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ABSTRACT Cell balancing performance is an important factor in determining the operational efficiency of
the active cell balancing circuit. Thus, this study approached this need by developing an enhanced switching
pattern. The circuit is designed to transfer energy between arbitrary source and target cells. It has been
operated in flyback and buck-boost modes according to the position of the source and target cells. In this
circuit, the coupling coefficient of the transformer considerably affects the balancing performance of the
flyback operation. The energy transferred to the non-target cell is increased by the low-coupling coefficient
due to the leakage inductance. Therefore, the high energy transfer ratio cannot be achieved using conventional
switching patterns. In this paper, a new flyback switching pattern is proposed, which can minimize the effect
of the coupling coefficient in the cell balancing operation. The proposed switching pattern uses the cells
which do not participate in the balancing process to control the voltage applied to each winding, which results
in a high energy transfer ratio irrespective of the coupling coefficient. In addition, an enhanced operating
method has been proposed to improve the cell balancing speed by reducing the energy transfer path in specific
cell conditions. The performance of the proposed switching pattern was verified in a 15 W cell balancing
circuit.

INDEX TERMS Battery management systems, Energy storage, Lithium-ion batteries, Flyback transformer

I. INTRODUCTION connected in series is the same, the amount of energy stored

Recently, the paradigm of the automobile industry is
changing due to greenhouse gas (GHG) emission restrictions
and environmental regulations. The low-emission, high-
efficiency, eco-friendly vehicle attracts attention, and the
electric vehicle (EV) market is rapidly expanding. Power
density is a significant factor in EV systems. Therefore, a
lithium-ion battery (LIB) which has high energy and power
density has been used as the main power source. Typically,
a single cell of the LIB used in an EV battery system has low
nominal voltage from 3.4 to 3.7 V. To smoothly supply
power to the load, which requires high voltage, the lithium-
ion batteries are used in a module form where the plurality
of cells is connected in series. When multiple cells are
connected in series, the same current flows through each cell.
Therefore, if the initial state-of-charge (SoC) of each cell
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in each cell should be the same after repeated charging and
discharging.

In practice, however, the voltage difference between
series-connected cells can occur from unbalance of the
chemical characteristics and/or parameter changes inside the
cells [1]. When cell voltage imbalance is present and the cells
are repeatedly being charged and discharged, the voltage
difference will grow worse and worse. In the worst case, a
specific cell may be overcharged or over-discharged. This is
a major cause of deterioration in cell lifetime and
performance. To prevent the above problems, the battery
management system (BMS) includes a cell balancing
function, which is mainly composed of a software
equalization strategy and a hardware cell balancing circuit.
The equalization strategy is aimed at mitigating inter-cell

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/.



Access

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/ACCESS.2020.3015963, IEEE

IEEE Access

Mulidiscaplngry © Ragid Reveew | Open Access Journal

inconsistency, which can be largely classified into three
strategies according to the equalization variables [2-4]. The
first strategy is an operating voltage-based equalization,
which equalizes the operating voltage of the cells. This
strategy is simple and computationally efficient, but the
accuracy of the operating voltage can be degraded by the cell
internal parameters and external environments. The second
strategy is a SoC-based equalization. This method can make

the most of the cell power and avoid aging by over-discharge.

However, it is relatively difficult to obtain accurate SoC
estimation in a real-time manner while considering
temperature and aging. Besides, the complex SoC estimation
algorithm increases computational complexity and requires
high-performance controllers. The last strategy is a capacity-
based equalization strategy, which uses total capacity,
rechargeable capacity, and releasable capacity as the
equalization variables. This strategy maximizes the capacity
utilization of the battery pack, but it has the disadvantages of
difficulties in accurate capacity estimation and complex
algorithms.

Based on the equalization strategy, the hardware cell
balancing circuit performs cell equalization through the
charging and discharging process. Until recently, various cell
balancing techniques have been studied [5-10]. The cell
balancing technology can be categorized into two types of
methods: passive and active [11-14]. The passive method
uses a resistor to dissipate the energy charged in a cell, which
has relatively high voltage. This method has an advantage of
the simple circuit configuration. However, whenever the cell
voltage imbalance occurs, the energy charged in the cell is
dissipated. This greatly reduces energy efficiency. Also, the
heat generated by the resistors requires a cooling system.
This greatly increases the size of the system.

In the active method, the cell voltage balancing is
performed using energy storage elements such as capacitors
and inductors [15-18]. The active method transfers the cell
energy from a high voltage cell to a low voltage cell. There
is no burn-out of the cell energy in the active method.
Therefore, its energy efficiency is higher than that of the
passive method, and as a result of higher balancing current,
the cell balancing speed can be improved.

The active method can be further divided into three types.
The first type is a module-to-cell method that uses the
isolated dc/dc converter to transfer the energy stored in the
module to a specific cell. This method has advantages of high
efficiency and fast balancing speed. However, it has a
complicated structure since the converter is connected to
each cell. The second type is a cell-to-cell distributed method
that transfers the energy between adjacent cells. Although
direct energy transfer is possible between adjacent cells
using this method, when the energy is transferred between
non-adjacent cells, it requires multiple steps to transfer the
energy to the target cell. These multiple transfer steps make
efficiency and balancing speed worse. In addition, the
balancing circuit requires a relatively large number of
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passive components because the energy storage elements
should be installed between every two adjacent cells. Finally,
a cell-to-cell shared method can directly transfer the energy
between adjacent and non-adjacent cells. It has a single
energy storage element that can be shared by every cell so
that a smaller number of passive elements is required. Also,
the efficiency and balancing speed are better than those of
the distributed method. However, the cell-to-cell shared
method requires a complex switch structure to control the
connection between the energy storage element and each cell.
A balancing circuit proposed in [19] is affiliated to the cell-
to-cell shared method and a multi-winding transformer is
used as the energy storage element. Two semiconductor
switches per each cell are required to control the connection
between each cell and the multi-winding transformer. This
structure makes the volume of the circuit increase
significantly as the number of cells increases. To overcome
this disadvantage in the previous study, a new cell balancing
circuit using multi-winding transformers was proposed [20].
This balancing circuit has the same circuit structure and
operation principle as [19] except that only one power
semiconductor switch is required per cell. The circuit
performs the cell balancing process using two operating
modes: buck-boost and flyback. When transferring energy
between adjacent cells that share a transformer winding, this
circuit operates under the buck-boost mode. At this time, the
transformer operates as a single inductor.

On the other hand, when transferring energy between odd-
and even-numbered cells that do not share the identical
transformer winding, this circuit operates under the flyback
mode, and the transformer has the same energy transfer
mechanism as a coupled inductor used in the conventional
flyback converters. In practice, however, not all energy
stored in the transformer is transferred to the target cell
because parasitic components such as the transformer's
leakage inductance and MOSFET's anti-parallel diodes
create undesired current paths. The energy stored in the
transformer is transferred to the non-target cell (the cell
located at the bottom of the source cell) as well as the target
cell by the undesired current paths. As the leakage
inductance increases, the amount of energy delivered to the
non-target cell increase. This phenomenon not only greatly
reduces the cell balancing efficiency, but also causes a new
cell imbalance during the balancing process. In this paper,
the operational principles of the circuit and the cause of the
undesired current path generated by the parasitic components
are analyzed. After that, a new switching pattern is proposed
to effectively transfer the balancing current to the target cell.
Using the proposed switching pattern, it is possible to
effectively transfer energy to the target cell even under
conditions with a low coupling coefficient. As a result,
precise energy transfer can be achieved, and the cell
balancing circuit efficiency and the balancing speed are
greatly improved. Besides, a new operation mode is
proposed, which can significantly increase the balancing
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speed under specific cell unbalance conditions. In the
conventional circuit operation, when transferring energy
between non-adjacent odd or even-numbered cells, the
sequential operations of the buck-boost and flyback modes
are required. Therefore, the number of the energy transfer
path increases about 2 times more than those of other
conditions, which spends more time in the balancing process.
To compensate the above weakness, a forward operation
mode is proposed. The proposed forward operation mode
transfers energy between non-adjacent odd cells or even-
numbered cells only during a single operation like the buck-
boost mode or the flyback mode. As a result, the balancing
speed can be drastically improved. The proposed switching
and operating methods will be verified by the cell balancing
experiments with a 15 W prototype cell balancing circuit.

Il. ANALYSIS OF CONVENTIONAL CELL BALANCING
METHOD

In this section, the circuit operation of the conventional
flyback operation will be analyzed by considering non-ideal
parts of the circuit. To evaluate the switching method in
terms of the energy transfer performance, the energy transfer
ratio is defined as the ratio of the received energy at the target
cell over the supplied energy from the source cell. Note that
the definitions of the energy transfer ratio and the efficiency
(1) of the cell balancing circuit are different from each other.
The operating mode analysis shows the influence of the
coupling coefficient on the energy transfer ratio. In the
conventional switching method, it is a good index to compare
the balancing performance between the conventional and the
proposed switching methods.

Before analyzing each operating mode, several
assumptions are required as follows: First, this circuit can be
applied to any number of the series-connected cells but
multiple of two. In this paper, the balancing operation is
explained by the circuit analysis with four series-connected
cells, because it can cover every cases of the balancing
operation. Second, the coupling of the multi-winding
transformer is not perfect. The multi-winding transformer
contains the leakage inductance. Third, each winding is
assumed to have the same value of the leakage inductance.
Finally, there is no cell voltage fluctuation during the
switching cycle because the balancing current is small
enough according to the power capacity of the cell. Fig. 1 (a),
(b) and (c) show the current paths of mode 1, mode 3, and
mode 4 in the conventional method, and Fig. 2 (a) shows the
theoretical waveforms of each mode. The flyback operation
can transfer the electric charge between the non-adjacent
odd- and even-numbered cells. Note that the odd- and the
even-numbered cells do not share the winding of the
transformer. The analysis of the operating mode will be
presented by assuming that the source cell and the target cell
are cell 1 and cell 4, respectively.

Mode 1[#5-t;]: Fig. 1 (a) shows the current path in mode 1.
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Fig. 1 Current path of cell balancing circuit in flyback operation: (a) ~ (c)
Model, 3, and 4 in the conventional method, (d) Mode 2 in the proposed
method.
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Fig. 2 Theoretical waveforms of the conventional flyback operation: (a)
Conventional flyback operation, (b) Proposed flyback operation.

The switch S; is turned on, and the energy stored in the cell
1 builds the magnetic energy in L,, and Ly;. The slope of iz,
can be expressed as follows:

Veeu — Vas

VCelll
_— t—t
Ly + Lo, (t—to)

Lg

i () = (t—ty) =

(D
where Ve is the voltage of cell 1 and Vy is the voltage
applied to the MOSFET. The latter variable is negligible

because it is minuscule compared with the cell voltage.

Mode 2[¢,—t;]: Before turning on Sy, dead-time between
mode 1 and mode 3 is needed.

Mode 3[z>—t3]: When Sy is turned on, the energy stored in
L, begins to transfer to the target cell through the current
path of i;,. In the ideal transformer model, when S, turns on,
the current iz; decreases to zero by infinite negative slope,
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Fig. 3 Equivalent circuit diagram of the balancing circuit in flyback
operation: (a) Mode 3 in the conventional method, (b), (c) Mode 2, 3 in the
proposed method, (d) S; and S5 are turned on simultaneously in the proposed
method.

and all the energy stored in L,, is transferred to the target cell.
However, in the practical transformer model, the current iz,
decreases by a constant slope due to the undesired current
path caused by Ly and D;. The current i;; and iz> can be
expressed as follows:

Vimms — Veeuz

—2) -t

Vimms — Veeua

() =gy + ( @)

3)

lel

i2(8) =g + ( ) (t—1tz)

le2

where Vi, 3 is the average voltage applied to L,, in mode 3.
Fig. 3 (a) shows the equivalent circuit of the multi-winding
transformer in mode 3. The voltage of Vi,m3 can be
calculated by applying KCL to node A and can be expressed
as shown in (4).

)i

According to (2) and (3), the slopes of i;; and i, are
determined by the coupling coefficient. The low coupling
coefficient decreases the current slope of i;; and iz, in mode
3. In addition, the direction of the slope of i;> is determined
by the magnitude of Vi 3. If Viw s is smaller than V.4 due
to the decrement of the coupling coefficient, the current slope
of iz> becomes negative. In this case, the current path of iz,
does not exist even if the switch S, turns on because the
multi-winding transformer operates as a single inductor. As
a result, the energy stored in L,, is transferred to the non-
target cells (cell 2) through the current path of ir;. The
duration of mode 3, the energy transferred to the non-target
cell, can be calculated as shown in (5).

) ip1,t2

t3_t2=<

Mode 4 [t3-t4]: Mode 4 starts when i;; reaches 0. In this
mode, the current path can be represented as shown in Fig. 1
(c). All the energy stored in L,, is transferred to the target cell.
The interval can be expressed as follows:

2Veeu + Vp

v =(
Lm,M3 Lix + 2L,

“

lel

(&)

Veeuz + Vo = Vimms
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Fig. 4 Energy transfer ratio in flyback operation.
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Mode 5 [4~t5]: During this mode, after all the energy stored
in L, is transferred to the target cell, the resonance between
Coss and L, occurs until the next switching of S;.

As a result of the analysis, the energy transferred to the
non-target cell happens in mode 3 because the slopes of the
current iz; and iy, are decreased by Ly. Fig. 4 shows the effect
of the coupling coefficient with the energy transfer ratio of
the conventional flyback method and the proposed cell
method. All the parameters used in the energy transfer ratio
calculation are shown in Table 1. Equations (7) and (8) show
the amount of charge coming from the source cell and the
amount of charge transferred to the non-target cell,
respectively. The energy transfer ratio, 7., is expressed as
shown in (9).

ty 7
q,source = J’ i (®)dt ( )
to
ty
Qnon_target Zf i1 (t)dt (8)
ty
_ Ysource ~ 4non_target
n, = ©

q,SO‘LH'CE

In the conventional cell balancing method, the coupling
coefficient has a great influence on the energy transfer ratio.
As the coupling coefficient decreases, the energy transferred
to the target cell decreases sharply. In order to improve the
system efficiency, the coupling coefficient of the transformer
should be close to unity. However, in practice, there is a limit
to obtain a high coupling coefficient. There is leakage
inductance in the transformer winding and there are many
parasitic components that act as leakage inductance such as
PCB trace, and the wire cable to connect between the battery
and the balancing circuit. Therefore, the effect of the
coupling coefficient should be minimized to improve the cell
balancing performance.

lll. PROPOSED CELL BALANCING METHOD
A. Flyback operation

In the conventional cell balancing method, the energy
transfer ratio is greatly affected by the coupling coefficient
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of the transformer. In this subsection, a new cell balancing
method for the flyback operation is proposed to minimize the
energy transferred to the non-target cell by reducing the
effect of the coupling coefficient. The proposed method
controls the voltage applied to the transformer winding
connected to the target cell using the switches of the non-
target cell which shares the transformer winding with the
target cell. Fig. 2 (b) shows the theoretical waveforms of
each operating mode. Using Fig. 2 (b), the analysis of the
mode operations will be presented by assuming that the
source cell and the target cell is cell 1 and cell 4, respectively.
The detailed analysis for each mode is as follows:

Mode 1[#—/]: The switch §; is turned on to build up the
energy in L,. The energy stored in cell 1 is transferred to L,,
and Ly;. The current iz, in this period is the same as (1) shown
in the analysis of mode 1 for the conventional flyback
operation.

Mode 2[t,—t;]: Fig. 1 (d) shows the current path in mode 2
of the proposed switching method. Unlike the conventional
flyback operation, additional switching operations are
required to reduce the energy delivered to the non-target cell.
When S; turns on, this mode starts. The direction of the
current passing through each winding is the same as that of
mode 3 of the conventional flyback operation. In the
conventional method, the same voltage polarity is applied to
each winding by the direction of the current passing through
each winding. However, by turning on S3, the voltage across
cell 3 which has the opposite voltage polarity across L; is
forcibly applied to the winding of the cell 2. Fig. 3 (b) shows
the equivalent circuit in mode 2. The interval of mode 2 can
be calculated by (10), and V7, um> can be expressed as (11) by
applying KCL to node A.

ty—t; = Lua i (10)
2 Vo + Veeuz = Vimmz et

Vimma = ( (11)

Vp )L
Ly + 2L,/ ™

The formula of the interval of mode 2 is the same as the
interval of mode 3 in the conventional flyback operation.
However, Va2 is smaller than V7, .3 in the conventional
flyback operation. It is about two times smaller than the
diode forward voltage drop, thereby increasing the voltage
across Ly;. As a result, it is possible to minimize the energy
delivered to the non-target cell (cell 2) by increasing the
current slope of i;;. This means that the effect of the coupling
coefficient of the transformer can be reduced by using the
proposed cell balancing method. Since the energy transferred
to the non-target cell can be minimized, the balancing speed
of the cell voltage can be improved even with the existence
of the leakage inductance. Fig. 4 presents the improved
energy transfer ratio with the proposed flyback operation
compared to the conventional method.
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In the proposed flyback operation, the dead-time between
mode 1 and mode 2 is not required. If S; and S; turn on
simultaneously with the small overlap between the turn-on
time of S; and S3, the voltages across cell 1 and cell 3 are
applied to each winding. In this case, since the voltage across
Ly and Ly comes from the voltage difference between V7,
and the cell voltage corresponding to each switch, the
changes of iz; and iz, are negligible. The voltage V., can be
expressed with the equivalent circuit shown in Fig. 3 (d) as
follow:

(12)

Mode 3[t,-#;]: Before S, turns on, the dead-time is
necessary to avoid shoot-through failure. Mode 3 also
indicates the dead-time. The voltage V7,3 can be expressed
with the equivalent circuit shown in Fig. 3 (c) as follows:

Vb + Veeus
Vimms = —L;( =Vp + Veeua

(13)
1+m

Since the voltage across Ly is very small, the variations of iz;
and iz, are negligible. The current equation of iz»> can be
expressed as shown in (14)

Vimms = Vo — Veeua

i2(t) = t—t)=0 (14)
( )

leZ

Mode 4[t;-t4]: This mode starts when Sy turns on. In this
mode, all the energy stored in L,, is transferred to the cell 4.
The analysis of this interval is the same as mode 4 of the
conventional flyback operation.

Mode 5[#+~t5]: During this mode, after all the energy stored
in L,, is transferred to the target cell, the resonance between
Coss and L, occurs until the next switching period of S;.

B. Forward operation

In the conventional cell balancing method, both the buck-
boost and flyback operations are used successively when the
cell balancing is achieved between non-adjacent even-
numbered or odd-numbered cells. Assuming that the source
and the target cell is cell 1 and cell 3, respectively, the energy
stored in the source cell can be transferred to the target cell
by two steps. In the first step, the energy stored in the cell 1
is transferred to the cell 2 by the buck-boost operation. The
buck-boost switching pattern is similar to that of the
conventional flyback operation. The switch located in the
source cell (cell 1) turns on to store the energy in the
transformer, and the switch located in the cell 2 turns on to
transfer the energy stored in the transformer to the cell 2. In
the second step, the energy stored in the cell 2 is transferred
to the cell 3 by the flyback operation. If the average
balancing current of each operation is all the same, the
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Fig. 5 Current paths of cell balancing circuit in the proposed forward
operation: (a) Mode 1, (b) Mode 3.
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Fig. 6 Equivalent circuit diagram of cell balancing circuit in the proposed
forward operation: (a) Mode 1, (b) Mode 3.

balancing speed is reduced to half of the single stage of the
flyback or buck-boost operations. To avoid the above
demerits, an enhanced cell balancing method is proposed in
this paper. This operation can transfer the energy between
non-adjacent even- or odd-numbered cells in a single
operation like the flyback and the buck-boost operations
without the balancing speed reduction. When the average
balancing current is identical, the balancing speed can be
improved around two times faster than that of the
conventional method. The proposed method is named as the
forward operation since the transformer delivers the cell
energy to the other cell like a typical forward converter. Fig.
5 and 6 show the current path and the equivalent circuit
corresponding to mode 1 and mode 3 of the proposed
forward operation, respectively. They are used for the
analysis of the current paths in each mode. The current path
and equivalent circuit for other modes are omitted because
they are repeated in the operating modes of the proposed
flyback method. Fig. 7 shows the theoretical waveforms of
each operating mode. The analysis includes the effect of the
turn-on resistance of the MOSFETs since the effect of the
turn-on resistance is more significant than the case of the
flyback operation. From Fig. 7, the analysis of the mode
operations will be presented. The detailed analysis for each
mode is as follows:

Mode 1[#—t;]: When S; and S, turn on simultaneously,
mode 1 starts. In this mode, the current i;; which has a
direction to charge the target cell is generated. When both
the switches turn on simultaneously, since alternative
voltage polarities are applied to each winding, the voltages
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Fig. 7 Theoretical waveforms of the proposed forward operation.

of the cells corresponding to the switches are applied to Ly;
and Ly.. Thus, the energy is not stored in L,, but only the
currents of i;; and iz, are generated. Fig. 6 (a) shows the
equivalent circuit during mode 1, and the current equations
of iz; and i, can be expressed as shown in (15).

Rgs

V —Bds;
Cell —e L )

Rds

() = i) = (15)

¢!

The peak magnitude of the current is determined by the
required average value of the balancing current. When the
peak value of the current is chosen, the duration of mode 1
can be determined by Ry and Ly. As the two parasitic
components increase, the duration of mode 1 becomes longer,
and more energy is discharged from cell 4 to generate the
peak magnitude of the current. If the discharged energy of
cell 4 is not compensated, a new cell imbalance may occur
due to the decrement of Vee;s during the balancing process.
Therefore, it is necessary to compensate for the energy
discharged from cell 4.

Mode 2[t;,—2]: When S, turns off, mode 2 starts. The dead-
time duration is required to prevent shoot-through faults
before S turns on. In this interval, only S; turns on. During
the dead-time interval, iz, completely discharges and charges
Coss3 and Cogq; then it flows through the antiparallel diode of
Ss.

Mode 3[¢>—t3]: When S; turns on, mode 3 starts. The energy
discharged from the source cell begins to transfer to the
target cell through the transformer and charge L,, at the same
time. In this mode, the current equation of iz, iz> and iz, can
be expressed with the equivalent circuit shown in Fig. 6 (b)

as follows:
(-9

_Ras _Ras,
Lik” ) 4+ i1e2€ Lik

VCell - VLm (t)

ip1(t) = R,
S

(16)
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Energy Transfer Ratio TABLE I. Design Parameters of Prototype Cell Balancing Circuit

85 Parameters Values
Jow 50 [kHz]
& Balancing L 2.78 [uH]
<7 Circuit K 0.948 /0.92
=5 Turn ratio 1:1
Model SLPB120255255
65 Battery Nominal voltage 3.7[V]
60 Capacity 75 [Ah]
0.99 0.98 0.97 0.96 0.94 0.93 0.91 Rps.psnpe (SISS27DN 13 [mQ
k MOSFET RDS,N,,_:,E ESIRISSDP)) 2.25[[m£1]

Fig. 8 Energy transfer ratio in the proposed forward operation according to
the coupling coefficient.

Energy Transfer Ratio Considering Resistive Component

—k=0.95

73 k=0.94
g k=093
<68 —k=0.92

o —k=0.91

58

0.25 0.35 0.45 0.55 0.65 0.75
[mQ]

Fig. 9 Energy transfer ratio in the proposed forward operation considering
different resistance component.

Vi (t) =V, _Ras _Ras
i) = —Lm( ;d Cell <1 —e let> +ip22€ Lic (17)
S
(ZVCell ZLmiLm,tZ)
R Ryt
ipm(t) = ds ds (18)
( 1 >_+(2Lm)
_Ras Ryt
1—e let ds

If the MOSFET is an ideal model, the slope of iz; and i1 is
determined by only Ly since Ry is zero in the turn-on state.
In practice, however, the MOSFET has several tens to
hundreds of milli-ohm as the turn-on resistance, which
increases the slope of the current i;; and i;» due to the
decrement in the time constant. As a result, high turn-on
resistance reduces the interval of mode 3. Therefore, it is
advantageous to use the MOSFET which has low Ry to
achieve high energy transfer capability.

As mentioned earlier, it is necessary to compensate for the
energy discharged from cell 4 during mode 1 to prevent the
cell imbalance. To achieve the compensation, the energy
stored in L,, during mode 3 is used. Therefore, this energy
should be equal to the amount of energy discharged from cell
4 during mode 1.

Mode 4[t—t4]: When S; turns off, mode 4 starts. For the
energy stored in L,, to be transferred to cell 4 in the energy
compensation duration (next mode) of cell 4, S; should be
turned on until i;; decreases to zero. If the current iz, is not
reduced to zero in mode 4, the current i;; decreases with a
constant slope by Lyx; in the next mode due to the same
phenomenon as mode 3 of the conventional flyback
operation. This can cause cell imbalance phenomenon by
transferring the energy stored in L,, to the non-target cell (cell
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2) located at the bottom of the source cell as well as cell 4.
The equivalent circuit in mode 4 is the same as Fig. 1 (d),
and the turn-on time of S can be expressed as follows:

RdsLmiLm,t3 +a
n (_ RysLlmipoes + a) (2L + LudLuc

Rgs(Lym + L)

(19)

ty—t3 =

where @ = (2L, + Lyg)Veeu + VpLiy

Mode 5[tsts]: When S; turns off, mode 5 starts. In this
interval, the energy stored in L,, is transferred to cell 4. To
compensate for the energy discharged in cell 4 during mode
1 and to prevent the core saturation of the transformer, the
energy charged in L, should be completely discharged
before the next switching cycle. In mode 5, the equivalent
circuit is the same as Fig. 3 (c), and the discharging time can
be expressed as (20).

Ls

= 20
Veeua +Vp (20)

ts — 1ty ir2,t4

Mode 6[t5—t5]: After all the energy stored in L,, is discharged,
the resonance with C,, and L, happens until the next
switching period.

In the proposed forward operation, the energy stored in the
source cell is discharged from mode 1 to mode 3, and the
discharged energy is transferred to the target cell during
mode 2 and mode 3. Therefore, the energy transfer ratio is
affected by the duration of mode 1 and mode 4 in which the
energy discharged from the source cell is not transferred to
the target cell. Particularly, it is mainly determined by the
duration of mode 1. The lower the coupling coefficient, the
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smaller the current slope of iz; and ir,. Therefore, the
duration of mode 1 increases and the energy transfer ratio
decreases. However, the energy transfer ratio of the proposed
balancing method is not significantly affected by the
coupling coefficient comparing with that of the conventional
flyback operation. Fig. 8 shows the energy transfer ratio in
the proposed forward operation. The parameters used in the
calculation of the energy transfer ratio are shown in Table I,
and Ry was assumed to 30 mQ. As mentioned previously,
the resistive component does not significantly affect the
energy transfer ratio of the flyback and buck-boost
operations. However, the energy transfer ratio of the forward
operation is affected by the resistance due to the time
constant presented in the current formula of each mode. Fig.
9 shows the effect of the resistive component (Ry) in the
energy transfer ratio. The energy transfer ratio can be
reduced not only by the low coupling coefficient, but also by
the high resistive component. Therefore, minimizing the
resistive component is advantageous for the energy transfer
capability and energy transfer ratio of the forward operation.

IV. EXPERIMENTAL RESULTS

The analysis of the conventional and proposed switching
patterns are verified by a 12-cell series connected 15 W cell
balancing circuit shown in Fig. 10. Table I shows the design
parameters of the cell balancing circuit. In the flyback, buck-
boost and forward operations, the RMS current flowing
through the transformer is assumed to be 4 A, and the multi-
winding transformers with coupling coefficients of about
0.948 and 0.92 were used in the experiments. Since the low
resistive component is essential for the forward operation,
MOSFET with low Ry are selected.

Fig. 11 (a) shows the switching signals and the
transformer winding currents of the conventional flyback
operation when the coupling coefficient is 0.948. After S;
turns off, a part of the energy stored in L, by the leakage
inductance is transferred to cell 2 until iz; decreases to zero.
In this case, the energy transfer ratio is around 68%. Fig. 11
(b) shows the switching signals and the transformer winding
currents of the proposed operation. The amount of energy
delivered to cell 2 is reduced by turning on S3 before S, turns
on. By using the proposed cell balancing method, most of the
energy stored in L,, can be effectively transferred to cell 4. In
this case, the energy transfer ratio is around 96%. The energy
transfer ratio improved by the proposed system around 28%
compared with the conventional cell balancing method.

Fig. 12 shows the winding current waveforms in the
flyback operation when the coupling coefficient is 0.92. In
the conventional switching method, the energy transfer ratio
is about 50%. As the coupling coefficient decreases, the
energy transferred to the non-target cell increases
significantly. However, when the proposed switching
method is used, the energy transfer ratio of 92% can be
achieved. The experiments have shown that the proposed
switching method can significantly improve the energy
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Fig. 11 Experimental waveforms (k=0.948) : (a) Switching signals and
current waveforms in the conventional flyback operation (Sus/div) (b)
Switching signals and current waveforms in the proposed flyback operation
(5us/div).
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Fig. 12 Experimental waveforms (k=0.92) : (a) Switching signals and
current waveforms in the conventional flyback operation (Sus/div) (b)
Switching signals and current waveforms in the proposed flyback operation
(Sus/div).

transfer ratio even with low coupling coefficients. Fig. 13 (a)
shows the switching signals and the transformer winding
currents of conventional buck-boost operation when the
coupling coefficient is about 0.948. Even using the
conventional cell balancing method, the energy stored in the
source cell (cell 1) can be effectively transferred to the target
cell (cell 2). In this case, the energy transfer ratio can
approach 99%. The experimental results show that the
leakage inductance does not affect the energy transfer ratio
of the buck-boost operation. Fig. 13 (b) shows the switching
signals and the transformer winding currents of the proposed

9
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S, P TABLE IV. Comparison of Cell Balancing Performance
S2 Balancing Energy Balancing Addltlo.nal
s .o k:0.948 Transfer X . balancing
3 conditions . o time [min] .
S, Ratio [%] operation
Between non | Conventional .
; -adjacent odd Flyback 68 38 Required
P! and even # Probos
posed Not
i cells Flyback % 4 required
L2
Sus/div Between ]‘3&11;1;—:(;215(1 96 111 eN(')te J
5A/div non-adjacent 5 Y 5 r ?\?li
11 Topose! O
(a) odd # cells Forward 3 36 required
S, P P
S2 flyback operation. It takes about 58 minutes to equalize the
- S3 voltage between cell 1 (source cell) and cell 4 (target cell).
4 The voltage of cell 2 (non-target cell) increases by about 4.2
it mV, and the SoC increases by about 0.6% during the cell
balancing operation. The increment of the voltage across the
- Sus/div non-target cell can cause an alternative cell imbalance.
i 5A/div Therefore, yvhen the ﬂybac.k. operation achie\./es during~ the
®) cell balancing process, additional cell balancing operations

Fig. 13 Experimental waveforms (k=0.948) : (a) Switching signals and
current waveforms in the conventional buck-boost operation (Sus/div), (b)
Switching signals and current waveforms in the proposed forward operation
(5us/div).

forward operation. Using the proposed cell balancing
method, the energy stored in cell 1 can be transferred to cell
3 in a single switching cycle. By shortening the energy
transfer path, the balancing speed can be improved. However,
the current slope in the duration when the energy is
transferred to the target cell is increased by the MOSFET's
Ry;. Also, the average current of the forward operation is
smaller than that of the flyback operation even under the
same RMS current condition.

To compare the balancing speed between using the
conventional and proposed switching patterns, the cell
balancing experiment is achieved by using the 15 W cell
balancing circuit. Cell balancing was performed using
operating voltage-based equalization strategies considering
overpotential according to the balancing current. Table II
shows the initial voltage and the SoC of each cell before the
balancing operation. Table III shows the balanced voltage
and the SoC of each cell after the balancing operations. The
SoC was estimated based on the OCV-SoC relationship
acquired with a cell charging/discharging test. The OCV
during the cell balancing operation is estimated with the
overpotential of cell. The overpotential of the cell is
experimentally measured for the designed balancing current,
4Arms. The results are summarized in Table III. Under all
the balancing operations, the initial voltage difference
between the source and target cells becomes around 50 mV,
and the SoC deviation comes to around 7.4%. For accurate
voltage measurements, each cell voltage has been measured
using a digital voltage sensor of LTC6804-2 manufactured
by Analog Devices. It represents the cell voltage in a 16-bit
resolution and has a precision of about 100 pV. Fig. 14 (a)
shows cell voltage waveforms using the conventional
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can be required due to the leakage energy transferred to the
non-target cell. This undesirable energy transfer decreases
the cell balancing speed and the efficiency of the balancing
circuit.

Fig. 14 (b) shows cell voltage waveforms using the
proposed flyback operation. It takes approximately 45
minutes for the cell voltage balancing, which is 13 minutes
shorter than the conventional method and improves the
balancing speed around 1.3 times faster than that of the
conventional method. Besides, the voltage change of cell 2
(non-target cell) is 0.2 mV during the balancing process,
which is much less than that of the conventional method.
Since additional cell balancing operations are not needed, the
efficiency of the cell balancing operation can be improved.
Fig. 14 (c) shows cell voltage waveforms in the conventional
buck-boost operation. The source cell and the target cell are
cell 1 and cell 2, respectively. The balancing time is
approximately 1 hour and 6 minutes. When the cell balancing
is achieved between cell 1 (source cell) and cell 3 (target cell)
in the conventional cell balancing method, the balancing
time is the sum of the flyback and buck-boost operations.
This is because both the buck-boost and flyback operations
must be used consecutively to transfer energy to the target
cell. Therefore, the total balancing time of the conventional
balancing method can be expected to be around 1 hour and
51 minutes. Fig. 14 (d) shows cell voltage waveforms in the
proposed forward operation, and the balancing time is
around 56 minutes. Compared with the conventional method,
the balancing speed is 2 times faster. In addition, cell 2 and
cell 4 which are non-target cells have only the little voltage
variations of 0.6 mV and 2.1 mV, respectively, during the
balancing process. Table IV shows the comparison of the cell
balancing performance between the conventional method
and the proposed method. From the experimental results, it
can be verified that the proposed flyback switching pattern
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and the forward operation mode can greatly improve the
balancing speed.

V. CONCLUSION

In this paper, the operation of the balancing circuit using
the multi-winding transformer is theoretically analyzed. Also,
the coupling coefficient effect of the transformer and
antiparallel diode of the MOSFETs for the energy transfer
ratio is analyzed. The conventional flyback operation is
strongly affected by the coupling coefficient. Low coupling
coefficient reduces the energy transfer ratio by creating a
path that transfers the cell energy to the non-target cells. This
additional path increases cell balancing time and causes cell
imbalance during the balancing process, which reduces
system efficiency. However, by using the proposed
switching modulation method, it is possible to minimize the
influence of the coupling coefficient in the flyback operation.

This paper also proposes the novel switching pattern which
can transfer the cell energy to the target cell in a single
operation. Experimental results show that the proposed
switching pattern can improve the balancing speed by
reducing the current path. The improvement of the proposed
switching pattern is verified by the cell balancing
experiments. By using the proposed switching method in the
flyback operation with a coupling coefficient of 0.948, the
energy transfer ratio is increased by a factor of 1.4, and the
balancing speed is 1.3 times faster than the conventional
switching method. Furthermore, when the balancing is
performed by the proposed forward operation, the balancing
speed is about 2 times faster than the conventional balancing
method. The performance of the proposed switching scheme
is verified by a 15 W cell balancing circuit.

TABLE II. Cell voltage and SoC measurements in the initial state

Conventional flyback Proposed flyback Buck-boost Proposed forward
Cell number Initial SoC Initial SoC Initial SoC Initial SoC
Voltage [V] [%] voltage [V] [%] Voltage [V] [%] Voltage [V] [%]
Cell 1 3.5750 25.8 3.5755 25.89 3.5750 25.8 3.5755 259
Cell 2 3.5498 21.83 3.5503 21.91 3.5245 18.33 3.5474 21.48
Cell 3 3.5489 21.7 3.5493 21.76 3.5468 214 3.5259 18.51
Cell 4 3.5250 18.39 3.5258 18.5 3.5465 21.35 3.5486 21.66
TABLE III. Cell voltage SoC measurements in the balanced state
Conventional flyback Proposed flyback Buck-boost Proposed forward
Balanced SoC Balanced SoC Balanced SoC Balanced SoC
Cell number
Voltage [V] [%] voltage [V] [%] Voltage [V] [%] Voltage [V] [%]
Cell 1 3.5440 21 3.5474 21.48 3.5477 21.53 3.5449 21.12
Cell 2 3.5540 22.46 3.5505 21.94 3.5474 21.48 3.5480 21.57
Cell 3 3.5484 21.63 3.5484 21.63 3.5465 21.35 3.5458 21.24
Cell 4 3.5443 21.03 3.5477 21.53 3.5461 21.29 3.5465 21.35
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