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Abstract—In this paper, a simple and flexible active balancing
converter for lithium battery stack management is presented.
Based on multiphase inverter legs connected at each lithium
based battery potential, it is able to transfer energy from any
cell(s) to any cell(s). A simple "natural" balancing control
strategy is presented. Then, based on the high level of
integration, an interleaved evolution of the converter is
proposed for the downsizing of the passive components.
Simulation and experimental results are provided to
demonstrate the interest of the converter for active balancing of
lithium based battery stacks.

to any cell(s) while being simple to implement. Compared to
cell to cell active balancing systems [3], this architecture is
supposed more flexible and more efficient. This flexibility
compensate the design factor of this converter which is not
simple to manage with power devices rated at stack maximum
voltage and energy exchange at elementary cell voltage level.
.
II.

CELL BALANCING OPERATING PRINCIPLE

A.
I.

INTRODUCTION

Lithium based battery stacks need effective battery
management systems to prevent early state of health reduction
and failure occurrence due to overcharges. Active balancing is
considered [1,2] to guaranty voltage balance among series
connected cells while offering access to all available energy in
the stack even if elementary cells are non identical from their
storage capability point of views.
The paper presents a multiphase active balancing topology,
based on a natural balancing control strategy. It allows
transferring high energy quantities from any overcharged
cell(s) to any undercharged cell(s). This can be done under any
operating conditions applied to the stack, charge or discharge,
high or low rates. High power level design enables real time
active balancing which is required to take advantage of
unequally stored energies rates in the stack.
Based on the voltage source inverter topology, each phase
is connected at the potential available between two
consecutive battery cells through an inductor and is able to
maintain and regulate its potential as a fraction of the total
voltage available across the battery stack.
A DC capacitor tank is used to filter high frequency
currents coming from any phase(s) to any other phase(s). Fig.
1 below presents the topology and its connections to a battery
stack. The topology is able to transfer energy from any cell(s)
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Topology
The operating principle of this topology is based on the
natural cell balancing principle. The energy is delivered
naturally to where it is needed without any voltage or current
sensing.
It is not considered in this paper but this structure can also
work under the forced balancing principle. The energy given
or taken to each cell can be controlled by regulating the
current inside each inductor.
The cell balancing circuit (Fig. 1) is composed by N-1
parallel converter legs, where N is the number of cells in the
cell pack.
Each converter leg represents a modified buck-boost
converter which operates in continuous mode. Its input and
output voltages are composed by one or more cells connected
in series. As shown in Fig. 2 and Fig.3 the diode of the
typical buck-boost converter structure is replaced by
transistor in order to ensure bidirectional energy transfer and
the load is replaced by a voltage source which represents a
number of cells connected in series. For each inverter leg, the
input voltage source can be represented by a part of the stack
cells and the output voltage can be represented by the
remaining part of the stack cells as it is illustrated in figure 4.
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potentials. Therefore, for one period [0, T], the mean inductor
voltage has to be <VL>=0:

α.VIN = (1 − α).VOUT .

(2)

This yields that:

VOUT =

α
.VIN .
(1 − α)

(3)

Equations (4) and (5) show the way that the input voltage
VIN and the output voltage VOUT are defined.

Figure 1. Structure of the natural cell balancing device

VIN = m.VCELL ,

(4)

VOUT = ( N − m).VCELL .

(5)

T1

N – number of cells,
m – number of cells on the leg input,
VCELL – expected elementary cell voltage.

Figure 2. Typical buck-boost converter

Figure 3. Modified buck-boost converter structure

For each inverter leg, the transistors are commanded in
complementary mode with a duty cycle α fixed as a function
of the leg input and output voltages:

α=

VOUT
.
VIN + VOUT

(1)

Constant duty cycle high frequency switching patterns
generates on one side of the inductor an average voltage level
equal to a fraction of the total voltage available across the cell
pack. If all cells are balanced, the potential on the other side of
the inductor is the same. If it is not the case, a current flows
through the inductor in a tentative to equalize both voltage

Figure 4. Converter legs input and otuput voltage definition

B. Defining cell balancing current value
The natural energy transfer from any overcharged cell(s) to
any undercharged cell(s) is possible thanks to balancing
current due to the unbalanced total voltage fraction on both
sides of the inductor.
The steady state balancing current value in each converter
leg is defined by the cells potential difference and the parasitic
resistances in the circuit. Fig. 5 shows the equivalent circuit of
one converter leg with lumped parasitic resistances where the
energy transfer is possible in the two directions from the
overcharged cell(s) to the undercharged cell(s). For instance
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on Fig. 5, if the voltage 1 (Vin) is greater than 2 (Vout), then
the solid lines show the energy transferred from the
overcharged cell to the undercharged cell. The thin lines show
the opposite case.
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Figure 5. Energy transfer from the overcharged cell(s) to the undercharged
cell(s)

As the voltage drops on the parasitic resistances are
considered, (2) is transformed to:
α.VIN − ( RCIN + RT 1 + RL ).α.I L = (1 − α).VOUT + ( RCOUT + RT 2 + RL ).(1 − α).I L

As the cell internal resistance, the transistor resistance and
the inductor resistance values are fixed and defined by the
fabrication process and the component design and selection,
the balancing current values depend only on the unbalanced
voltage fractions of the both sides of the inductors’ terminals.
Balancing currents flow naturally in the good directions, from
where the voltage potential fraction is greater to where the
voltage potential fraction is smaller to keep voltages equal. If
the voltage unbalance concerns two cells, the balancing
current is positive for the overcharged cell and negative for the
undercharged cell. Nevertheless, the absolute value of the
mean balancing current is greater at the beginning of the cell
equalization process when the cell potential difference is
greater and its value decreases with the cell voltage
equalization when the cell potential difference decreases. It is
possible that the balancing current reach very high values in
case of high cell voltage mismatch. Therefore, the
implementation of current regulator will be mandatory in
order to avoid the device destruction but this is not considered
in this paper.
C. Simulation results
A structure of 8 cell balancing devices has been simulated.
Fig. 6 shows the cell voltage equalization where different cell
voltages have been defined. Since it is a natural balancing,
voltage and current are not controlled and before the final
equalizing, some transient can appear.
3.38

This in return yields the mean steady state balancing
current expression:

α.( RCIN

equilibreur 8c 1br

3.25

α.VIN − (1 − α).VOUT
(7)
+ RT 1 ) + (1 − α).( RCOUT + RT 2 ) + RL

Cell voltages [V]

IL =

XY Plot 2

Ansoft LLC

(6)

3.13

RT1, RT2, – transistor static drain-source on resistance,
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The input and output cell internal resistances are the sum
of the total number of internal resistances of the cells which
compose the input and the output converter leg voltage
sources:
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Figure 6. Cell voltage equalization of 8 cells

RCIN = m.RC ,

(8)

RCOUT = ( N − m).RC .

(9)

For the purpose of reducing the time simulation, the cell
capacity in the model has been supposed equal to 0.1mAh.
The simulation considers the parasitic resistances from Fig. 5
as they are defined:
Rc=10mΩ, RL=20mΩ, RT1=RT2=20 mΩ, L=120µH,
f=100kHz and Vbattery=25V.

where RC is the internal resistance of one cell.
If the transistors resistances are considered the same, (7)
can be simplified:

IL =

α.RCIN

α.VIN − (1 − α).VOUT
+ (1 − α).( RCOUT ) + RT + RL

Fig. 7 shows the cell balancing current variations for each
converter leg in the cell balancing structure.

(10)
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Multiphase converters (Fig. 8) [6, 7] allow a significant
spread of the current flow in each component and a better
thermal management while offering substantial voltage and
current ripple reductions. On a standard inverter leg, all the
current passes through the two transistors of the converter, but
thanks to the interleaved topology, the current and resulting
conduction and switching losses are shared among the
different active devices. The possibility to replace the standard
magnetic cores with coupled inductors reduces also the
inductors size. The increase of the active devices number (in
the red square, Fig. 8) can be compensated using the
monolithic integration techniques [8, 9].

Figure 7.

Balancing current evolution for 8 cells

Simulation results show how the balancing currents values
decrease with the cell voltage equalization. There are different
balancing current values because there are different cell
voltage misbalances. Moreover, as all the inductors are
designed depending on the greatest cell balancing current
ripple (ΔIL=0.5 A max for α=0.5), the cell balancing current
ripple is different for each converter leg. This could be
optimized by designing an inductor for each duty cycle and
converter leg but it is not considered in this paper.
Nevertheless, the volume of this structure is depending mostly
of the inductors design, which is dependent on the DC bus
voltage level, the switching frequency and the maximum
current level.
As a result, the inductors design factor is not optimized
because the voltage ripple across the device is large compared
to the voltage of one cell. This introduces a limitation of the
structure which can not be applied efficiently if the number of
cell is too large.
Since the architecture of this balancing converter is very
generic, it has been decided to develop an interleaved
topology in which duty cycles are fixed, making possible to
optimize greatly the storage requirements on the passive
filtering devices.
Interleaving each leg of this cell balancing topology will
drastically increase the number of active devices and the
number of interconnections. But integration of large number
of active devices based on CMOS technology is possible for
low voltage applications [4]. Therefore, an optimization
solution by interleaving this cell balancing structure is
proposed in the next section of the paper.
III.

Figure 8. An interleaved cell balancing leg

B. Theoretical design : coupled inductors
For the design of this converter, a particular attention is
given to the coupled inductors.
The continuous component of the current creates in the
magnetic core an induction which has to be compensated by
well coupled windings in order to reduce the magnetic core
size. But on another hand, some leakage is needed to control
the energy transfer and the current ripple inside the converter.
It is interesting to notify that since natural balancing is used
for the control of the converter, duty cycles are fixed. This
simplifies and allows optimizing the design of the coupled
inductors.
The following expression is used to establish the needed
leakage inductor value for coupled inductors in interleaved
converter:

Lf =

2 ⋅ VIN ⋅ sin(π ⋅ q ⋅ α)
q ⋅ π ⋅ ΔIs ⋅ 2 ⋅ π ⋅ f

(11)

VIN – input voltage of the converter (i.e. the battery stack
voltage);
q – number of interleaved phases;

INTERLEAVING THE CELL BALANCING DEVICE

A. Optimization of the inverter leg
The volume of the inverter leg structure depends mainly
on the inductors’ design and the converter’s parameters such
as voltage, frequency and maximum current. In order to
greatly reduce this volume, a solution based on interleaved
converter [5] is chosen.
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f – switching frequency;
ΔIs – desired output current ripple.

Some simulation parameters are identical to the previous
model in II.C: Rc=10mΩ, RL=20mΩ, RT1=RT2=20 mΩ.
Except f=250 kHz and Lleakage=3.2 µH.
Finally, the balancing device is validated with the
interleaved structure and the waveforms found are classical for
this converter type.
IV.

Figure 9. Variation of leakage inductor (µH) in function of duty cycle for
Vin=25.6V, q=5, f=250kHz and ΔIs=1A.

Then, depending on the desired coupling factor k, the self
inductance Lm can be found with:

Lm =

k
⋅ Lf
1− k

EXPERIMENTAL RESULTS AND DISCUSSION

A. Realization of 8 cells balancing device
First a non-interleaved cell balancing device module for 8
cells (24 V), 5 A maximum balancing current, 500 mA
maximum balancing current ripple and 100 kHz switching
frequency is designed and built. The pictures on Fig. 11 and
Fig. 12 show different views of the first prototype.

(12)

Fig.9 (about leakage inductor and current ripple) shows an
interesting point for the designing of interleaved converter
with coupled inductors. In fact if the duty cycle of a N phase
interleaved converter is a multiple of 1/N, there is no output
current ripple. This can optimize the output filter of the
converter but not the inductor itself. In this case no leakage
inductor is needed for output ripple but there is still a current
ripple inside the inductors which has to be controlled by
leakage inductors.
C. Simulation results
The converter is simulated with the following parameters:
8 cells battery stack (24V nominal voltage), 5 interleaved
phases connected to the central potential of the stack and 50%
duty cycle. As it is shown on Fig 9, a 50% duty cycle is the
worst case for 5 phase converter because it forces the leakage
inductor to be maximal for a given current ripple. In other
words, for the same inductor, the other duty cycles will
produce a smaller ripple.

Figure 11. First prototype for 8 cells balancing device

Fig. 10 presents the phases’ current inside an interleaved
leg during a balancing operation. The voltages convergence is
the same as presented in Fig.6.

Figure 12. Another view of the first prototype for 8 cells balancing device

For the tests the control signals of each converter leg are
generated by a microcontroller as shown on Fig. 13.

Figure 10. Phase currents inside an interleaved leg
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Figure 15. Balancing current variation between two adjecent cells

The balancing current value decreases with the cell voltage
equalization which confirms the theoretical analysis and the
simulation results of the topology.
The main disadvantage of this structure remains its volume
which depends on the inductors’ size. Moreover, with the
actual topology and its realization, the current ratings cannot
be increased without increasing the inductors size as well.
GND
Figure 13. Command strategy of 8 cells balancing device

B. Experimental results
The cell balancing converter functionality is
experimentally tested and validated. Fig. 14 presents the
voltage variation for imbalanced cells of 10 Ah for 60 minutes
time of voltage equalization
3.4

C. of one interleaved cell balancing converter leg
A 5 phase converter with the same input voltage but
increased switching frequency at 250 kHz, 10 A cell balancing
current and 0.5A current ripple in each inductor is designed.
The magnetic core used for the realization of the coupled
inductor is ER95 and the total inductors' volume is reduced
almost by a factor of ten (see Fig. 17 and Fig. 18) compared to
the single classical inductor realized with a ETD29 magnetic
core which is used in the standard 8 cell balancing device (Fig.
11 and Fig. 12).
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Figure 16. Comparison between ETD29 and E95 magnetic core sizes
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Figure 14. Voltage variation of 8 unbalanced cells

Figure 17. A coupled inductor realized on an ER95
core. Winding turns: 6, central gap: 0.07mm, self
inductance: 17.2µH, leakage inductance: 3.2µH

The balancing current variation between two voltage
imbalanced cells under heavy unbalance of 0.5 V is presented
on Fig. 16

Fig. 18 presents a picture of an interleaved leg prototype.
Its volume has been shrinked compared to the first device but
at the cost of a greater complexity: a five phase converter of
15 cm3 compared to the conventional one leg converter of 80
cm3.
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Figure 18. Volume optimized prototype of one leg of the first balancing
device

Fig. 19 and Fig. 20 show results during operation. The
measured currents validate the simulation results. There is a
0.5A ripple current in each phase and all the phase currents are
well balanced without any regulation. This is due to the
natural balancing technique which considers the series
parasitic resistance as dimensioning and regulating elements.
Therefore, the current naturally spread over all interleaved
inverter legs, making simple and reliable the implementation.

Figure 20. Thermal picture in natural convection of the interleaved
converter on a resistive charge at 10A output current, 24V input voltage and
50% duty cycle

Figure 19. Phase currents (grey curves) inside the interleaved converter.
Channel 2 is the output voltage on a resistive charge without filtering
capacitor. Channel 1 is the voltage in the middle of a switching leg. Channel
4 is the ouput current.

The thermal result confirms that the losses are shared in all
components. On Fig. 20, the heat is distributed quite well on
the printed circuit board, except on the left side. The color
scale on the picture shows that there is a maximum 5°C
difference between the inductors and 15°C between the active
components. This difference on active components
temperature can be explained by the presence of the power
tracks (on the bottom layer of the printed circuit board) and
connectors which drain the heat and so decrease the
temperature around this area the board.
Finally, Fig. 21 represents a picture of the balancing
converter with an optimized leg under operation. The 8 cell
conventional balancing device is connected to a battery stack
except one leg which is replaced by the interleaved optimized
leg.

Figure 21. 8 cells balancing device prototype with a leg replaced by an
interleaved converter

The battery used for this experimentation has the following
specifications: 24V - 10A.h Li-ion. Its initial state showed on
Fig.23 has a cell heavily unbalanced at 2.9V as the other ones
are between 3.2V and 3.3V.
The experimental results correspond to what could be
expected in terms of functionality. 60 minutes after the
beginning of the operation, all the cells have a voltage
difference less than 100mV.
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Figure 22. Voltage (V) of each cell upon time (min) during equalization of an
8 cell battery stack.

These equalization durations could be improved. In fact,
on the test bench, there are many parasitic resistances which
limit the balancing currents. These resistances are due to fuses
and many connections implemented in order to protect the
cells and the converters.
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Another way to reduce the balancing duration, i.e. another
way to increase the balancing currents, can be the use of
forced balancing. However, this would induce to act on the
duty cycles and also to sense voltage and currents across each
battery cell. This is left for the future works.
V.

CONCLUSION

In this paper, a multiphase converter for cell balancing is
proposed. This topology is based on the natural cell balancing
principle, where the energy is delivered naturally to where it is
needed without any voltage or current sensing and control. A
structure for 8 cell balancing is designed and built. The
simulated and experimental results demonstrate its
functionality. The main disadvantage of this structure is the
inductors volume directly linked to the converter parameters
such a maximum current or switching frequency, which
increases the total converter volume.
A solution based on interleaving of each converter leg with
coupled inductors is proposed. If the number of
interconnections and of active devices is increased, the
reduction of passive devices volume is effective. Thanks to
functional and hybrid integration, this approach could be
nevertheless very attractive for lithium bas battery active
balancing.
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