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Abstract—This paper proposed an optimized strategy to
enhance the capacity of a cascaded Lithium battery pack. An
active balance system is used to elongate the life cycle of
Lithium battery pack. The proposed techniques cover active
balance circuit, digital balance control module and Lithium
battery pack capacity optimized control strategy. By
integrating E-class series resonant circuit, shunted multi-
winding transformer, balance control switch and digital
control module, the cell charging/discharging process will be
divided into ten intervals. Every interval has its own linear
voltage versus surplus charge capacity relationship with
corresponding slope. Different proper balance factor is defined
for each interval to determine the action of balance switch. The
cell with voltage is below the average. The experiment is
performed by using Lithium battery pack 16S1P to investigate
the charging/discharging behavior of each cell and define
balance factor to switching action of balance control switch.
The battery pack function will be measured when experiencing
charge imbalance and optimized strategy is employed to
complete the balance requirement.

Keywords—Lithium battery; active balance circuit; optimal
strategy; balance factor; corresponding slope

L. INTRODUCTION

Due to predominance of environmental consciousness
accompanied with the modern technology, Electric Vehicle
(EV) and Hybrid Electric Vehicle (HEV) are playing the
major role in automobile industry. The electric vehicles
require DC voltage ranging from tens to hundreds volts, even
with thousands watt of power backup. Therefore, one single
cell can no more meet voltage, current and power
requirements for a modern electric vehicle. In general, the
high power applications of cell are accomplished by
connecting many single ones in series to obtain higher
voltage. The discrepancy among every single cell would lead
to significant influence. There exists minor difference among
every single cell when produced, let alone after long-time
usage. The single cell with poorer performance will create
vicious cycles and cut down the life cycle. Before the
standard life time, the whole cell is damaged. Therefore,
battery management [1] becomes an important issue in
practical application. The battery management includes
balanced charging technique and balanced discharging
technique. It aims at equalizing the charging amount and
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discharging amount on every single cell to ensure the
identical surplus charge and further storage efficiency of
battery pack.

A comprehensive battery management system includes
measurement, balancing, and protection [2]. Wherein,
precise measurement is the principal function. In the
charging process of Lithium battery, the voltage variation is
very minor. It is only in the end of charging and discharging
process, the cell voltage would appear abrupt change. Hence,
it is important to measure the voltage on every single cell
precisely. A battery management system is composed of
software and hardware. Its management is somewhat
different from the type of battery and can be accomplished
through investigating the battery characteristics, constructing
battery module and measuring battery electric charge within.
In a battery pack connected in series form, Cells with
identical capacity initially suffer from different capacity
reduction on every single cell after long time use as
demonstrated in Fig.1. In Fig. 1, Cell 1~Cell 3 are all
originally healthy battery with capacity I0AH. After being
used a period, Cell 1 still preserves its original capacity
10AH, Cell 2 keeps 9AH capacity while Cell 3 upholds
only 7AH capacity. The unbalanced capacity will lead to
unbalanced charging and discharging effect. The unhealthier
Cell 3 can only be charged to charging voltage limit 3.6V
for preventing from overcharging. At this point, Cell 1 and
Cell 2 possess only 3.4V and 3.5V respectively, leaving
15% and 10% correspondingly idle capacity. On the other
hand, the unhealthier Cell 3 can only be discharged to
discharging voltage limit 2.1V for preventing from under
charging while Cell 1 and Cell 2 reach 3V and 2.8V
respectively with 15% and 10% capacity unused. After long-
time usage, Cell 1 and Cell 2 in the cascaded battery pack
merely utilize 70% and 80% of their capacity with 30% and
20% idle capacity. The overall capacity of battery pack will,
inevitably, be drastically reduced. Therefore, charge balance
is an essential condition in a cascaded battery pack.



Available
Capacity
(7AH)
v

10AH
Cell 1

9AH
Cell 2

Fig. 1. Unbalance among cells in the battery set

With regard to battery management, to select a proper
balancing strategy is very important. Battery balancing
circuit is the prerequisite of battery management. In recent
years, many researches on battery balancing have been
proposed. It can be categorized into passive balance structure
[3] and active balance structure [4-5]. In the passive balance
structure, energy cannot be regenerated but only be
dissipated. It is commonly used in hybrid vehicle with less
patent trouble and high frequency interference. In another
respect, active balance structure possesses the merits of
determining charging proportion of the individual battery
according to its surplus charge amount. More, by using
energy storage devices such as inductor and capacitor, the
energy conversion can efficiently be accomplished. Thus,
active balance structure is more popular in the electric
vehicle applications.

Despite that the balanced battery can be fulfilled by
both passive balance circuit structure and active balance
circuit structure, great diversity among batteries still leads to
limited balancing effect. Therefore, a proper balancing
strategy plays the key role in the battery pack balancing. In
general, balancing strategy can be classified into voltage
balance method and charge balance method [6-7]. Voltage
balance method is to equalize the voltages on every single
cell after charging or discharging. Whereas, it exists the
drawbacks of unequal internal resistances among each cell,
thus rendering cell voltage unequal even for cells with
identical capacity. Charge balance method is a balance
scheme based on capacity of the individual cell. It merits to
subsidize single cell with lower charge and precisely
equalize the charge on every single cell. Whereas, it also
undergoes disadvantage of be constrained on the structure of
balance circuit. In the balancing process, only one single cell
can execute energy subsidization with simultaneous charging
multi-cells being not allowable. Also, as the balancing
current is too small, single cell of battery pack with more
charge might reach the charging voltage limit or discharging
voltage limit earlier, thus leading to full charge on single cell
with fewer charge being unattainable.

To summarize the above mentioned battery charging and
discharging methods, the active balancing circuit method is
used in this research to complete the battery balance
optimization. According to the literatures, Lithium Lithium
battery experiences drastic voltage change during the end of
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charging and discharging periods. Therefore, this research

presents a balancing strategy according to the derived slopes

of voltage versus SOC to regulate the voltage on individual

cells and balance the cell with insufficient charge thereon.

11 ACTIVE BALANCING CIRCUIT OF LITHIUM BATTERY
PACK

To achieve highly efficient balance charging and
discharging of Lithium battery pack, the high frequency
series resonant converter is used as the main frame of circuit
structure. The series resonant circuit is designed to operate as
inductive load to feature power switch with zero-voltage-
switching(ZVS) function. Through the high frequency
energy conversion of transformer along with series resonant
converter, the EMI effect can be reduced and energy
conversion efficiency can be increased.

In this research, a high-frequency series resonant
converter along with multi-winding transformer is used as
illustrated in Fig. 2. In Fig. 2, resonant circuit is operated
with high frequency sinusoidal wave energy conversion and
power switch is controlled to work in ZVS to reduce the
switching loss. Through the conduction and cut-off of power
switches S, and Sqehg, the amount of balance current can be
controlled by the calculation results from LabVIEW which
receives data from voltage and current detection module. The
balance control switches are connected in series with primary
windings of transformers. If control switch is cut off, no
energy will transfer to secondary winding. The multi-
winding transformer makes the individual conduction and
isolation of transformer possible. Hence, balance action can
be carried out with respect to single cell or any combination
of cells.

sy
Ao

Fig. 2. Active balancing circuit

III. THE STRATEGIC ANALYSIS OF LITHIUM BATTERY

CAPACITY OPTIMIZED

A. Charging balance strategic analysis :

In this research, Lithium battery characteristics are
measured by assigning 1C charging rate. As shown in Fig. 3,
the whole charging process is divided into early, medium,
and end three stages. The linear section within each stage can
further be divided into several intervals. The early stage is
divided into three intervals; medium stage is divided into
four intervals; end stage is divided into three intervals. The



relationships between voltage change and surplus of charge
are approximated by different slopes of lines as expressed in
(1). The complete charging period will be divided into ten
intervals, they are: interval I with battery voltage under 3.1V;
interval II between 3.1V and 3.3V; interval III between 3.3
and 3.35V; interval IV between 3.35V and 3.37V; interval V
between3.37V and 3.4V, interval VI between 3.4V and
3.43V; interval VII between 3.43V and 3.45V; interval VIII
between 3.45V and 3.49V; interval IX between 3.49V and
3.53V; interval X between 3.53V to 3.58V. According (1),
the line slopes of voltage change versus surplus of charge in
each interval are listed in Table I.

AV
m=—— (1
ASOC
. Chargecurve ,
V) | |
3.6 . .
s : :__//
: | |
3.4 ' i
e 1
3.3 r 1 1
3.2 : .
o,/ IV~VII . VII-X
R/ — | —>
2.9 E E
1 1
2.8
XN EIIIEEERTRR
SHMELEIRLSSSRRABLRLREGS
(80C)
Fig. 3. Charging curve of battery

TABLE L. SLOPES OF VOLTAGE CHANGE VERSUS SURPLUS OF
CHARGE CHANGE OF VARIOUS INTERVALS DURING CHARGING PERIOD
Interval AV ASOC m(AV/ASOC)
I 0.239V 1.90% 0.126
I 0.2V 9.30% 0.0215
I 0.05V 11.00% 0.00454
v 0.02V 7.90% 0.00253
v 0.03V 35.40% 0.0008
VI 0.03V 19.10% 0.00157
VIl 0.02V 3.80% 0.0052
VIII 0.02V 2.70% 0.0148
IX 0.04V 1.20% 0.03
X 0.05V 1.30% 0.03

By inspecting Table I, it reveals that intervals I~II and
intervals VIII~X are the pre- and post- charging periods
respectively. The voltage changes are more noticeable during
these intervals. Instead, the voltage fluctuation is smooth in
intervals IV~VII which dominate the most period of
charging. It can be observed that the slope of voltage change
versus surplus charge significantly affects the voltage
fluctuation as shown in Fig. 4. Fig. 4 displays the charging
curve of Lithium battery with 4% maximum difference in
surplus charge. Before the end of charging, the maximum
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and minimum voltage difference is 0.12V. In the end of
charging period, voltage undergoes more magnitude change.
The cell with more surplus charge will reach charging
voltage limit earlier, thus, resulting in incomplete charging
on cells with smaller surplus charge. It is overcome by
assigning different balance factor X, according to different
slope in each interval. With the difference of surplus charge
of all cells being kept under 1%, the voltage discrepancy
among cells would be smaller than 0.1V. During the
charging process, the Lithium battery pack is being charged
while being measured at the same time. The average voltage
is calculated and used to determine the corresponding
interval and its associated balance factor for achieving

balanced charging.

W)
3.6

AV=0.12V
35

3.4 — e

33

32
31 7/
3

29 “

28 [
0:00:01

0:30:01 0:40:01 0:50:01

(Time)

0:10:01 0:20:01

Fig. 4. Battery surplus charge with 4% maximum difference

B. Discharging balance strategic analysis

In this research, Lithium battery characteristics are
measured by assigning 1C discharging rate. As shown in Fig.
5, the whole discharging process is divided into early,
medium, end three stages. The linear section within each
stage can further be divided into several intervals. The early
stage is bisected into two intervals; medium stage is divided
into five intervals; end stage is divided into three intervals.
The relationships between voltage change and surplus of
charge are approximated by different slopes of lines. The
complete discharging period will be divided into ten
intervals, they are: interval I with battery voltage over 3.31V;
interval II between 3.31V and 3.29V; interval III between
3.29 and 3.25V; interval IV between 3.25V and 3.2V;
interval V between 3.2V and 3.15V; interval VI between
3.15V and 3.12V; interval VII between 3.12V and 3.09V;
interval VIII between 3.09V and 3.05V; interval IX
According (1), the line slopes of voltage change versus
surplus of charge in each interval are listed in Table II.
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Fig. 5. Discharging curve of battery

TABLE II. SLOPES OF VOLTAGE CHANGE VERSUS SURPLUS OF
CHARGE CHANGE OF VARIOUS INTERVALS DURING DISCHARGING PERIOD
Interval AV ASOC m(AV/ASOC)
I 0.058V 0.5% 0.1160
II 0.02V 0.8% 0.0250
I 0.04V 18.6% 0.0022
v 0.05V 37.7% 0.0013
v 0.05V 16.9% 0.0029
VI 0.03V 6.3% 0.0047
v 0.03V 3.6% 0.0083
VIII 0.04V 1.9% 0.0200
IX 0.15V 3% 0.0500
X 1.5V 2.7% 0.5550

Intervals I~II and intervals VIII~X represent earlier and
end stage of discharging period respectively. In these
intervals, the voltage change is evident. Conversely, the
voltage in intervals IV~VII, which dominates most of the
discharging period, alters smoothly. By observing the
different line slopes of voltage change with respect to surplus
of charge within different intervals, it can be roughly
recognized that the amount of voltage change is significantly
affected by the surplus of voltage as displayed in Fig. 6. Fig.
6 shows the discharging curve of a Lithium battery pack with
16 cells connected in series, in which, the maximum surplus
of charge being 2%. Just prior to the end of discharging, the
difference between maximum battery voltage and minimum
battery voltage is 0.3V. In the end of discharging period,
great voltage change would happen. Cells with lower surplus
of charge will reach discharging voltage limit earlier and
lead to capacity reduction of battery pack. In the process of
discharging balance, the power consumption of balance
circuit comes from Lithium itself. If too strict balance factor
is assigned, increased balance actions would result in extra
waste of energy. The available capacity might, therefore, be
curtailed. According to the slopes of each interval, different
balance factor X, is designated to keep the difference among
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all cells under 2%. During the discharging process, the
Lithium battery pack is being charged while being measured
at the same time. The average voltage is calculated and used
to determine the corresponding interval and its associated

balance factor for achieving balanced charging.

(\Y]
34

33 Ne—

32

31

AV=03V
ASOC=2%

B
[N

24

0:00:01 0:50:01

0:20:01 0:30:01

(Time)

0:10:01 0:40:01

Fig. 6. Discharging curve in case of 2% difference in battery surplus
charge

IV. EXPERIMENTAL RESULTS

In the experiment, a Lithium battery pack with 16cells
connected in series is used to test the performance of charge
balance. Balance charging/discharging is based on terminal
voltage to determine the balance factor. Before experiment,
one cell with minor different charge is placed within the
Lithium battery pack. The experiments are operated in 1C
charging and discharging rate to execute the balance
charging and discharging test.

A. Charging balance :

Fig. 7 is the charging curve of Lithium battery pack
without charging balance. Cell 1 is the one with minor
different charge. Fig. 7 shows that the voltage of Cell 1 rises
abruptly in the end stage and reaches the charging voltage
limit quickly. This leads to the incomplete charging of
Cell 2~Cell 16 to avoid overcharging of Lithium battery
pack. Merely 85% of battery capacity is charged.

A4
36

35
]

34 — —

33

32

3.1

0:20:01 0:30:01 0:40:01 0:50:01

(Time)

0:10:01

Fig. 7. Charging curve without balance charging

Fig. 8 is the charging curve of Lithium battery pack with
charging balance. In Fig. 8, it can be observed that there
exists voltage discrepancy among cells before charging.
Through the application of charging balance strategy, the



balance is achieved quickly and all cells exhibit the same
trace in the end. For thoroughly investigating the balance
process, the charging period is divided into three stages. Fig.
9 reveals the apparent charge discrepancy at the early stage.
The charging balance is performed while voltage detecting is
repeated until V- Vo< X,

Fig. 10 displays the medium stage of charging period. It
dominates most the charging period and possesses smooth
voltage profile. As mentioned above, it is divided into four
intervals IV~VII. According to Table I, intervals IV~VII, the
voltage change rates are smaller than 0.01. Despite that the
voltage discrepancy is minor during this stage, the voltage
difference must be kept within 1% to avoid the possible
increasing voltage difference in the final stage. The balance
mechanism is initiated when V,,-V,> X,

Fig. 11 displays the final stage of charging period. The
cell voltage difference becomes more and more apparent. As
the difference between V,, and V, is greater than X,
balanced charging keeps going until difference between V.,
and V, is smaller than X,. The balance charging mechanism
is terminated with charging continuing to the end. The final
battery voltage difference is 0.03V and 95% battery capacity
is completed. The validity of balance management is
effectively proved.
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Fig. 8. Charging curve after balance chargin,
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Fig. 9. Charging curves in the early stage
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Fig. 11. Charging curves of final stage

B. Discharging balance :

Fig. 12 is the discharging curve of Lithium battery pack
with charging balance. Cell 1 is the one with minor different
charge. Fig. 12 shows that the voltage of Cell 1 drops
abruptly in the end stage and reaches the discharging voltage
limit quickly. This leads to the incomplete discharging of
Cell 2~Cell_16 for avoiding over-discharging of Lithium
battery pack. Merely 85% of battery capacity is preserved.

™
3.6

0:20:01 0:30:01
(Time)

24
0:00:01 0:10:01 0:40:01

Fig. 12. Discharging curves without balance discharging

Fig. 13 is the discharging curve of Lithium battery pack
with charging balance. Through the application of
discharging balance strategy, the balance is achieved quickly
and all cells exhibit the same trace in the end. For thoroughly
investigating the balance process, the discharging period is
divided into three stages. Fig. 14 reveals the apparent charge



discrepancy at the early stage. The discharging balance is
performed while voltage detecting is repeated until Vy,-V,<
X

Fig. 15 displays the medium stage of discharging
period. Voltage on each cell has arrive at smooth region,
with voltage 3.2V. The voltage of worsened cell gradually
falls below the average voltage. The balance mechanism is
initiated when V,,-V> X,

Fig. 16 displays the final stage of discharging period. In
this stage, the declined slope of cell voltage becomes greater.
As the difference between V,, and V, is greater than X,
balanced charging keeps going until difference between V,,
and V, is smaller than X,. The balance discharging
mechanism is terminated with discharging continuing to the
end. The final battery voltage difference is 0.3V and 91%
battery capacity is completed. The validity of balance
management is effectively proved.
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Fig. 13. Discharging curves with balance discharging
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Fig. 14. Discharging curves in the early stage
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CONCLUSIONS

This research proposed a battery capacity optimized
strategy to enhance the storage capacity of a battery system
with cells being connected in series with a Lithium battery
pack. By dividing the linear region during the
charging/discharging process into ten intervals, the
corresponding slopes of battery voltages versus surplus of
charge are measured. Different balance factors are defined
based on slope changes within each interval. Active
balancing circuit is used to realize the proposed balancing
strategy. The experiment results have verified that the
proposed charging/discharging balancing strategy can
regulate the voltages according to the slopes of voltage
change versus surplus of charge. Eventually, the battery
balance charging can be carried out and the optimized
utilization of battery is accomplished.
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