved [8]-[16]. In 
charge-type equalization, under charged cells can receive 
energy from the overall battery stack automatically [8] or 
selectively [9]. This scheme is suitable for the case where a 
few of batteries are frequently under charged. On the other 
hand, in discharge-type equalization, extra energy from 
over charged cells is regenerated into the whole battery 
string [10] or removed to adjacent cells [11]. This is 
beneficial in the case where only a few cells are over 
charged. In charge- and discharge-type equalization, 

bi-directional equalization, in other words, energy from 
over charged cells flows into other under charged cells 
through current-fed DC/DC converters[12]-[14] or 
voltage-fed DC/DC converters [15], [16]. This method is 
more profitable for applications in which some batteries 
are under charged while others are over charged.  

All of these non-dissipative cell balancing schemes 
show good equalization performance by employing high 
efficiency DC/DC converters. However, designing a cell 
balancing circuit using the above schemes for a HEV 
battery stack, with over approximately eighty cells and 
higher than 320V, will cause severe problems. For 
example, high voltage stress of electronic devices and high 
circulating energy may be experienced [10], [12]. In addition, 
establishing multiple windings within a single common 
core is a hard task [8], [9], [16]. Even if this were not so, cell 
balancing performance would degrade due to lots of 
energy conversions since over charged cells and under 
charged cells are sometimes far away from each other [11], 

[13]-[15].  
To overcome these problems, a modularized charge 

equalization converter is proposed in this paper. In the 
proposed circuit, the intra-module and the inter-module 
equalizer are constructed for low voltage stress of all the 
electronic devices. Both the intra-module and the 
inter-module equalizer commonly use the MOSFET 
switch so that small size and low cost can be obtained. 
Besides, to achieve further size reduction, a current-fed 
DC/DC converter with cell selection switches is employed 
for intra-module cell balance, and a voltage-fed DC/DC 
converter with no additional reset circuitry is employed 
for inter-module equalization. The optimal power rating 
selection guide is also applied to achieve high power 
density, and the multiple cell selection switches can be 
turned on at the same time to obtain efficient charge 
equalization in a short time.  

This paper is organized as follows. The modularized 
charge equalization converter for a HEV lithium-ion 
battery string is proposed in Section 2, where the 
intra-module and the inter-module equalization schemes 
are carefully described. Then, an optimal power rating 
design rule is considered for intra-module cell balance in 
Section 3. Experimental results of a prototype of the 
modularized equalization scheme employing the optimal 
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power rating design rule are shown in Section 4. Finally, 
concluding remarks are summarized in Section 5. 
 
 

2. Proposed Charge Equalization Converter 
 

Fig. 1 shows the proposed modularized charge 
equalization converter for a HEV battery pack, in which 
the inter-module and the intra-module equalizer are 
employed. For easy explanation, the proposed equalization 
scheme will be applied to a string of 4 cells. As shown in 
Fig. 1, the battery string is modularized into two modules 
and each module consists of two cells. In the intra-module 
equalizer, each cell has a flyback DC/DC converter with a 
cell selection switch at the primary side, and the two 
flyback converters within a module are coupled in parallel 
while commonly utilizing one MOSFET switch. On the 
other hand, the inter-module equalizer employs a 
voltage-fed DC/DC converter, where bi-directional 
equalizing current can be observed. One should note that 
there is no additional reset circuitry for the magnetizing 
current in this equalizer. This is because the equalizer can 
be reset by the under charged cells for which the 
corresponding cell selection switches are turned on.  

The desirable features of the proposed charge 
equalization converter are as follows. First of all, by 
modularizing the battery stack, voltage stress on all the 
electronic components is reduced; the larger the number of 
modules and the smaller the number of cells in the module, 
the lower the voltage stress. Second, the intra-module and 
the inter-module equalizer share the MOSFET switch 
which reduces both the cost and size of the circuit. In 
addition, the intra-module equalizer employs the cell 
selection switch in place of the MOSFET switch and drive 
circuit, and the inter-module equalizer has no additional 
reset circuit. As a result, the implemented size of the 
proposed circuit can be further reduced. Third, a high 
power density equalizer can be constructed by using the 
optimal power rating design rule which is proposed in [17]. 
Lastly, an efficient equalization strategy and short 
balancing time can be accomplished owing to the cell 
selection switches. In other words, the intra-module 
equalizer can charge several under charged cells at the 
same time by conducting the corresponding cell selection 
switches.  

The operational principles of the modularized cell 
balancing circuit are composed of the superposition of the 
intra-module and inter-module equalizer. The operational 
modes of the proposed equalization circuit can be 
separated into four parts. Before describing mode 1, it is 
assumed that the upper module, M1, is more under charged 
than the lower module, M2, and the first cell in M1 is the 
most under charged in the string. The cell selection switch, 
SW1,M1, is turned on before the MOSFET switches, QM1 
and QM2, are turned on.  

 Mode 1(t0-t1): When QM1 and QM2 are turned on at the 
same time, mode 1 starts. As shown in Fig. 2 and Fig. 3, 
the equalizing current transfers from M2 to M1 in the 
voltage-fed converter. The magnetizing current builds up 
at the magnetizing inductor of the first flyback DC/DC 
converter. The primary currents of the inter-module 
equalizers, Ikg,M1 and Ikg,M2, and the primary current of the 
intra-module equalizer, Ikg1,M1, can be given by: 
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Fig. 1  Proposed modularized charge equalization converter 
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inductors and the two magnetizing inductors of the 
inter-module transformers.  

 Mode 4(t3-t4): When the rectifier diode, D1,M1, is 
turned on, mode 4 starts. In this mode, the magnetizing 
current, ILm1,M1, flows into the first cell which has 
previously been assumed to be the most under charged. 
This is the intra-module equalization process. In addition, 
there are additional equalizing currents, which are the 
magnetizing currents from the inter-module equalizer. In 
other words, the magnetizing currents are reset through the 
first cell voltage.  
 

3. Design Considerations 
 

In this section, to obtain high power density of the 
proposed circuit, the optimal power rating design rule will 
be applied. As described in [17], the optimal power rating 
selection guide can provide the minimal size of the cell 
balancing circuit while achieving equalization within the 
cell balancing time. In this paper, this power rating design 
rule will be applied only to the intra-module equalizer, not 
the inter-module equalizer since the inter-module 
equalization can be achieved automatically by using the 
voltage-fed DC/DC converter. Before applying the 
optimal power rating selection guide, it is noted that the 
proposed cell balancing circuit will be designed for 40 
cells which are modularized into 5 modules. In addition, 
we assume that although nearly all the cells in the string 
are similar to each other, only a few cells are occasionally 
under charged. 

Fig. 4 shows the battery model used for designing the 
optimal power rating of the proposed equalization circuit. 
The open circuit voltage of the commercial 7Ah 
lithium-ion battery is described according to the state of 
the charge (SOC). The dot symbol shows the experimental 
results from 10% to 90% in the SOC and the solid line is 
the linear approximation of the experimental observations 
in a least square sense. Among them, the recommended 
operation regions, approximately from SOC=30% to 
SOC=70%, are mainly considered. The following 
notations are very useful in this paper:  

 
Qn(t): charge quantity of the nth cell at time t 
Vn(t): voltage of the nth cell at time t 

In: constant input current of the nth cell 
Iin, Iout: constant input, output current of the 

intra-module equalizer 
Pin(t), Pout(t): input power, output power of the 

intra-module equalizer at time t 
Pin,avg, Pout,avg: average input power, average output 

power of the intra-module equalizer  
η: overall efficiency of the intra-module equalizer. 
 
To obtain the optimal power rating of the intra-module 

equalizer while achieving cell balance within an 
equalization time, the following simultaneous equations 
should be satisfied:  
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where only the first cell within a module is under charged. 
It is noted that by (6) and (7), the charge quantity left in 
the first cell at equalization time t is equal to the average 
charge quantity of the other cells, and the overall 
efficiency of the intra-module cell balancing circuit is η. In 
addition, the charge quantity left in the first cell at time t 
and the average output power of the intra-module 
equalizer can be given by: 
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Fig. 4  The commercial 7Ah lithium-ion battery model 
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where C is the capacitance of the 7Ah lithium-ion battery 
used in this paper. In addition, the average power is taken 
into account since the cell voltages can change during the 
equalization process, even if only a little bit.  

Fig. 5 shows the simulation results of the optimal power 
rating, where the equalization time is plotted into the 
intra-module equalizer according to the input current, and 
the net regenerated current which flows into the first cell. 
In this simulation, the various efficiencies of the 
intra-module equalization circuit are considered as 
simulation parameters. In addition, the initial SOC 
difference between the under charged cell and the other 
cells is assumed to be between 10% and 20%.  

The simulation results show that the larger input current 
into the intra-module equalizer takes a shorter equalization 
time and provides the higher equalizing current. In 
addition, the larger the SOC difference, the longer the 
equalization time, and the higher the efficiency of the 
balancing circuit, the shorter the equalization time. For 
example, when applying the balancing circuit of η=80%, 
an equalization time of about 2 hours is required to 
achieve charge equalization provided that the input current 
of 0.12A flows into the intra-module equalizer for the 
SOC difference of 20% as shown in Fig. 5(c). In this case, 
the net equalizing current into the first cell is 
approximately 600mA. 

 
4. Experimental Results 

 
To verify the operational principles of the proposed cell 

balancing circuit and the usefulness of the optimal power 
rating design rule, a prototype is implemented. Its 
photograph is shown in Fig. 6. The intra-module equalizer 
is employed within a module of 8 cells for charge balance, 
and the inter-module equalizer among 5 modules for 
module balance. The intra-module equalizer is designed 
using the optimal power rating selection guide. In this 
prototype, commercial 7Ah lithium-ion batteries of 40 
cells are used for the HEV battery system. The parameters 
used for constructing the prototype are summarized in 
Table I.  

Fig. 7 shows the experimental key waveforms of the 
implemented prototype, where only two modules are 
driven to carefully verify the operational principles of the 

intra-module and inter-module equalizer.  The battery 
environment for this experiment is as follows. The voltage 
of the first module is 29.6V with SOC=28.9% and the 
second module is 30.9V with SOC=49.4%. Moreover, the 
first cell in the first module is the most under charged so 
that the cell selection switch, SW1,M1, is turned on in 
advance. As shown in Fig. 7(a), the magnetizing current of 
the intra-module equalizer flows into the first cell through 
the rectifier diode, D1,M1, during the turn-off period of a 
MOSFET switch. In addition, the magnetizing current of 

 
(a)                            (b) 

 
(c)                             (d) 

Fig. 5  Simulation results of the optimal power rating design. (a) 
Equalization time vs. input current for SOC difference of 
10%. (b) Equalization time vs. regenerated current for 
SOC difference of 10%. (c) Equalization time vs. input 
current for SOC difference of 20%. (d) Equalization time 
vs. regenerated current for SOC difference of 20%.  

Inter-module transformer

Intra-module transformer

 
Fig. 6  Photograph of the implemented prototype 
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the inter-module equalizer is reset through the voltage of 
the first cell. The inter-module charge equalization can be 
also observed as shown in Fig. 7(b). The equalizing 
current flows from the second module into the first during 
the turn-on period of the MOSFET switches. The 
maximum voltage stress of the proposed equalization 
circuit resides at the MOSFET switches and its value does 
not exceed 80V including the voltage spikes. From these 
results, one can see that the proposed balancing circuit has 
advantageous features such as low voltage stress due to 
modularization and efficient equalization during the entire 
equalization time. 

To show the cell balancing performance of the 
modularized charge equalization circuit, the equalization 
test is conducted for the commercial 7Ah lithium-ion 
battery cells. In this test, 40 cells are divided into 5 
modules where each module consists of 8 cells. The SOC 
of the two most under charged cells is 24.8% for one and 
33.5% for the other. In this equalization test, an intelligent 
battery management system (BMS) is employed and its 
control strategy is as follows. First, the BMS detects the 
most under charged cell, and then charges it until its SOC 
increase to the average SOC of the other cells. Second, 
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Fig. 7  Experimental key waveforms of the prototype for the first two modules 

Table 1  Parameters used for the implemented prototype 

Parameters Value 

Selection switch, 
SW1,M1- SW8,M5 

PS710EL-A 

Diode, D1,M1- D8,M5 STPS2L30A 

MOSFET, QM1-QM5 IRF7495 

Floating Gate Driver HCPL-3140 

Core CM102173 

N1:N2 39:5 

Intra- 
module 

equalizer 

Transformer, 
T1,M1- T8,M5

 

Lm, Lkg 127µH, 2.8µH

Core RN41812 
N3:N3 14:14 

Inter- 
module 

equalizer 

Transformer, 
TM1- TM5

 

Lm, Lkg 500µH, 200nH

Capacity 7Ah 

SOC of B39 at t=0 24.8% 

SOC of B10 at t=0 33.5% 

Max. 46.7% 
Min. 24.8% 

Lithium-ion
battery 
string SOC of the 

other cells 
at t=0 Mean 40.0% 
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after finishing the first step, the BMS will charge the next 
most under charged cell in the same way. Lastly, these 
two steps are repeated until all the voltages in the string 
are within 50mV.  

Fig. 8 shows the equalization performance of the 
proposed modularized balancing circuit; the first 2 hours 
of the equalization time is used for charging the 39th cell, 
the next 47 minutes for the 10th cell, and then the last 18 
minutes for the next most under charged cell. As shown in 
Fig. 8, the initial SOC difference of 21.9% decreases to 
5.4% at the end of equalization. It is remarkable that in the 
case of the 39th cell, the average equalizing current is 
measured to be 600mA. This value is very similar to the 
simulation result shown in Fig. 5(d). From this result, the 
proposed charge equalization circuit, implemented by 
using the optimal power rating design rule, shows 
outstanding charge balancing performance within a high 
power density. 
 

5. Conclusions 

 
When designing a cell balancing circuit for a high 

voltage HEV lithium-ion battery system, voltage stress of 
electronic components, circuit size, production cost, and 
implementation problems are the major design parameters. 
To satisfy these requirements, a modularized charge 
equalization converter was proposed in this paper. In the 
proposed circuit, low voltage stress of all the electronic 
devices was achieved by modularizing the entire cells. 
Moreover, small size and low production cost can be 
obtained due to common use of the MOSFET switches by 
the intra-module and the inter-module equalizer, the use of 
cell selection switches at the intra-module equalizer, and 
the absence of an additional reset circuit at the 
inter-module equalizer. In addition, by employing the 
optimal power rating design rule, the proposed balancing 
circuit can be constructed in high power density. Finally, 
all the magnetic components can be easily implemented, 
and a simple equalization strategy intended for only the 
intra-module equalization can be employed. From these 
good points, the modularized charge equalization 
converter proposed in this paper can be widely applied to 
the high voltage series connected battery stack such as 
HEV and EV. 
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