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Abstract. An approach to the analysis and design of a
bidirectional DC power converter for the cell voltage balancing
control of a series connected lithium-ion battery string is
presented in this paper. The proposed Cell Balancing Circuit
(CBCQ) is designed to transfer the energy from the fully charged
battery cell to the weakest one using a switch mode power
converter operation. This operation maintains cell batteries at the
same State-Of-Charge (SOC) and voltage range. Unlike previous
battery balancing circuits, the balancing method uses only one
magnetic component, resulting small size system. Simulation and
experimental results show that the proposed cell balancing
method can not only enhance the bidirectional battery
equalization performance, but can also reduce the switching loss
during the equalization period. Experiment results are provided to
verify the operating principle of the proposed balancing method.
Specific conditions of experiments are used to reproduce
photovoltaic operations.
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1. Introduction

Because a single battery cell presents low nominal
voltage (limited due to the active materials chemistry),
battery cells are usually connected in series to be
employed in many applications, such as electric vehicles
(EV), hybrid electric vehicles (HEV), photovoltaic (PV)
systems or telecommunication battery energy systems.
Unbalanced cell voltage within a series string can be
attributed to the differences in the cell’s internal resistance,
unbalanced State-Of-Charge (SOC) between cells,
degradation and the ambient temperature gradients during
charging and discharging [1]-[2]. Voltage monitoring and
current diversion equalization circuits and Battery
Management Systems (BMS) have been developed to
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prevent unbalances during charging and discharging in a
series connected battery cells [3]. This repeated charge
and discharge phenomenon causes a cell mismatch
problem because lithium-ion batteries have inevitable
differences in chemical and electrical characteristics from
manufacturing, and accelerate asymmetrical cell
degradation with aging [4]. The problem is that when
these imbalanced batteries are left in use without any
control, such as cell balancing, the energy storage
capacity decreases severely, and in the worst case, there
may be an explosion or fire. Lithium-ion batteries require
careful management, particularly with regard to
overcharge and undercharge problems. Thus, charge
equalization for a series connected battery string is
necessary to prevent these phenomena and extend the
useful lifetime. Numerous charge balancing circuits have
been presented and well summarized in [5]. They can be
classified into two categories, dissipative and non-
dissipative. Example of dissipative balancing method
could be based on shunt resistive method. It is the
simplest and cheapest cell balancing. This method could
be operated continuously on each cell independently but
this method presents high energy losses, which reduces
the energy efficiency. Example of a non-dissipative
method could be based on multiple winding transformers
with advantage of being an effective low-cost
equalization, but it is difficult to implement multiple
windings in a single transformer [6]. In a dedicated DC
converter approach, a very low voltage stress can be
achieved because the use of a bidirectional DC converter,
but there is a high complexity of controlling the
bidirectional DC power converter [7]. Another non
dissipative method could be based on a switched
capacitor applied to every two adjacent cells [8]. This
method can balance cells in a short time, but it requires a
large number of switches, so lots of energy is dissipated
in the switches and capacitor. The main contribution of
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this paper is the use of an active cell balancing method in
the design and analysis of the individual cell balancing
control of the lithium-ion battery strings used in
photovoltaic applications. A specific charge controller has
been inserted in the conversion chain to optimize the
charge of the battery pack and presented in section II. In
section 111, a brief description of a shunt balancing method
based on dissipative resistance is exposed. In section IV,
the principle of the active cell balancing method is
presented using micro converters buck-boost. Two
designed cases are used to demonstrate the performance in
the proposed active balancing method for reducing losses
and increasing the equalization efficiency and battery
string capacity. Both balancing method will be compared
applying PV production profiles. Analysis of losses is also
included to evaluate performances of each method. In
section IV, two practical designs example and
experimental results are presented to compare both
balancing methods in specific operation conditions.

2. System configuration
A. Architecture Specifications

To improve the photovoltaic conversion chain, it is usually
used DC power converters associated with a MPPT control
optimizing the research of the Maximum Power Point
(MPP) delivered by the PV generator. Coupling with a
controlled storage system, the PV conversion chain will be
obviously more efficient. Figure 1 describes the functional
architecture of the power architecture module with all
subsystems included.

The architecture of the system studied includes a PV
generator, a storage system and an optimal conversion
chain including MPPT and electronic management system
with different electrical functions to be connected to a load
with a maximum security. The principal function of this
architecture is to transfer the Maximum Power from a PV
panel and store and/or restitute the energy to the load. For
that, an electronic management system was designed and
implemented on a microcontroller to control all
subsystems [9]. The DC power converter connected to the
PV generator is associated with a Maximum Power Point
Tracking (MPPT) optimizing the research of the
Maximum Power delivered by the PV generator. The non-
reversibility of this static converter will protect the panel
from a possible battery discharge of electrical current.
Electronic management system and energy transfer
regulator will ensure the management of the battery,
protection and control system included in the power
converter.

Power Architecture Module

Switched ]
PV Mode Battery Management
Array Power System Load
Module Converter (Energy Transfer Regulator)
MPPT Li-ion Cell Balancing
Control Battery Circuit

Fig. 1. Functional power architecture module.
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Control algorithms would be adapted to the lithium-
ion electrochemistry used (i.e. lithium nickel oxide). The
developed operating system takes into consideration
several characteristics of the individual battery cells and
manages, depending on the load profile, the energy flow
which has to be controlled.

B.  Example of Lithium-ion battery Specifications

Actual active materials for lithium-ion batteries
present excellent properties of cyclability and lifetime.
Research has been based on the storage system
adaptation to improve efficiency. A conventional couple
of electrodes, natural graphite (LiC¢) for the negative
electrode and lithium nickel oxide (Li(Ni,Co,Al)O,) for
the positive electrode, has been studied and integrated to
the power module. This electrochemical system has
demonstrated in cylindrical design cell its high
cyclability (over 4000 cycles at 80% Depth-Of-
Discharge) and its long lifetime (8 years without
demonstrating that the system has been aged
significantly) [10]. The batteries used in this power
module consist of stacks of 3.6V, 10 Amps Hour (Ah) Li-
ion cells. The battery pack contains six cells in series, a
nominal voltage of 21.6V. Curves of constant current
charge and discharge at 25°C are represented in Figure 2.
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Fig. 2. Battery cell charging (a) and discharging (b) voltage
curves at constant current C/10, 25°C.

Observing the slope of the charge and discharge curves
for this kind of lithium-ion technology, we can easily
estimate the State-Of-Charge of battery cells.

C. Context of the study

Researches of new topologies of power converters for
battery management have been done in the Laboratory
for Analysis and Architecture of Systems (LAAS) and
specifically for renewable energy applications. Two cell
balancing method have been elaborated to compare
performances in different working conditions. The first
solution developed is a classical structure, the shunt
balancing method, which will be our reference. The
second solution is based on micro converters and tries to
improve efficiency with same performances.
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3. Topology description of the shunt

balancing method

The shunt balancing method consists in discharging
cells whose voltages are superior to 20mV at the cell with
the value of the lowest voltage through a resistor network
of dissipation (Rgg,) and MOSFET (Mgg,). It's an active
balancing in terms of control via a microcontroller and
thermal dissipative (Joule effect). The speed of the
balancing will be proportional to the current through the
balancing resistances. Figure 3 represents the electrical
design of the shunt balancing method to n elements
connected in series. Balancing voltage between cells is
done through an algorithm introduced in a microcontroller.
This algorithm compares voltages of each cell battery and
activates MOSFET switches, if necessary. During charging
or discharging the battery pack, balancing is done by
diverting a portion of the current in the resistor Rgq.
Discharging cells with the highest potential difference
contributes to the balancing operation and bring all cell
voltages at equilibrium.

Estimated losses for this shunt balancing method can be
evaluated by the following equation:

n(Rdson * I%Q(t))+ REQ * I%Q(t)

With 7 the number of battery cells, Iz (A) the balancing
current and Rgo (Q) the dissipative resistance.
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Fig. 3. Principle circuit of the shunt cell balancing method for n
cell in series.

The values of the balancing current and balance sheet
losses for this method are given in section IV for several
experiments determining the average running time of the
active cell constituting the balancing network. The
experimental results corresponding to the development of
this method are analyzed and the successive improvements
as innovative solutions balancing tend to increase the
speed balancing. Figure 4 shows the experimental
prototype used to demonstrate the performance of the
proposed shunt balancing method in PV application.
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Fig. 4. Shunt cell balancing method prototype implemented for
6 cells in series.

4. Topology description of the active cell
balancing method

A Cell Balancing Circuit (CBC) for battery pack
applications has been proposed to equalize battery
strings. The bidirectional buck-boost battery equalization
circuit has many advantages such as a higher equalization
efficiency for non dissipative current diverts, and a
modular design approach. The disadvantage of this
equalization circuit is that the stored energy in the
inductor is transferred to the weakest cell only in the
second part of the switching period (Topr). Battery
equalization control should be implemented to restrict the
charge and discharge current to the allowable cell
limitations in the battery string. Cell balancing control is
designed to obtain the maximum capacity from the
battery string. However, battery string charging and
discharging are limited by any single cell reaching its
end-of-charge voltage and by low voltage threshold,
respectively. Cell balancing algorithms search to
efficiently remove energy from a stronger cell and
transfer that energy into a weaker one until the cell
voltage is equalized across all cells. Complete cell
voltage balancing is performed using a bidirectional DC
power converter based on the buck-boost converter.
Active balancing methods are intended to optimize the
charging of the battery pack to make it uniform for all
cells and thus avoid any voltage disparity that could
affect the life time of the battery pack [11].

The objective of this method is to use a set of active
components assembled on a bidirectional converter
operating as micro converters buck-boost for voltage
balancing between cells as shown in Figure 5. The
control algorithm associated has to manage state of all
MOSFETs included in the conversion system. For that,
the algorithm receives information from the BMS and
compares cells voltage to active cell balancing. The
target of this process is the pack battery charge
optimization in order to get the same charge for each cell
and so to get the optimum battery life time in PV
applications. The well known method is to discharge the
highest charged element through resistances. It is an easy
system but dissipative. The proposed solution is to use a
buck-boost converter to transfer the energy from the
highest charged battery to the lowest one and so on. The
developed algorithms will connect the highest cell in the
string to the converter input and the output to the lowest
one. Battery cells are classified by their voltage and state-
of-charge by a microcontroller (nC).
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Fig. 5. Principle circuit of cell balancing method using buck-
boost micro converter for n cell in series.

Micro converters will be controlled in voltage

according to the system, protections and the battery cells.
A SPI bus is used for the all dialogues between pC and
measurement devices. MOSFETs are most of the time high
side driven.
For example with two adjacent cells, if the cell noted Cell,
is fully charged and the Cell; is the lowest charged when
charging process, the current flows through the micro
converter following the path as shown in Figure 6.
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Fig. 6. Equivalent circuit of the buck-boost converter when
energy transfers between Cell, and Cell;.

During Ty = aT; Mpcap and M;cap => ON) the quantity

of charge which is transferred from battery Celly to the
inductor L is:

1. 1V
QCell4 =1y max@Ie = ——cclit (aTc )2 @)

2 ‘2L
During TOFF :(l—a)TC (M3C2D and M3c4[) == ON) the

quantity of charge which is transferred from inductor to
battery Cell; is:

1 Veely 2
Qceis = Qcets == —2(aT, ) 3)
2 L
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In the same way, the current passes of charging battery
and discharging battery can be selected by controlling the
gate signal of switches (MOSFETSs). When two or more
battery cells are fully charged, those battery cells have to
be discharged turn and turn about to avoid overcharging.

Table I shows an example, for 4 cells in series, different
possible switching (actions on Xn and Yn) and the inputs

of decoder controlled by the microcontroller.

Table 1. Switching actions on Xn and Yn

Cell;>Cell, | Cell>Cells | Cell;>Cell, | Cell;>Cell, | Cell,>Cell; | Cell;>Celly
Tox=0T, Xi-Yo Xi-Yo Xi-Yo X5-Y4 X5-Y Xo-Y
Torr=Te-Ton Xi-Y>2 Xo-Ys X5-Yy XoYy Xo-Y3 X5-Yy
Cell;>Cell; | Cell;>Cell, | Cell;>Celly | Cell,>Cell; | Cell;>Cell, | Cell;>Cells
———————— ——————— ———————————
Tox=0T, X3-Y, X3-Y, Xs-Y, XY X4Y; X4-Ys
Torr=Te-Ton Xo-Yy Xi-Y, X3-Y, XY, X,-Y, X5-Y3

The control of micro converters is realized by a
conventional voltage regulation. The operating time of
the converter are adjusted for balancing needs to maintain
permanently a maximum deviation of 20mV between
each cell. Using this method and following figure 5, we
can generalized to any cells of the battery pack through
the command of MOSFETs (figure 7).

Iceim

+ 1>>Xn [ Xm <<f
Veein —— i \
© n_ — Cell, Discharge Veein L §l L Charge Vceiim Celln —— Veelm
+
4“%“3 Mm%

E» Yn Ym <<:‘

Fig. 7. Equivalent circuit of the buck-boost converter when
energy transfers between Cell, and Cell;.

Estimated losses for this active cell balancing method can
be evaluated by the following equation:

2N(2R dson * i%rms (t ))+ 2N(2Vf * iLavg (t ))+ L * i%rms (t) (4)

With N the number of micro converters involved in the
balancing action where two cells are included at every
stage of balancing ; Ry, (€2), the conduction resistance
of the MOSFET; V;(V), the diode threshold voltage, and
1; (Q), the winding resistance of the inductor L.

To obtain efficient results it is necessary to use voltage
sensors with high accuracy allowing optimal control of
balancing actions. A LTC6802 is used to have a
maximum of voltage accuracy. A specific high
bootstrapped side control has been implemented to
control MOSFETs. Figure 8 shows the experimental
prototype used to demonstrate the performance of the
proposed active balancing method in PV application.
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Fig. 8. Active cell balancing method prototype implemented for 6
cells in series.

5. Experimental results

To validate proposed equalization circuits, the two
proposed balancing method was installed in a six cell
battery strings for experiment to verify the performance of
the proposed balancing methods. The driving signals for
the two equalization circuits were controlled using a
microcontroller based intelligent BMS system according to
the sensed cell voltages. The driving signals were
constructed using a logical switching algorithm following
the flowchart and the intelligent decision strategy of the
driving signal generating from the BMS and instructed by
a PIC18F6585 microcontroller.

The experiment consists to apply two different PV
profiles to charge the battery pack integrated at the power
module. Battery charging will be optimal and use a DC
power converter associated with a Maximum Power Point
Tracking (MPPT) optimizing the research of the maximum
power delivered by the PV generator. To perform results
and to compare both balancing method a solar array
simulator (Agilent E4360A) has been used. Figure 9 a)
shows a sunny profile with a maximum power, after two
hours working, at 30W and figure 9 b) shows a cloudy
profile representative of PV power variations. All profiles
applied to the system for experiment have a total duration
of four hours.

30 30
25 254
g 20 S 2
> >
3 15 15
& &
10 10
5 5]
0 T T T 1 T T T 1
00:00 01:00 02:00 03:00 0400 00:00 01:00 02:00 03:00 04:00
Time [h] Time [h]
a) b)

Fig. 9. Photovoltaic profiles a) Sunny day, b) Cloudy day.

Figures 10, 11, 13 and 14 show experiments of the power
module applying PV profiles described above. Results
show that using active balancing circuit the maximum
difference voltage, noted AVCell,,., between each cell
follow specifications defined at 20mV during the full time
experiment. Also, system data acquisition performs results
that the quantity of charge store into the battery is sensibly
the same for both experiments. Figure 12 and 15 resume
values of A4V Cell,,, and compare results without balancing
action. Conversion efficiency during battery charging with
active balancing method is around 91.5% applying a sunny
profile and 87.3% applying cloudy profile.
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Fig. 10. Experiment of the charge of six lithium-ion cell in
series with the shunt balancing method.
Test conditions: Sunny PV profile at 25°C.
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Fig. 11. Experiment of the charge of six lithium-ion cell in
series with the shunt balancing method.
Test conditions: Cloudy PV profile at 25°C.
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Fig. 12. Final results of AVCell,,, applying or not shunt cell
balancing for different PV Profiles.
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Fig. 13. Experiment of the charge of six lithium-ion cell in series
with the active balancing method.
Test conditions: Sunny PV profile at 25°C.
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Fig. 14. Experiment of the charge of six lithium-ion cell in series
with the active balancing method.
Test conditions: Cloudy PV profile at 25°C.
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Fig. 15. Final results of AVCell,,, applying or not active cell
balancing for different PV Profiles.
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6. Conclusion

An intelligent cell balancing circuit was proposed for
bidirectional battery equalization of a series connected
lithium-ion battery string. A buck-boost converter was
employed to improve the dynamic equalization
performance, and to guarantee that each cell voltage of
the lithium-ion battery string would be operated within
the safety region during the cell balancing period. The

advantages of the proposed intelligent battery
equalization circuit are summarized as follows.
= The proposed buck-boost converter topology

accelerates the equalizing process. The equalization
time is abbreviated and continuous compared with
the conventional shunt balancing method under the
same equalization conditions.

= The bidirectional cell balancing control circuit can
be used in the charging or discharging state to
extend lifetime of lithium-ion battery cells used in
photovoltaic applications.

In system design of a practical lithium-ion based
battery pack, the scope of cell imbalancing effects in the
battery string applications must be evaluated comparing
various solutions for cell balancing and execution time it
requires in the charge process.
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