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Analysis of a Symmetric Active Cell Balancer with a Multi-winding 
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Abstract – This paper analyzes a symmetric active cell balancer for a battery management system. 
The considered cell balancer uses a forward converter in which the circuit structure is symmetric. This 
cell-balancing method uses fewer switches and is simpler than the previously proposed active cell-
balancing circuits. Active power switches of this cell-balancing circuit operate simultaneously with the 
same pulse width modulation signals. Therefore, this cell-balancing circuit requires less time to be 
balanced than a previous bidirectional-forward-converter-based cell balancer. This paper analyzes the 
operational principles and modes of this cell balancer with computer-based circuit simulation results as 
well as experimental results in which each unbalanced cell is equalized with this cell balancer. The 
maximum power transfer efficiency of the investigated cell balancer was 87.5% from the experimental 
results. In addition to the experimental and analytical results, this paper presents the performance of 
this symmetric active cell-balancing method. 
 

Keywords: Active cell balancer, Forward converter, Multi-winding transformer, Series-connected 
battery cells 

 
 
 

1. Introduction 
 
To solve the energy crisis and lower CO2 emissions in 

the industry, research on technology for novel energy 
applications have been actively conducted recently. Examples 
of such energy applications include photovoltaic (PV) 
system, energy storage system (ESS), plug-in hybrid vehicles 
(PHEVs), and electric vehicles (EVs) [1, 2]. In particular, 
electric vehicles use secondary cell battery systems to 
solve disadvantages of conventional internal-combustion-
engine vehicles such as high dependence on fossil fuel and 
CO2 emissions. By using high-voltage battery systems and 
electric traction systems, the energy conversion efficiency 
of electric vehicles could reach a higher level. 

These applications require numerous battery cells that 
should be connected in series or in parallel. Unfortunately, 
to deliver power from a high-voltage battery pack to the 
electric traction system, an imbalanced cell problem cannot 
be avoided for series-connected battery strings. Such an 
imbalance between the battery cells is caused by the 
repetitive process of charging and discharging in high-
voltage battery packs. Although the battery pack would be 
manufactured with multiple and identical battery cells, the 
impedance characteristics of each battery cell would be 
different from each other for practical reasons. While it is 

ideal for manufacturers to produce identical battery cells 
during serial production, various factors introduce 
differences in the battery cells (e.g., initial charge level). 
Examples of factors that introduce such variance include 
external temperature conditions, and different individual 
self-discharge rates [3, 4].  

Furthermore, if an EV uses unequal secondary battery 
cells in the battery system without a cell balancing circuit, 
the highest-voltage-cell-connected battery string can be 
overcharged. The repetitive charging and discharging of 
imbalanced cells may lead to a decrease in the life span and 
rated capacity of individual cells [5]. In addition, if a 
high-voltage battery system does not have a cell-balancing 
device for series-connected battery strings, the highest-
voltage cell can explode [6]. Thus, if a cell-equalizing 
device is used, overcharging and overdischarging can be 
solved before reaching a dangerous level. For these reasons, 
a cell-balancing device is essential to maintain proper 
safety conditions in the battery system. 

When one of the cells in a battery pack has a problem, 
replacing that cell is the most straightforward solution. 
However, as cells are stored in the battery pack, 
replacement of a specific individual cell may be difficult 
and create a cost problem. Therefore, cell balancing is the 
proper solution for the problems stated above. Cell-
balancing technologies such as passive cell balancing [7, 8] 
and active cell balancing [9-16] have been researched. A 
passive cell-balancing technology normally utilizes resistors 
to solve an overcharging problem due to higher energy 
cells in the battery pack [17]. Although this technology has 
the advantages of simple control and low production cost, 
it has lower efficiency than an active cell-balancing 
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technology because of heat dissipation at the resistor for 
protecting overcharged cells [18]. 

An active cell-balancing technology utilizes inductors, 
capacitors, and power electronic switches such as MOSFETs 
and IGBTs to balance cells by mutual transfer between 
cells connected in series or in parallel [7, 17]. Although 
this technology has higher efficiency compared with 
approaches that adopt a passive cell-balancing technology, 
it requires more time to balance its cell energy. In 
addition, an active cell-balancing technology generally 
requires a complex control algorithm with additional 
power electronic components so that the size of its 
circuit tends to be bulkier than that of a passive cell-
balancing technology [19]. 

This paper analyzes a cell balancer based on a forward 
DC-DC converter [20, 21]. The considered active cell-
equalizing circuit has a multi-winding transformer which 
transfers cell energy from higher-energy cells to lower-
energy cells. Each cell is connected in series to the 
primary side of the transformer. As illustrated in Fig. 1, 
an active cell-balancing circuit with a previously proposed 
bidirectional forward converter [22] requires two active 
switches for each cell to balance each battery cell. 
Compared with such an approach, the cell-balancing circuit 
analyzed in this paper requires only one active switch for 
each cell, while the cell balancing time is also shorter than 
that of a cell-balancing circuit with a bidirectional forward 
converter [22]. While the operation principles and partial 
simulation results of the considered circuit have been 
discussed in [21], this paper expands the scope of discussion 
by providing more detailed analysis, performance charac-
terization, and experimental verification results. Through 
such expansion, a more comprehensive analysis on the 
forward DC-DC converter based cell-balancing circuit has 
been established. The remainder of this paper is organized 
as follows: Section 2 explains the operational principles 
and circuit topologies of an active cell-balancing interface 
based on a forward converter in accordance with the 
on/off switch action. Section 3 describes computer-based 
simulation results to analyze the operation of the cell-
balancing circuit. In Section 4, experimental results are 
presented along with the discussion on characteristics of 
the considered cell-balancing method. Section 5 concludes 
this paper with a summary. 

2. Structure and Operational Analysis of a Symmetric 
Cell Balancer 

 
This section analyzes an active cell balancer based on a 

forward converter for series-connected battery strings. 
Then, the operational principles with mode analyses are 
introduced. 

 
2.1 Active cell balancer based on a forward converter 

using a multi-winding transformer 
 
Fig. 2 shows an active cell balancer with a forward 

converter for an analysis of its operational principles [21]. 
The considered cell balancer consists of N number of cells, 
N number of active switches that are connected to each cell, 
a diode, and a multi-winding transformer (Tm). While the 
active switches are used to connect each cell to the primary 
side of the transformer, the diode is installed between the 
secondary side of the transformer and the battery pack. In 
this active cell balancer, the turn ratio of the transformer is 
set as 1 (N1/N2) to transfer the energy of the unbalanced 
cell at the same rate. Moreover, all active switches (S1 ~SN) 
installed between each cell and the primary side of the 
transformer are operated with the same pulse-width-
modulation (PWM) signals. Therefore, the considered 
cell balancer enables direct energy transfer through the 

 
Fig. 2. Configuration of the considered active cell balancer 

using a multi-winding transformer [21] 

 

Fig. 1. Previous bidirectional cell balancer [22] 
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transformer from the cells that have higher energy to the 
cells that have lower energy. 

 
2.2 Operational principles with mode analyses 

 
As stated above, the considered cell balancing interface 

is operated with the simultaneous conduction of active 
switches located at the primary side. By the simultaneous 
conduction of active switches, higher-energy cells transfer 
energy to lower-energy cells directly with the multi-winding 
transformer. The higher-energy cell has a higher open-
circuit-voltage (OCV) value than other cells. Accordingly, 
the state-of-charge (SOC) level of the higher energy cell is 
relatively larger than that of others, the lower-energy cells. 
The conduction states of all active switches occur at the 
same time because all active switches operate according to 
the identical PWM signal with the same duty ratio. 

Fig. 3 shows a cell-balancing circuit with three cells to 
investigate the operational principles and conduct an 
analysis on each operation mode. Because of the 
straightforwardness of this circuit operational analysis, the 
series-connected cells of Fig. 3 were assumed with the 
following conditions: the voltages of the three cells have 
the following relationship as 

 
 Vcell1 < Vcell2 < Vcell3 (1) 

 Total
cell2

V
V =

3
 (2) 

 VTotal = Vcell1 + Vcell2 + Vcell3  (3) 
 
where Vcell1, Vcell2, and Vcell3 are the voltage levels of Cell1, 
Cell2, and Cell3, respectively, and VTotal is the sum of all 
three cell voltages. That is, the voltage of Cell3 is the 
highest and the voltage of Cell1 is the lowest. 
 

 
Fig. 3. Cell balancer for a 3-cell case [21] 

 
Fig. 4. Theoretical waveforms of the cell balancer 

 

 
Fig. 5. Operation mode 1 of the cell balancer [21] 

 
Fig. 4 shows theoretical waveforms of active switch 

currents and voltages with the same PWM signals. In 
accordance with the above conditions, operation of the 
cell-balancing circuit is divided into a conduction state of 
switches (i.e., Mode 1) and an open state of switches (i.e., 
Mode 2) during one switching period.  

Mode 1 (t0 – t1): Fig. 5 shows the switch conduction 
mode with three cells. Using active conducting switches 
connected to the three cells at t0, the voltages of the active 
switches become zero. Since the three active switches 
share the same PWM signal and duty ratio, the voltages of 
the active switches become zero at the same time. During 
this conduction period, the energy of the highest-voltage 
cell (i.e., Cell3) is transferred to the lowest-voltage cell (i.e., 



Seonwoo Jeon, Myungchin Kim and Sungwoo Bae 

 http://www.jeet.or.kr │ 1815

Cell1) through the multi-winding transformer (Tm) that is 
connected to the switches. 

In order to analyze this conduction period, this cell-
balancing circuit with three cells is transformed into the 
equivalent circuit as shown in Fig. 6. Fig. 6 describes a 
Laplace transform circuit for the three-cell case. Based on 
Fig. 6, each switch current for cell balancing in the 
conduction mode can be obtained as follows: 
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where t is an instant during the conduction period. As 
shown in equations (4), (5), and (6), the peak switch 
currents (i.e., isw1, peak (t), isw2, peak (t), and isw3, peak (t)) can be 
expressed by the voltage values of the battery cells (i.e., 
VCell1, VCell2, and VCell3). During the conduction period, as 
switch currents depend on the active switch on-resistance, 
such a resistance value (i.e., Rds(on)) needs to be considered 
in the circuit design stage for a high efficiency. 

As shown in Fig. 4, the switch current of the highest-
voltage cell (i.e., isw3, peak (t)) is positive, which denotes that 
it discharges energy to the lowest voltage cell (i.e., Cell1). 
Meanwhile, the switch current of the lowest-voltage cell 
(i.e., isw1, peak (t)) has a negative value, which means that 
Cell1 is charged for balancing by the highest-voltage cell 
(i.e., Cell3). The switch current connected to Cell2 (i.e., isw2, 

peak (t)) remains at zero because Cell2 has the average 
voltage of the three cells at the initial condition. 

Each switch current has a slope because of the leakage 
inductance (i.e., Llkg) and mutual inductance (i.e., Lm) of 
the multi-winding transformer as shown in Fig. 4. The 
switch current increases or decreases with a constant 
slope. Therefore, both the leakage inductance and the 
mutual inductance value should be considered for design 
and operational analysis of the considered balancing 
circuit. In the switch conduction mode, each switch current 
can be calculated using equations (7)-(9). Therefore, 
when all components are ideal, isw1(t) and isw2(t) become 

symmetrical. Cell energy transmission occurs because of 
only voltage difference between Cell1 and Cell3. 
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Fig. 7 depicts the equivalent circuit for N cells to analyze 

the operation in the conduction mode. The equivalent 
circuit model consists of capacitors with initial voltages, 
the on-resistances of active switches (i.e., Rds(on)), and the 
leakage inductances (Llkg) of the multi-winding transformer. 
With the equivalent circuit, each switch peak current is 
derived by the differences between cells as follows: 

As shown in Eq. (10), all cell currents in the battery 
string are symmetric for energy transmission between each 
other. 

Mode 2 (t1 – t2 ): Fig. 8 shows the open-switch state 
mode with three cells. In this mode, the mutual inductance 
voltage (vLm) is controlled to reset; therefore, vLm is reset 
to zero by the secondary winding of the transformer and 
diode. During this operation mode, the charging-
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Fig. 6. Laplace transform circuit for the Mode 1 case 
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discharging process between cells is stopped. However, 
the switch current connected to Cell2 (i.e., isw2) constantly 
remains at zero because Cell2 is assumed to have the 
average voltage of the three cells by the initial conditions. 
In this mode, three active switches are conducted again at 
t2 with the same PWM signal at the same time. Because 
of the conduction, the voltages of the active switches 
become zero, and the highest-voltage cell (Cell3) transfers 
energy through the transformer to Cell1 (i.e., the lowest-
voltage cell). However, the switch current connected to 
Cell2 (i.e., isw2) constantly remains at zero because of the 
initial conditions. 

 
 

3. Simulation Analysis Results 
 
This section describes computer-based circuit simulation 

analysis results in the considered cell balancer. For 
simplicity, all active switches including those of the multi-
winding transformer and other components are assumed to 
be ideal. Table 1 lists the parameters used in this cell-

balancing circuit simulation analysis. Under the initial 
conditions listed in Table 1, the voltage difference (i.e., 
∆V) between the highest-voltage cell (i.e., Cell4) and the 
lowest-voltage cell (i.e., Cell1) was reduced from 0.3 V to 
10 mV during a balancing time of 6 ms, as shown in Fig. 9. 

As shown in Fig. 10, the switch currents of higher-
voltage cells isw1 and isw2 have negative values which mean 
that Cell1 and Cell2 are charged for cell balancing by 
higher-voltage cells (i.e., Cell3 and Cell4). In addition, the 
switch currents of lower-voltage cells (i.e., isw3 and isw4) 

 

Fig. 7. Laplace transform circuit for the mode 1 of an N-
cell case 

 

 
Fig. 8. Operation mode 2 of the cell balancer [21] 

 

Table 1. Parameters used in the cell balancer for simulation 
studies 

Parameter name Value Unit 
C 40 mF 

initial Vcell1 3.5 V  

initial Vcell2 3.6 V 
initial Vcell3 3.7 V 
initial Vcell4 3.8 V 

D 0.475 N/A 
Lm 100 mH 

N1/N2 1 N/A 
Switching Frequency 125 kHz 

 

 
Fig. 9. Simulation result of a four-cell case 

 

 
Fig. 10. Simulation result of four-cell case switching 

currents with the corresponding gate signal 
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have positive values. Such a positive value represents that 
Cell3 and Cell4 are discharged for balancing. In Fig. 10, all 
cell currents (isw1~isw4) in the battery string are symmetric 
for energy transmission. As the voltage difference between 
the cells increases, the charging and discharging current 
values also increase. In other words, the balancing speed is 
fast when the voltage difference between the cells is large; 
however, as the voltage differences between cells decreases, 
the cell-balancing speed also decreases. 

 
 

4. Experimental Results and Discussions 
 
To verify the cell-balancing operation, a prototype 

circuit was fabricated and an experiment was performed 
with a two-cell Li-ion battery string. The circuit includes a 
cell-balancing circuit and a switch gate driver circuit to 
provide PWM signals, as shown in Fig. 11. The gate driver 
circuit of active switches includes opto-couplers, gate 
driver integrated circuits, and a transformer. This cell-
balancing circuit can transfer unbalanced cell energy to 
other cells for the series-connected two-cell Li-ion battery 
string with the transformer. In addition, this cell-balancing 
interface is designed so that all series-connected cells to be 
equalized simultaneously. 

The cell-balancing circuit was used in a two-cell battery 
string of an Li-ion battery pack (Vcell1 = 3.68 V, Vcell2 = 3.45 
V, Qcell1, 2 = 2200 mAh). The detailed specifications of the 
multi-winding transformer for the cell-balancing circuit 
were as follows: Lm is 100 mH, N1/N2 is 1, and an 
EER2928 core is used. Before the cell balancing process 
began, the voltage difference between the higher-voltage 
cell (i.e., Vcell1) and the lower-voltage cell (i.e., Vcell2) was 
230 mV. When balancing operation between cells was 
started, switch current Isw and switch voltage Vsw were 
measured as shown in Fig. 12. The current of the higher-
voltage cell (i.e., Vcell1) has a positive value which means 
that it discharges and transfers energy to Cell2. The current 
of the lower-voltage cell (i.e., Vcell2) has a negative value 
which implies that it charges and receives energy from 
Cell1, as shown in Fig. 12(b). After 72 min, the voltage 

 
Fig. 11. Prototype of the cell-balancing circuit and 

experimental equipment 
 

(a) 

 
(b) 

Fig. 12. Experimental waveforms of charging and dis-
charging modes for a two-cell 2200-mAh Li-ion 
battery string. (a) Experimental waveforms of Vsw 
and Isw in the discharging mode of Cell1. (b) 
Experimental waveforms of Vsw and Isw in the 
charging mode of Cell2 

 
Fig. 13. Experimental waveforms of charging and dis-

charging modes for a two-cell 2200-mAh Li-ion 
battery string 
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difference between Vcell1 and Vcell2 decreases to 40 mV, as 
shown in Fig. 13. 

Another balancing circuit experiment was also 
conducted on a four-cell 2200-mAh Li-ion battery string. 
The highest voltage of a cell (i.e., Vcell1) was 3.97 V, and 
the lowest voltage of a cell (i.e., Vcell4) was 3.27 V. The 
other cells (Cell2 and Cell3) had values between 3.97 V and 
3.27 V. This cell-balancing circuit has specifications as 
follows: D is 0.475, Lm is 100 mH, N1/N2 is 1, and an 
EER2928 core is used. Fig. 14(a) shows that the voltage 
difference (∆V = 700 mV) between cells decreased to 250 
mV. The theoretical waveforms and experimental results 
can be compared with Figs. 10 and 14(b), which indicates 
the switch voltage (i.e., Vsw) and current (i.e., Isw). These 
experimental results showed that the considered cell-

balancing interface enables direct energy flow from the 
cells that have higher-energy to the cells that have lower-
energy through the multi-winding transformer and active 
switches. As shown in Fig. 14, the larger the voltage 
difference between the cells is, the greater the charging 
and discharging current value are observed. Therefore, 
the balancing time can decrease if the voltage difference 
between the cells increases. 

The efficiency of the considered cell-balancing approach 
was calculated from the input power data and the output 
power data. In the experiment results, the power for cell 
balancing transfers from the higher-voltage cells (i.e., Cell1 
and Cell2) to the lower-voltage cells (i.e., Cell3 and Cell4), 
Hence, the input power can be obtained by the voltage and 
current data of the higher-voltage cells, while the output 
power can be calculated from the values of the lower-
voltage cells. Fig. 15 shows the power transfer efficiency 
of the experimented cell balancer of which maximum value 
was 87.5%. 

 
 

5. Conclusion 
 
To ensure the safe performance and the maximum 

energy efficiency of rechargeable batteries such as lithium-
ion, nickel-metal-hydrate, and nickel-cadmium in energy 
storage applications, a battery cell balancer is a necessary 
part of an energy management system. For a high-voltage 
battery pack connected with series multiple cells, the 
imbalanced cell problem cannot be avoided. In this study, 
an active cell balancer with a forward converter was 
considered. The cell balancing interface circuit used a 
multi-winding transformer for battery cell equalization by 
transferring the energy of higher-voltage cells to lower-
voltage cell. 

Since all switches are conducted with a constant duty 
ratio and the same PWM signal, the cell-balancing circuit 

 
(a) 

 

 
(b) 

Fig. 14. Experimental waveforms for a four-cell 2200-mAh 
Li-ion battery string. (a) Cell balancing results. (b) 
Waveforms of VDS and Isw for the four-cell 
configuration 

 
Fig. 15. Efficiency of the active cell balancer using a 

forward converter 
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switches connected to each cell operate simultaneously 
to transfer cell energy for cell voltage equalization. 
Through this cell-balancing circuit, all cells are adjusted 
to the average cell voltage value of their series-connected 
battery string. Computer-based simulation results were 
provided to analyze the advantages and disadvantages of 
the considered cell balancing interface circuit. To analyze 
the real operation of this cell-balancing circuit, two-cell 
and four-cell Li-ion battery strings were used for 
experiments. The performance of the considered balancing 
circuit was verified with experiments, and the maximum 
power transfer efficiency of the cell-balancing circuit was 
87.5%. 
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