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Abstract – This paper proposes a State-of-Charge (SOC) balancing control of Battery Power 
Modules (BPMs) for a modularized battery for Electric Vehicles (EVs) without additional balancing 
circuits. The BPMs are substituted with the single converter in EVs located between the battery and the 
inverter. The BPM is composed of a two-phase interleaved boost converter with battery modules. The 
discharge current of each battery module can be controlled individually by using the BPM to achieve a 
balanced state as well as increased utilization of the battery capacity. Also, an SOC balancing method 
is proposed to reduce the equalization time, which satisfies the regulation of a constant DC-link 
voltage and a demand of the output power. The proposed system and the SOC balancing method are 
verified through simulation and experiment. 
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1. Introduction 
 
Interest in eco-friendly vehicles has been increasing due 

to environmental problems; power conversion devices for 
Electric Vehicles (EVs) have therefore attracted an 
increasing amount of attention. EVs use battery packs as 
their sole energy source, and can operate without releasing 
pollutants. Thus, the motor for EVs needs to be supplied 
with energy from the battery while the EV is being driven, 
and the DC-link voltage should be regulated at a constant 
value [1]. Therefore, a DC-DC converter located between 
the battery and the inverter is required to transfer the 
charged energy of the battery to the motor and maintain a 
constant DC-link voltage. In particular, a step-up converter 
is essential because the voltage provided by the battery is 
lower than that of the DC-link [2].  

Batteries should have a long life-cycle and a high energy 
capacity in order to extend the driving range and to ensure 
the safety of EVs. Therefore, a plurality of battery cells 
connected in series and parallel can be used for battery 
packs to provide high voltage and high capacity power. 
Meanwhile, the repetitive charge and discharge operation 
of battery packs can cause a State-Of-Charge (SOC) 
imbalance of the battery cells connected in series since the 
internal impedances and chemical characteristic of the 
battery cells differ. The SOC imbalance of the battery cells 
reduces the battery life and degrades battery energy 
utilization, sometimes leading to an explosion. To solve 

this problem, discharge and charge equalization methods 
have been introduced [3-9]. Conventional cell balancing 
methods can be considered to be either dissipative or 
energy recovery schemes. A dissipative balancing method 
has the advantages of requiring only a simple configuration 
of balancing circuit and has a low cost. However, it has a 
drawback in that the energy efficiency is low because the 
energy of a battery cell with a high SOC is dissipated 
through the resistor in parallel. On the other hand, the 
energy recovery balancing method has high energy 
efficiency because the energy is shifted from a battery cell 
with a high SOC to a battery cell with a low SOC by using 
capacitors and converters. However, these methods require 
a complicated configuration and have a high cost. A 
Battery Power Module (BPM) is another solution, which 
consists of battery cells with corresponding output 
converters [8, 9]. BPMs effectively overcome the above-
mentioned battery imbalance issues and also address the 
nonlinear characteristic of the battery voltage profile. 
However, the energy recovery balancing method and BPM, 
equipped with a dedicated cell balancing circuit, have a 
low balancing current.  

 

 
Fig. 1. Configuration of BPMs in EV. 
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This paper proposes a SOC balancing control of BPMs 
that can be used to balance the difference of SOC values 
between the battery modules for EV without additional 
balancing circuits while maintaining the total regulated 
DC-link voltage. Fig. 1 shows the configuration of the 
BPMs in EV, which are composed of a number of 
modularized DC-DC converters and battery modules. In 
[8], BPMs are connected to each battery cell. A large 
number of BPMs are needed because the battery pack for 
EV consists of a number of battery cells in series. This 
structure of BPMs is not suitable in EV application having 
battery pack with enormous battery cells due to complex 
circuits and control. Battery cells are modularized to avoid 
the above-mentioned problem. The BPM used in this paper 
uses a two-phase interleaved boost converter to reduce the 
ripple of the input/output current/voltage and to divide a 
relatively large current at the input side. The BPM is 
connected to the battery module, which has a nominal 
voltage of 24V and a rated capacity of 200Ah. The outputs 
of the BPM are connected in series so that a relatively high 
DC-link voltage can be obtained. A synchronous boost 
converter is used to obtain high efficiency by replacing the 
diode with a Metal Oxide Semiconductor Field Effect 
Transistor (MOSFET). To achieve a balanced battery state 
and to improve battery utilization, the discharge current of 
each battery module is individually controlled by using the 
BPMs. This paper also proposes a balancing method based 
on SOC with battery modules to reduce balancing time 
while maintaining DC-link voltage regulation. 

Section 2 introduces the SOC estimation method used in 
this paper. Theoretical analysis of the proposed SOC 
balancing method using the BPMs is explained in detail in 
Section 3. The simulation and experimental results are 
presented in Section 4 and 5 to verify the system operation 
and the SOC balancing method.  

 
 

2. SOC Estimation 
 
The SOC information of each battery module is needed 

in order to implement the proposed balancing method with 
the module unit. SOC Estimation methods have been 
extensively studied in the literature [10, 11]. The SOC 
estimation method in this paper is combined with a 
Coulomb counting method and battery modeling. The 

battery modeling is coupled with the Shepherd model and 
the Thevenin model. The Shepherd model can describe the 
unique non-linear Open Circuit Voltage (OCV) waveform 
of the battery by using the parameters in the datasheet of 
the actual battery. Fig. 2 shows the battery modeling 
coupled with the Shepherd model and the Thevenin model. 
The Shepherd model which represents the electrochemical 
battery can be expressed as 
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where vOC(t) is the open circuit voltage, E0 is the battery 
constant voltage, K is the polarization voltage, A is the 
exponential zone amplitude, Ibatt is battery current, and B is 
the exponential zone time constant inverse of the battery 
module. 

Specifications of the one cell of a lead-acid battery are 
described in Table 1. The battery module consists of the 
four lead acid battery packs connected in 2-series and in 
2-parallel. The lead acid battery pack is composed of 6-cell 
in series. EFull is the full charged voltage of the battery 
module where two lead-acid battery packs are connected 
in series (i.e., one pack = 6cellⅹ2.15=12.9V, module = 
12.9ⅹ2 = 25.8V). EExp is the exponential zone voltage of 
the battery module (=24.6V), and ENom is the nominal zone 
voltage of the battery module (=24V). Q is the total 
capacity of the battery module, which is 100Ah in order to 
adjust the time scale for the discharge curve. QNom is the 
capacity of the battery module in the nominal zone 
(=80Ah), QExp is the capacity in the exponential zone of the 
battery module (=20Ah), and Ri is the internal resistance of 
the battery module (=0.04Ω). 

The Thevenin battery model with parallel RC circuits is 
added to represent the behavior characteristic corres-
ponding to the change in the transient load so that this 
model can express the physical properties of the battery. 
Finally, the battery terminal voltage vt (t) is given as  

 
 [ ]( ) ( ) ( ) ( / / )t OC batt i T Tv t v t I t R C R= − +   (5) 

 
where RT is the transient resistance and CT is the transient 
capacitance. 
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Fig. 2. Battery modeling coupled with the Shepherd model 
and the Thevenin model. 

Table 1. Specifications of one cell of a lead-acid battery. 

Item Battery 
affiliation

Battery
capacity

Nominal 
voltage 

Full charged
voltage 

Internal 
resistance

Rating Lead-acid 100Ah 2V 2.15V 0.013Ω
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3. Proposed SOC Balancing Method using  
BPMs 

 
3.1 Basic concepts of the proposed SOC balancing  

 
If an inconsistency in the SOC values occurs between 

the battery modules, the utilization of the battery capacity 
decreases. Hence, it is essential to use BPMs to achieve 
SOC balancing for battery modules that have different 
SOC values. Fig. 3 shows the operational principle of SOC 
balancing for the battery modules using BPMs during 
discharge. The proposed SOC balancing method for the 
battery modules adjusts the battery discharge current of 
each battery module using BPMs.  

Assuming that the power loss of each converter module 
is neglected, the related equations are obtained as 

 

 BN oNP P=   (6)  
 BN BN oN oV I V I⋅ = ⋅   (7) 

  
where PBN is the power of the N-th battery module, PoN is 
the output power of the N-th BPM, and N is the number of 
modules. 

The output voltage of the N-th BPM VoN will affect the 
discharge current of the N-th battery module IBN since the 
battery voltage of the N-th battery module VBN changes 
very little and the output current Io of all BPMs is the same. 
For this reason, IBN changes in accordance with the output 
voltage of the corresponding BPM. Consequently, the 
proposed method solves the inconsistency of the SOC 
values of the battery modules by increasing the output 
voltage of those BPMs that have a relatively higher 
remaining capacity and by reducing the output voltage of 
those BPMs that have a relatively lower remaining 
capacity during discharge. To solve the imbalance of the 
SOC values between the battery modules during charge, if 
the SOC value of the battery module is relatively higher 
than that of other battery modules, the output voltage of the 

corresponding BPM is decreased. If the SOC value of the 
battery module is relatively lower than that of other battery 
modules, the output voltage of the corresponding BPM is 
increased. Namely, the power of each battery module is 
proportional to the output voltage of the corresponding 
BPM, and its relationship can be expressed as 

 
 1 2 1 2: : : : : :B B BN o o oNP P P V V V=   (8) 

 
Thus, the SOC imbalance between battery modules is 

solved by controlling the output voltage of each BPM. 
Meanwhile, the step-up ratio of the interleaved converter is 
equal to the step-up of the boost converter, and it can be 
expressed as 
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where dN is the duty ratio of the single converter of the N-
th BPM. As a result, IBN can be derived as 
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The average discharge current of each battery module 

can be expressed as 
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3.2 The proposed balancing method for battery 

module  
 
The SOC balancing method should satisfy the following 

three conditions. 
 Achieve outstanding SOC balancing performance for 

battery modules 
 Ensure fast balancing speed 
 Maintain a constant and stable DC-link voltage 

 
Fig. 4 shows a control flowchart for the proposed SOC 

balancing method. The SOC values of each battery module 
are checked to array the BPMs in order of the highest SOC 
value during discharge or in order of the lowest SOC 
during charge. Then, the difference between the highest 
and lowest SOC values of battery modules SOCdiff is 
calculated. If SOCdiff is more than the limit of the difference 
in the SOC values between battery modules SOCdiff_limit, 
then SOCdiff is equal to SOCdiff_limit. The output voltage 
reference values of the i-th BPM Voi

* for SOC balancing 
are determined, considering the regulation of the DC-link 
voltage(i.e., i=1,2,3···,N). The output voltage of the i-th 
BPM Voi will be controlled so that it is proportional to the 
SOC value of the i-th battery module SOCi; note that the 
battery module with a relatively higher SOC value is 

 
Fig. 3. Operational principle of SOC balancing for the

using BPMs during discharge. 
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required to have a relatively higher power to achieve SOC 
balancing. The relation between Voi and SOCi can be 
expressed as  

 
 1 2 1 2: : : : : :i o o oiSOC SOC SOC V V V=   (12) 

 
From (12), the ratio between Voi and SOCi is equal to the 

ratio between the sum of each Voi and the sum of each 
SOCi. It is obtained as follows 
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In (13), the sum of each Voi is the DC-link voltage of the 

system; therefore, each Voi
 for SOC balancing is obtained 

as follows 
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If Voi is determined to achieve the SOC balancing by 

using only (14), the equalization speed decreases as the 
balancing proceeds. To solve the above problem, the 
appropriate weight must be added to improve the SOC 
balancing speed. The weight is proportional to SOCdiff in 

order to increase the balancing speed as the SOC 
imbalance increases, and it is reduced to alleviate 
fluctuation of the DC-link voltage as the number of BPM 
increases. The proportional constant value P is also added 
to realize the improved balancing speed. Finally, each Voi

* 

for SOC balancing is given by  
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where k is the compensation coefficient value. As BPM 
increases, it becomes difficult to individually set the weight 
value of each BPM. Moreover, the sum of the weights that 
are applied to each module should be zero in order to 
maintain a constant DC-link voltage for the system. 
Therefore, k is considered to allocate the weight to each 
BPM, and it can be expressed as 
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Each Voi

* is utilized in the each voltage controller of 
BPMs, and then each BPM is controlled so that it has a 
different output voltage and discharge current in order to 
achieve the SOC balancing for the battery modules. Also, 
the DC-link voltage is regulated at a constant value 
because the sum of each Voi

* does not exceed the 
predetermined DC-link voltage reference value VDC-link 
from (15). However, an undesired change in the order of 
BPMs occurs due to sensing noise because the SOC 
differences between the battery modules are almost similar 
at the end of SOC balancing. This means that the variation 
range of the output voltage for each BPM increases and 
causes unstable DC-link voltage. To solve this problem, a 
dedicated control is necessary. In this paper, if SOCdiff is 
less than 1%, P is set to zero to minimize the variation 
range of the output voltage for each BPM. 

If Voi
* is larger than or smaller than the maximum output 

voltage reference Vlimit_max or the minimum output voltage 
reference Vlimit_min, respectively, each Voi

* is calculated 
again by reducing SOCdiff_limit. When the rearranged Voi

* is 
within the proper range, the master module sends each 
output voltage reference to the corresponding slave module. 
 

3.3 Control method of BPMs 
 
Fig. 5 shows the circuit and contol block diagram of the 

proposed system. The proposed system consists of three 
BPMs and extra modules can be installed to fulfill the 
capacity requirements for an inverter of the EV. The single 
BPM consists of two phase interleaved boost converter to 
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Fig. 4. Control flowchart of proposed balancing method.
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reduce the ripple of the voltage/current and to divide a 
relatively large input current. The synchronous rectification 
is used with the MOSFET on behalf of freewheeling diodes 
to improve the balancing efficiency. Each BPM is 
connected with its associated battery module and is 
independently controlled in accordance with the proposed 
SOC balancing method and status of the required load. The 
proposed system is divided into one master module and 
two slave modules. The master module transmits the output 
voltage reference generated by the proposed balancing 
algorithm after acquiring the SOC information of the slave 
battery modules. Here, the Controller Area Network (CAN) 
communication is used to obtain the SOC information of 
the slave battery modules and transfer the output voltage 
reference for each module by sharing a common CAN bus. 
The controller of each module uses the current inner loop 
for input current and the voltage outer loop for output 
voltage in the cascade. On the other hand, the one module 
consists of two converters in parallel, so an imbalance can 
occur in the current flowing through the respective 
converters. Thus, two converters are required for each of 
the current controllers. The output values for each 
controller are compared to the carrier signal, and the Pulse 
Width Modulation (PWM) signals are output from the 
comparators. As a consequence of utilizing a synchronous 
boost converter, if a PWM signal for the duty cycle dN 
operates switch S1, a PWM signal for the duty cycle 1-dN 
then operates switch S2 with the adequate dead time. Here, 
two converters operate with the same carrier frequency, but 
with a phase delay. The S3 and S4 switches are shifted 180° 
with respect to the S1 and S2 switches. 

4. Simulation Results 
 
Simulation results are provided to verify the proposed 

SOC balancing method and the operation of the system. 
The battery model combined with the Shepherd model and 
the Thevenin model was used. The SOC value of each 
battery module was estimated based on the Coulomb 
counting method. The boost inductor and the output 
capacitor of the rated capacity were designed considering 
the switching frequency at full load. The simulation 
parameters are shown in Table 2.  

Fig. 6 shows the simulation of the key waveforms of the 
BPMs without the proposed SOC balancing method; note 
that the initial SOC values of the battery modules are 
master = 96% (25V), slave 1 = 98% (25.56V), and slave 2 

 
Fig. 5. Circuit and contol block diagram of the proposed

system. 

Table 2. Simulation parameters of BPMs. 

Parameter Value Unit 
Rated power 15.9 kW 

Inductance of boost inductor 40 μH 
Capacitance of DC-link capacitor 8800 μF 

DC-link voltage 90 V 
Frequency 25 kHz 

Battery type Lead-acid - 
Battery capacity 100 Ah 

 
DC_link Voltage

(a) DC-link voltage 
Master, Slave 1, Slave 2

(b) Battery voltage 
SOC difference between Modules

Master and Slave2
Master and Slave1
Slave 1 and Slave 2

(c) SOC difference between the modules 
Master, Slave 1, Slave 2

(d) Output voltage 
M aster, Slave 1, Slave 2

(e) Discharge current 
Fig. 6. Simulation of key waveforms without the proposed 

SOC balancing method. 
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= 100% (25.8V). Fig. 6(a) shows that DC-link voltage is 
maintained at 90V, but it is unstable because the output 
voltage of the master module is reduced. Fig. 6(b) and Fig. 
6(c) show the battery voltage of each battery module and 
the SOC difference between battery modules, respectively, 
which do not converge and diverge greatly with time. Fig. 
6(d) shows that the output voltage of each BPM is 
controlled to be the same value of 30V. In Fig. 6(d), the 
output voltage of the master module is reduced as the 
corresponding battery voltage falls below the cut-off 
region; note that the battery of the master module has the 
lowest initial SOC value. As the battery voltage is 
decreased, the discharge current increases as shown in Fig. 
6(e) and the SOC imbalance therefore deteriorates 
gradually with reducing utilization of battery capacity. Fig. 
7 shows the simulation of the key waveforms during the 
equalization with the proposed SOC balancing method. 
The DC-link voltage must be constant to ensure the motor 
operates in a stable manner. It can be confirmed that the 
DC-link voltage, which is the sum of each output voltage 
of the BPMs, is maintained at a constant value during the 
equalization as shown in Fig. 7(a). Fig. 7(b) shows the 
battery voltage of each battery module; note that the initial 
SOC values of the battery modules are the same as that 

shown in Fig. 6. The maximum SOCdiff is defined as 4%, 
where the SOC imbalance occurs between the battery 
modules as shown in Fig. 7(c). Fig. 7(b) and Fig. 7(c) show 
that the difference of battery voltage and SOC value 
between the battery modules decreases as balancing 
proceeds, respectively. Fig. 7(d) shows the output voltage 
of each BPM, which is proportional to the battery voltage 
and SOC value of each battery module. The discharge rate 
of the battery module for each BPM is proportional to the 
output voltage of each BPM as shown in Fig. 7(e).  

 
 

5. Experimental Results 
 

5.1 SOC balancing results using BPMs 
 
The proposed SOC balancing method and the operation 

of the system are verified by making a prototype with three 
BPMs and implementing the experiment. The prototype of 
a single BPM is shown in Fig. 8. The parameters related to 
the test can be found in Table 2. The battery module 
consists of the four lead acid batteries connected in 2-series 
and in 2-parallel. The nominal voltage and the rated 
capacity of the battery module are 24V and 200Ah, 
respectively. The SOC value of each battery module is 
estimated by using the Coulomb counting method and 
battery modeling.  

Fig. 9 shows experimental waveforms of the BPMs, 
where the proposed SOC balancing algorithm is not 
applied (i.e., the initial SOC values of the battery modules 
are master = 95.5% (25.02V), slave 1 = 96.8% (25.25V), 
and slave 2 = 99.9% (25.95V)). The output voltage of each 
BPM is regulated at 30V as shown in Fig. 9(a). Fig. 9(b) 
shows that the discharge current of each battery module is 
charged in accordance with the SOC value of the 
corresponding battery module (i.e., the lower the SOC 
value, the higher the discharge current). Thus, the master 
module with the lowest SOC value has the higher 
discharge current (=57A) than the discharge current 
(=55A) of the slave 2 module with the highest SOC value. 
If the unbalanced battery voltage and discharge current 

DC_link Voltage

(a) DC-link voltage 
Master, Slave 1, Slave 2

(b) Battery voltage 
SOC difference between Modules

Master and Slave2
Master and Slave1
Slave 1 and Slave 2

(c) SOC difference between the modules 
Master, Slave 1, Slave 2

(d) Output voltage 
M aster, S lave 1, Slave 2

(e) Discharge current 

Fig. 7. Simulation of key waveforms with the proposed
SOC balancing method. Fig. 8. Experimental prototype of the single BPM.
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between the battery modules increase, the difference in the 
discharge speed between the battery modules will increase 
with time. This phenomenon causes low utilization of the 
battery capacity because master module with the relatively 
high discharge speed will reach the cut-off region in 
advance. Fig. 9(c) shows the battery voltage of each battery 
module. Fig. 9(c) shows that the difference of the battery 
voltage between battery modules does not converge. 
SOCdiff gradually increases with time, which is 4.8% after 
16.6 minutes.  

Fig. 10 shows the experimental waveforms of the BPMs, 
where the proposed SOC balancing algorithm is applied 
(i.e., the initial SOC values of the battery modules are 
master = 96.5% (25.1V), slave 1 = 97.1% (25.35V), and 
slave 2 = 99.6% (25.9V). P is very closely related to the 
equalization time. If P is increased, the balancing speed 

will be improved, but the DC-link voltage can be unstable 
at the end of balancing. If P is decreased, the balancing 
speed is reduced and the SOC difference between the 
battery modules does not converge. Therefore, the major 
task is to find the proper value of P. In this paper, P is 
selected as 15 through experimental trial and error so that 
the DC-link voltage can be stably maintained and SOCdiff of 
3% between the battery modules converges to less than 1% 
within 20 minutes, considering the trade-off between the 
balancing speed and stability. Fig. 10(a) shows the output 
voltage of each BPM during the equalization with the 
proposed SOC balancing method. In Fig. 10(a), the output 
voltage for each BPM is proportional to the battery voltage 
and SOC difference of the battery module. Fig. 10(b) 
shows the discharge current of each battery module, and it 
shows that the discharge current of each battery module 

(a) Output voltage 

(b) Discharge current 

(c) Battery voltage 

Fig. 9. Experimental waveforms without the proposed
SOC balancing method. 

 

(a) Output voltage 

(b) Discharge current  

(c) Battery voltage  

Fig. 10. Experimental waveforms with the proposed SOC
balancing method. 
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changes in accordance with its associated output voltage of 
BPM. The discharge rate of the slave 2 module, which has 
a relatively higher SOC, is high and the discharge rate of 
the master module, which has a relatively lower SOC, is 
low as shown in Fig. 10(b). Fig. 10(c) shows the battery 
voltage of each battery module during the proposed SOC 
balancing method. The larger ripple in the battery voltage 
is generated because the lead acid battery has a large 
internal resistance. Therefore, the battery or input voltage 
of each battery module is output by a digital to analog 
converter after using a low pass filter. The maximum initial 
SOC difference between the master module and the slave 2 
module is approximately 3%. Fig. 10(c) also shows that the 
maximum initial SOC difference between the two modules 
converges to less than 1% about 16 minutes. 

 
5.2 Comparative study of the proposed SOC balancing 

method 
 
Table 3 gives a comparative study of the proposed SOC 

balancing method in terms of balancing speed and 
performance compared to the conventional method. 

An accurate comparison analysis is difficult because 
there is no balancing algorithm with a similar condition. In 
[5-8], the target of SOC balancing is the cell unit of a 
battery that has a relatively low capacity. The balancing 
methods in [5-8] have a limited balancing current since it 
is difficult to increase the capacity of a balancing circuit 
built in battery management system. Therefore, if the 
conventional methods are applied to the high-capacity 
battery for EV, they are expected to exhibit a very slow 
balancing speed. In the method in [8], SOC balancing can 
be achieved without an auxiliary equalization circuit. This 
method also uses the battery of the cell unit, which has a 
relatively low capacity. The SOC balancing in [8] is 
implemented by a relatively high balancing current with a 
high C-rate (0.615), where a lithium battery is used. 
Therefore, it can obtain good performance in terms of 
balancing speed. In this paper, lead-acid batteries are used 
instead of lithium-affiliation batteries. Lead-acid batteries 
have a high internal resistance; that is, it is difficult to carry 
out SOC balancing with a high balancing current and a 
high C-rate. The maximum current and C-rate for SOC 
balancing in this paper are about 70A and 0.35 C-rate, 
respectively. In this paper, the difference in the SOC 
value between the battery modules is about 1% after the 
completion of SOC balancing. The balancing performance 

of the proposed SOC balancing method, which represents 
the difference in the SOC value and voltage between 
battery cells or modules after completion of balancing, 
equates to an average in Table 3. 

 
 

6. Conclusions 
 
This paper proposed a control of BPMs that can achieve 

SOC balancing for a battery module unit without using 
additional balancing circuits. The SOC value of each 
battery module was estimated using the Coulomb counting 
method and battery modeling. Also, a balancing method 
based on the SOC of the battery has been proposed to 
reduce the balancing time while regulating the DC-link 
voltage. Simulation and experimental results were presented 
to demonstrate the performances of the proposed SOC 
balancing method. It was confirmed that the proposed SOC 
balancing method achieves the equalization performance in 
terms of the SOC difference of about 1% and the fast 
equalization time of about 16 minutes. Therefore, the 
proposed system is expected to be widely used for power 
converters for EVs. 
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