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Abstract – This paper presents a study on the state-of-charge (SOC) reference based active cell 
balancing in real-time. The optimal references of SOC are determined by using the proposed active cell 
balancing system with the bidirectional DC/DC converters via the dual active bridge (DAB) type. 
Then, the energies between cells can be balanced by the power flow control of DAB based 
bidirectional DC/DC converters. That is, it provides the effective management of battery by 
transferring energy from the strong cell to the weak one until the cell voltages are equalized to the 
same level and therefore improving the additional charging capacity of battery. In particular, the cell 
aging of battery and power loss caused from energy transfer are considered. The performances of 
proposed active cell balancing system are evaluated by an electromagnetic transient program (EMTP) 
simulation. Then, the experimental prototype is implemented in hardware to verify the usefulness of 
proposed system. 
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1. Introduction 
 
The lithium-ion battery is the one of most popular energy 

storage devices because of its advantageous properties. 
That is, it has the nonmemory effect, high-working cell 
voltage, high power and energy density, and low environ-
mental pollution, etc [1]. Therefore, it has been widely 
being used in many practical applications such as portable 
electrical appliances, electric vehicles, communication 
devices, and even distributed generations (DGs) in power 
system, etc [2, 3].  

Since the voltage of single cell is inherently low, a 
battery pack requires a large number of cells connected 
in series to achieve a higher terminal voltage and output 
capacity. However, the cell voltage imbalance within a 
series string can occur by the difference of cell internal 
resistances, imbalanced state-of-charge (SOC) between 
cells, degradation of each cell, and temperature gradients 
of battery pack, etc [1, 4-6]. In particular, its repeated 
charging and discharging operation aggravates the cell 
voltage imbalance, and this finally can cause to decrease in 
the total storage capacity and battery lifetime. 

To figure out this problem, many cell balancing methods 
[7, 8] have been proposed so far. In general, these can be 
categorized into two representative methods, which are 
the passive and active balancing methods. The passive 
balancing method [9-11] removes excess energy from 
stronger cells by shunting a resistor across each cell until 

the shunted cells reach to the voltage of the weakest cell. 
This method is simple to implement for the cell balancing 
in a battery pack. However, it causes the energy dissipating 
problem in the applied resistors. Therefore, it not only 
results in thermal control difficulty of pack, but also 
decreases efficiency of battery system. These problems can 
be overcome by the active balancing method, which uses 
active switching circuits to transfer excess energy from 
stronger cells to weaker cells, and therefore reduces energy 
loss effectively. There is a disadvantage that cost will 
increase because the active balancing system needs more 
power devices. However, it can improve the performance 
and lifespan of battery pack [12]. Meanwhile, the power 
electronic circuit in the active balancing method is imple-
mented based on the unidirectional [13, 14] or bidirectional 
approach. Then, two representative topologies, which are 
the flyback [15, 16] and the buck-boost [17-19] converters, 
have been used for the bidirectional approach. 

In general, the active balancing method defines its 
objective function with two balancing criteria, which are 
voltage and SOC of battery. When the voltage is used, it 
equalizes the terminal voltage of each cell during balancing 
operation. Therefore, this is only effective in low and high 
SOC regions because its open- circuit voltage is almost flat 
in moderate SOC region. Moreover, this method does not 
ensure the balanced SOC if the capacity of cells is different. 
In contrast, when the SOC is used [20-23], the usable 
energy of battery pack can be improved, and more accurate 
cell balancing can be achieved in moderate SOC region. 
This is because whether to charge or discharge a cell is 
determined by comparing the SOC of each cell with its 
reference.  
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In most cases, the average SOC of all cells has been 
used as the reference for individual SOC balancing control. 
However, it is not possible to set the correct balancing 
reference without considering the cell aging and power 
loss caused during energy transfer. The incorrect reference 
causes many problems. It requires more time for cell 
balancing and the conversion loss caused from bidirectional 
DC/DC converter is increased during the operation. Most 
of all, the battery lifetime is reduced by more charge or 
discharge operation.  

To solve this problem, this paper makes the new 
contribution by selecting the reference of SOC optimally 
based on the common energy bus and therefore improving 
the energy efficiency and lifespan of battery more 
effectively. 

This paper is organized as follows: Section 2 shows 
the proposed active cell balancing system with its 
structure and explains how to determine the optimal 
reference of SOC while considering the cell aging and 
energy transfer efficiency. Then, Section 3 describes the 
topology, operation, and control scheme of DAB based 
bidirectional DC/DC converters to implement the proposed 
system. Thereafter, the performances and usefulness of 
proposed system in real-time are evaluated and verified by 
both the electromagnetic transient program (EMTP) based 
simulation and experimental tests in Sections 4 and 5, 
respectively. Finally, conclusions are given in Section 6. 

 
 
2. The Proposed Active Cell Balancing System 
 

2.1 Structure of proposed modeling 
 
The system structure of proposed active cell balancing 

system is shown in Fig. 1. It consists of a battery pack 
with several series-connected battery cells, bidirectional 
DC/DC converters, and the common energy bus by single 
capacitor. Note that the bidirectional DC/DC converters are 
connected in parallel with each cell, and they are connected 
to the common energy bus. 

The proposed cell balancing system operates to transfer 
the excess energy of stronger cells to the common energy 

bus, which also delivers that energy to weaker cells via the 
bidirectional DC/DC converters. It is important to note that 
they play the important role of controlling the power flow 
between each cell and the common energy bus. For 
stronger cells, they operate in a discharging mode. In other 
words, the power flows from the cell to the energy bus. As 
the result, the cell is discharged, and the capacitor of 
common energy bus is charged. In contrast, they operate in 
a charging mode for weaker cells. That is, the power flows 
from the energy bus to the cell. Then, the bus capacitor is 
discharged, and the cell is charged.  

Even though the proposed active cell balancing system 
in Fig. 1 exploits the bidirectional DC/DC converters 
similarly to the previous applications, there is the distinct 
difference. In other words, the bidirectional DC/DC 
converters based approaches in previous studies have 
performed the function of cell-to-cell and cell-to-string 
balancing with the buck-boost and the flyback topologies, 
respectively. They require the long balancing time, 
especially when the strongest and weakest cells are 
separated far apart in a battery pack. In contrast, the 
proposed system can reduce the balancing time dramati-
cally because even if stronger and weaker cells are in any 
positions in the battery pack, it can be balanced at the same 
time with a common energy bus, to which all cells are 
connected.  

 
2.2 Determination of optimal reference SOC 

 
In general, the battery cell ages due to its internal 

resistances and higher terminal voltages, and this degrades 
the usable battery capacity [24] even though all cells in a 
new battery pack show the same characteristics and aging 
initially. Moreover, the difference between SOC of cells 
accelerates the aging process of battery while resulting in 
the different maximum capacity of cell. 

To reduce this harmful effect, the average SOC method 
can be used. In other words, the SOC reference of each cell 
is selected as the average value of SOC of all cells. An 
example of balancing SOC of three cells with the average 
SOC method is illustrated in Fig. 2. Before cell balancing, 
cells 1 to 3 are aged with the capacity of 80, 90, and 100 %, 
respectively. And, their SOCs are 80, 65, and 60 %, 
respectively. Based on the average SOC method, the 
reference of SOC becomes 68.3 %, and this is applied to 
three cells. Firstly, for cell 1, the difference between its 
initial SOC and the reference is 11.7 %. Then, by the cell 
balancing operation, the transferred energies from cell 1 
to cells 2 and 3 are 2.93 % and 2.63 %, respectively, 
considering the capacities and the converter efficiency of 
80 %. After cell balancing, the SOC reference determined 
by the average SOC method is 66.29 %, as shown in Fig. 
2(b). There is still small difference between the SOCs of all 
cells and its reference. In other words, the same process 
must be iteratively applied until their all SOCs are adjusted 
to its reference correctly. Note that the difference between 

 

 
Fig. 1. Structure of the proposed active cell balancing

system 
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the energy capacities of cells due to their aging causes this 
error. Moreover, this is aggravated when the conversion 
loss caused from bidirectional DC/DC converter is 
increased during energy transfer. To solve this problem, 
this study proposes the new method to select the optimal 
reference of SOC as follows. 

The parameters associated with battery cells are defined 
in Table 1. The initial SOC and capacity condition of cells 
are assumed to be the same as those of example in Fig. 2. 
Firstly, the total amount of energies in all cells, Esum is 
calculated as 

 
 1 1 2 2SOC SOC SOCsum n nE C C C⋅ ⋅ +⋅ ⋅ ⋅+ ⋅= +      (1) 

 
When the SOC reference, SOCref is considered, the Esum 

in (1) can be also computed as 
 

 1 2( ) SOCsum n refE C C C⋅ ⋅ ⋅+⋅= + +          (2) 
 
By (1) and (2), the SOCref is finally determined as 
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In the example of Fig. 2(a), the value of initial SOCref by 

(3) is 67.59 %, and it is more accurate than that by using 
the average SOC method. However, the energy required for 
some cells to reach their SOCref might be insufficient even 
after cell balancing because the power conversion loss 
during energy transfer is not considered in this case. To 
consider this, the transferred energy, ET is estimated as 

 
Fig. 3. Flow chart to implement the proposed active cell 

balancing system with the optimal reference of SOC 
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Then, the Esum in (2) is modified as (5) with the ET in (4) 

and its efficiency, η, and the optimal SOC reference,   is 
represented as (6). 
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Fig. 3 shows the flow chart to implement the proposed 

active cell balancing system with the SOCoptimal
ref , by (6). If 

the SOC of a cell is greater than the SOCoptimal
ref , the 

proposed DAB based bidirectional DC/DC converter 
operates in a boost mode to discharge the cell. Otherwise, it 
operates in a buck mode to charge the cell. Then, all SOCs 
of cells are estimated and compared with the SOCoptimal

ref . 
When the absolute difference between the SOCoptimal

ref  and 
the changed SOC of cell is less than 0.1 %, the proposed 
cell balancing is successfully completed. In other words, 
all cells are considered to match the SOCoptimal

ref  while 
having the almost same SOC between them. Therefore, this 
can improve the performance and lifespan of battery 
effectively by considering its cell aging and power loss 
caused during energy transfer. 

 
 

3. Dual Active Bridge Based Bidirectional DC/DC 
Converter 

 
3.1 Topology and operation 

 
In implementation of proposed active cell balancing 

system, the isolated bidirectional DC/DC converter is 

 
Fig. 2. Example of balancing SOC of three cells with the 

average SOC method: (a) Before cell balancing; (b) 
After cell balancing 

 
Table 1. Parameters of battery cells 

Parameters Description 
C1, C2, Cn Maximum capacity of cells 

SOC1,SOC2, SOCn Initial SOC of each cell 
SOCref Reference of SOC 

Esum Sum of energies in all cells 
ET Transferred energy 
η Efficiency of energy transfer 
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required. In the battery pack, as shown in Fig. 1, all cells 
are connected in series for high output voltage. But at the 
same time, all cells are connected to the common energy 
bus capacitor in parallel through the DC/DC converter. If 
the non-isolated type is used, then cathodes and anodes of 
all cells might be short. In addition, unlike the low voltage 
side of each cell, the voltage level in common energy bus 
must be large enough for charging mode operation. This 
means that the high voltage ratio of input and output must 
be available. 

As mentioned previously, the DAB based bidirectional 
DC/DC converter is applied in this study. It provides 
galvanic isolation, a high voltage ratio, and bidirectional 
power-flow capability. In particular, the popularity of DAB 
type is growing because of its many advantages such as 
low stress on device and components, small size of filter, 
effective bidirectional power-flow capability, and easy 
soft-switching implementation, etc [25-28]. The switching 
function, voltage, and current waveforms in a discharging 
mode of single DAB based bidirectional DC/DC converter 
are shown in Fig. 4. And, the overall system structure with 
two converters is given in Fig. 4. Each converter has two 
H-bridge types in both sides. They are connected by the 
high -frequency isolation transformer and the inductor, L. 

In general, there are two modulation methods for the 
control of DAB converter. The first method is the pulse-
width-modulation (PWM). In PWM, the switch pairs, (Q1, 
Q4) and (Q2, Q3) in primary H-bridge and the switch pairs 
(Q5, Q8) and (Q6, Q7) in secondary H-bridge are switched 
in turn. The currents flow through the freewheeling diode, 
D1 to D8. Then, the power is transferred from V1 to Vbus, as 
shown in Fig. 4. To operate the reverse power flow, the 
switching states of above pairs in primary and secondary 
H-bridges are exchanged. This method is simple and easy 
to implement, but its dynamic performance is poor. 

The second method is the phase-shift modulation. The  

 
Fig. 5. Waveforms of DAB converter in a discharge mode 

 
cross-connected switch pairs in both H-bridges have 50 % 
duty cycle. And, they are switched in turn to generate the 
phase-shifted square waveforms, vac1 and vac2 in Fig. 5. 
These change the voltage across the inductor, vL1. This 
makes it possible to manipulate the direction and magnitude 
of the power flow. Moreover, this modulation method can 
provide the effective dynamic performance and easy soft-
switching implementation. Thus, the phase-shift modulation 
is applied in this study. 

 
Fig. 4. Overall system structure with two DAB converters 
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The more details and associated equations of DAB 
converter are given in [26]. For simplicity, the V1 and Vbus 
are assumed to be constant over one switching period, T. 
Then, the average discharge battery power can be 
calculated as 

 

 1
1

1

(1 )
2

bus
o

s

VV D DP
nf L

−
=             (7) 

 
where D is the phase-shift delay. When the gate signal in 
primary H-bridge leads that in secondary H-bridge, the 
value of D is in the range from 0 to 1 (D∈[0, 1]). Then, 
the Po1 is positive, and the converter operates in the 
discharge mode. In contrast, when the primary gate signal 
lags the secondary gate signal, the value of D is in the 
range from -1 to 0 (D∈[-1, 0]), and the Po1 is negative. In 
this charging mode, the power flows from the energy bus to 
the battery cell. 

 
3.2 Control scheme 

 
The control block diagram of DAB converter by using 

the phase-shift modulation is shown in Fig. 6. The battery 
current, ibat is firstly measured, and it is injected as the 
input. Then, the error between the ibat and the reference 
current, iref goes to the proportional-integral (PI) controller. 
Note that the output of PI controller must be limited to 
meet the range of phase-shift delay, D. 

In Fig. 6, the original carrier signal is used to create the 
PWM signals of Q1 and Q4. Because the switch pairs of (Q1 
and Q4) and (Q2 and Q3) are switched in turn, the inversed 
square waveforms to switches, Q1 and Q4 are injected to 
the switches, Q2 and Q3. To create the proper switching 
signals in secondary H-bridge, the delayed carrier signal is 
generated by the sum of original carrier signal and phase-
shift delay, D. Then, it is used to make the delayed PWM 
signals of Q5 and Q8. Similarly to the primary H-bridge, 
their inversed square waveforms become the PWM 

signals of Q6 and Q7. As in [28], the analytical equations 
of output current, Io1 flowing through the inductor and 
output voltage, Vbus in secondary H-bridge are given as (8) 
and (9), respectively. Note that they can be controlled by 
manipulating the value of D. 

 

 1
1

1
(1 )
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VI D D
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= −  (8) 
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1
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When the SOCoptimal

ref  in (6) is set, all converters are 
controlled for the cell balancing operation. Firstly, each 
converter on a discharging mode is individually controlled 
through the current control, as shown in Fig. 6. Then, all 
converters in a charging mode are controlled at the same 
time to maintain the common bus voltage, Vbus. However, it 
is required to set the reasonable iref because of the different 
number of converters in charging and discharging modes. 
For example, when the number of discharging cells is more 
than that of charging cells, and the iref is set too high, the 
common bus voltage increases due to the maximum current 
limit of converters in charging mode. In contrast, if the iref 
is set too low, it will take long time for the balancing 
operation. Therefore, when the number of discharging 
cells is less than that of charging cells, the iref is set to a 
maximum converter current, imax. Otherwise, the iref is 
determined as 

 

 max
charging mo

ref
discharging mode

deN
i i

N
=  (10) 

 
where Ncharging mode and Ndischarging mode are the number of 
converter in charging and discharging modes, respectively. 

 
 

4. Simulation Results 
 
The performance of proposed active cell balancing 

system is evaluated by time-domain simulation with the 
power systems computer aided design/electromagnetic 
transients including DC (PSCAD/EMTDC®) software. 
Firstly, the characteristics of cells are modeled by using the 
equivalent electric circuit of battery [29, 30]. In other words, 
its open circuit voltage (OCV) is simulated by a DC voltage 
source. The values of resistors and capacitors are determined 
by considering the electrochemical characteristics of 
battery. Then, the SOC of cell is calculated by the using 
ampere-hour counting method as (11). 

 

 SOC SOC
 initial

dt

Capacity

i
+

⋅
= ∫  (11) 

 
Thereafter, the OCV is estimated by using the SOC-

 
Fig. 6. Control block diagram of DAB converter by using

the phase-shift modulation 
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OCV curve. More details are described in [29] and [30]. 
The parameters of proposed active cell balancing system 

in Fig. 4 are listed in Table 2. The initial SOC of aged cell 
1 in low-voltage side 1 is 0.8, and its maximum capacity is 
1 Ah. The initial SOC of fresh cell 2 in low-voltage side 2 
is 0.5, and its maximum capacity is 1.25. In high-voltage 
side of Fig. 5, the cathode and anode of bus capacitor are 
connected to the secondary H-bridge of both DAB 
converters. Then, the DAB converter 1 initially operates in 
a discharging mode, where the power flows from low- to 
high-voltage side. In contrast, the DAB converter 2 
operates in a charging mode, and therefore the direction of 
power flow is reversed. 

There are two phase-shift delays available for two DAB 
converters 1 and 2, which are D1 and D2 to control cells 1 
and 2, respectively. For example, when the ibat2 is 
controlled, D2 is used to respond the system while D1 is 
fixed. Then, since the DAB converter has the maximum 
efficiency at D of 0.05 T, D1 is fixed with 0.05 T, and D2 is 
varied between 0.05 T and 0.10 T. The simulation results of 
battery currents, ibat1 and ibat2, and bus voltage responses 
are shown in Figs. 7 and 8, respectively. The directions of 
ibat1 and ibat2 in Fig. 7 are opposite. This means that the 
cells 1 and 2 are discharged and charged, respectively. The 
detailed operations are described in the following three 
time intervals.  
▪ Interval I (0 s - 0.1 s): The discharging current, ibat1 

starts to increase. Therefore, the bus voltage, Vbus is also 
increased. The DAB converter 2 starts to operate after the 
value of Vbus is greater than 15 V. Thus, the ibat2 is zero 
until this point. After that, the ibat1 and Vbus keep 
increasing. However, their rates of change are decreased. 
The D2 is kept with its maximum value 0.10 T. 

▪ Interval II (0.1 s - 0.4 s): The error between the ibat2 and 
its reference of 1.3 A becomes very small at 0.1 s, the D2 
is decreased so that the charging and discharging energies 
are almost balanced in the common energy bus. At the 
same time, the ibat1 is decreased rapidly because the 
charging of the bus capacitor is completed. This results in 
a nearly constant Vbus. 

▪ Interval III (0.4 s -): At 0.4 s, the reference of ibat2 is 
changed from 1.3 A to 2.3 A. This causes a sudden 
increase of error to PI controller in Fig. 6 and the bus 
capacitor needs more power. Therefore, the ibat1 is 
suddenly increased in this time. Then, D2 is controlled to 

output the corresponding step increase in ibat2. Thereafter, 
the Vbus and the ibat2 are also increased until they reach to 
their new steady-state values. 
 
Also, when the proposed optimal SOC reference, 

SOCoptimal
ref  by (6) is applied to the example of Fig. 2, the 

corresponding variations of SOCs of three cells are 

 
Fig. 7. Simulation results of battery current response 
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Fig. 8. Simulation results of bus voltage response 
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Fig. 9. Variations of SOCs of three cells in the example of 
Fig. 2: (a) by average SOC method, (b) by the 
proposed active cell balancing method 

Table 2. Parameters of proposed active cell balancing 
system 

Parameters Value 
Cell voltages (V1, V2) 3.3–4.1 V 

DC capacitors (C1, C2, Cbus) 1000 μF 
Transformer turns ratio (n) 10 

Inductances (L1, L2) 200 μH 
Switching frequency (fs) 50 kHz 

Energy bus capacitor voltage (Vbus) 0–50 V 
Output power (Po) 0–10 W 
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compared in Fig. 9 to those by the average SOC method. It 
is clearly observed from the results in Fig. 9(a) that three 
SOC references are re-calculated during the cell balancing 
by the average SOC method whenever any of SOCs of 
cells reaches to the reference. Correspondingly, all SOCs 
become almost same at around 600 s.  

In contrast, for the proposed active cell balancing 
method, the SOCoptimal

ref  is initially determined by (6), and it 
is kept as the same initial value until all SOCs become 
almost same within around 500 s. 

 
 

5. Experimental Results 
 

5.1 Hardware implementation 
 
The usefulness of proposed system is verified by 

hardware implementation, as shown in Fig. 10. The DAB 
converter is implemented in power board with 8 metal 
oxide semiconductor field effect transistors (MOSFETs), 
8 freewheeling diodes, a high-frequency transformer, and 
an inductor. The cell current is measured by using a hall 
current sensor in low-voltage side, which converts the 
voltage in the range from -5 V to 5 V. Then, it is scaled 
down within the input range from 0 to 3.3 V of 
microprocessor by the analog-to-digital converter (ADC) 
circuit in control board. 

The scaled analog voltage is injected to the digital signal 
processor (DSP) of TMS320C28346. Since the PWM 
signals generated by DSP are not appropriate to drive the 
power MOSFETs, the FET driver circuit is designed to 
amplify the required PWM level. The lithium-ion cell used 
in experiment is the H703448-PCM model made by power 
source energy (PSE) company. Its nominal voltage and 
capacity is 3.7 V and 1.25 Ah, respectively. Then, the 
overall system is implemented by one- to-one connection 
of two lithium-ion cells and two DAB converters, as shown 
in Fig. 4.  

To test the performance to determine the SOCoptimal
ref , the 

SOCs of each cell are estimated in real-time by (11) based 
on the ampere-hour counting method with the digital 
arithmetic operations in DSP. The initial SOC is determined 
by the measured terminal voltage and SOC relationship 
provided from the datasheet of H703448-PCM model. 

5.2 Experimental results 
 
The experimental test is carried out under the same 

condition as simulation study in Section 4. When the DAB 
converter operates in a discharge mode, two gate signals to 
MOSFETs in primary and secondary H-bridges are shown 
in Fig. 11(a). It is observed that the gate signal (Q1) in 
primary H-bridge leads that (Q5) in secondary H-bridge 
while resulting in the discharging operation. The value of 
phase-shift delay, D is 0.2. Also, the voltages (vac1 and vac2) 
in both sides of transformer and voltage across inductor 
(vL1) are shown in Fig. 11(b).  

When the gate signals (Q1 and Q5) are tuned on, the vac1 
and vac2 have the positive values, which are V1 and Vbus, 
respectively. Moreover, it is known that the response of vL1 
is very similar to that by linear combination of vac1 and vac2. 
Note that all experimental results shown in Fig. 11 are 
almost agreement with theoretical waveforms of DAB 
converter in a discharging mode given in Fig. 5. 

The corresponding responses of battery currents, ibat1 and 
ibat2 and bus voltage, Vbus are shown in Fig. 12. The signs 
of ibat1 and ibat2 are opposite. This means that the DAB 
converters 1 and 2 in Fig. 4 operate successfully in 
discharging and charging modes. In addition, all results 
show that the controllers of each DAB converter perform 

 
Fig. 10. Hardware implementation of DAB converter 

 
(a) 

 
(b) 

Fig. 11. Experimental results of DAB converter operation: 
(a) gate signals to MOSFETs; (b) voltage responses 
of transformer and inductor 
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well when the references are changed for balancing two 
cells. Note that the experimental results shown in Fig. 12 
are almost agreement with simulation results given in Fig. 
7 and 8. 

Then, the terminal voltage response during cell balancing 
by the proposed method is shown in Fig. 13. It is observed 
that the terminal voltage, V1 of (discharged) cell 1 is 
decreased from 4 to 3.7 V. In contrast, the V2 of (charged) 
cell 2 is increased from 3.5 to 3.7 V, approximately. 

Finally, the variations of SOCs by the proposed method 
are shown in Fig. 14 with the comparison result by the 
average SOC method. The Fig. 14 is shown the estimated 
SOCs in real-time by (11) in DSP. The initial SOC 
reference is 0.65 when the average SOC method is used. It 
is observed from the result in Fig. 14(a) that cell 2 cannot 
reach to its SOC reference due to insufficient energy. The 
SOC difference between two cells after cell balancing is 
almost 10 %. In contrast, when the proposed optimal 

reference, SOCoptimal
ref  by (6) is applied, the result in Fig. 

14(b) shows that both cells can reach to the optimal 
reference of SOC successfully, which is 0.586. Their 
difference is only 0.1 %. 

 
 

6. Conclusion 
 
This paper proposed the new optimal state-of-charge 

(SOC) reference based active cell balancing method with 
the dual active bridge (DAB) bidirectional DC/DC 
converters applied to a common energy bus. In particular, 
the cell aging and power loss of converters were considered 
during the energy transfer while determining the optimal 
reference of SOC. This could improve the real-time energy 
efficiency and lifespan of battery effectively 

Both simulation and experimental tests were carried out 
to verify the usefulness of proposed method. The results 
showed that the charging and discharging currents are 
successfully controlled with the proper phase-shift delay 
of DAB converters in real-time. Also, it could reduce the 
SOC difference between multiple cells remarkably when 
compared to the average SOC method for cell balancing. It 
is expected that the proposed method could be preferably 
applied for cell balancing when capacities of multiple cells 
are very different. 
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