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Abstract: In designing a battery management system for lithium-ion batteries, the
passive cell balancing method is more widely used compared to the active cell
balancing method due to lower cost. The aim of this study is to determine the
performance difference in terms of energy efficiency and balancing time between
both passive and active cell balancing. The switching shunt resistor passive cell
balancing and buck-boost active cell balancing in pairs are simulated and compared.
The buck-boost active cell balancing uses an inductor as an energy transfer medium
between cell-to-cell charging. The active cell balancing method proved to retain
3.93% SOC or 314.4 mAh more than the passive cell balancing method. Hence, the
active cell balancing method is more superior and should be considered to increase
lithium-ion battery lifespan in the long term.
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1. Introduction

Lithium-ion batteries have become the preferred power storage solution in a wide range of
applications. This is due to their high energy density, lightweight, and long cycle life. One critical aspect
of managing these batteries is the cell balancing system for multiple-cell battery packs. Cell balancing
is the process of equalizing the state of charge (SOC) and voltage among individual cells within a battery
pack. Lithium-ion battery packs are typically composed of multiple cells connected in series or parallel
configurations to achieve the desired voltage and capacity. Over time, variations in the performance
and degradation of individual cells can occur, leading to imbalances in SOC and voltage levels.

Cell imbalance in SOC and voltage levels may cause variations in the temperature of each
individual cell. A rise in the temperature of lithium-ion batteries will cause increased aging effects while
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the capacity will drop significantly at temperatures above 80°C [1]. Hence, it is important to control the
voltage equalization of the lithium-ion batteries.

Cell balancing is categorized into 2 types, which are passive cell balancing and active cell
balancing. Passive cell balancing consists of 2 types which are the switching shunt resistor and the fixed
shunt resistor [2]. On the other hand, active cell balancing uses a variety of methods such as capacitor,
inductor, transformer, or DC-DC converter [2]. In some cases, both active and passive cell balancing
can be integrated to achieve faster balancing speeds [3]. In this paper, the use of buck-boost active cell
balancing which is categorized under inductor-based active cell balancing method [4] will be compared
to the switching shunt resistor cell balancing.

2. Methodology

This chapter discusses the strategies used to accomplish the goal of the project. The performance
of a conventional cell balancing method of passive switching shunt resistor cell balancing will be
compared with active cell balancing in terms of speed of balancing and energy retention post-balancing.
The conditions for the simulation will be focused on the idle condition where the batteries are neither
charging nor discharging to fully compare the pure performance between both balancing methods. The
comparison between the two balancing methods is done through simulation utilizing the Simulink
software.

2.1 Switching shunt resistor passive cell balancing operation

The switching shunt resistor passive cell balancing represents the conventional cell balancing
circuit due to low cost and simplicity however, overcharging may occur which will result in battery
damage [5]. This passive cell balancing circuit operates by finding the cell with the lowest voltage, then
dissipates the energy of other cells through a resistor by turning on the associated MOSFETSs. The excess
energy of higher voltage cells is wasted as heat in this process hence, the circuit is not optimized in
terms of power management. Figure 1 shows the flowchart and the schematic diagram of the design.
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Figure 1: (a) Flowchart and (b) Schematic diagram of switching shunt resistor passive cell balancing
circuit

2.2 Buck-Boost-based active cell balancing operation and design

Figure 2 shows the schematic diagram of the buck-boost-based active cell balancing circuit in pairs.
In this design, the topology of the circuit is slightly different from a conventional active cell balancing
circuit. This is because the lithium-ion batteries are arranged in pairs which allows more than 1
balancing operation to occur at the same time for each cell. To balance a string of cells connected in
series, the conventional active cell balancing circuit, the cells can only transfer energy to adjacent cells.
The energy from non-adjacent cells must go through the cells in between them which contributes to
power loss. By using the pairing method, balancing can occur among any cells which causes less power
loss.

The active cell balancing circuit measures the voltage of each cell and then transfers energy from
the higher voltage cells to the lowest voltage cell. When there are 2 lowest voltage cells, the 2 cells will
be charged simultaneously by the higher cells. This will occur until all voltages equalize. Power loss
will still occur in terms of heat from the charging and discharging of the cells, switching losses, and
inductor losses. Each pairing of cells will have its own buck-boost converter where there are 2
MOSFETSs. For example, V1 and V2 are paired where U1A controls the charging of V2 by V1 while
U2A controls the charging of V1 by V2. Similarly, V3 and V4 are paired where U3A and U4A control
the charging between the two cells. The inductor L3 and MOSFETs U5A and U6A allow energy transfer
between the equivalent of pairs V1, V2 and V3, V4. Hence, each cell can transfer energy to up to 3
other cells at the same time.

As for the switching algorithm, when U1A turns on, the inductor L1 will be charged by V1. When
U1A is turned off, the inductor L1 will charge V2. V2 can charge V1 the same way by turning on U2A
to charge L1, and then turning off U2A to allow L1 to charge V1. The operations are the same for L2
as well. For L3, the equivalent of V1 and V2 will charge L3 by turning on USA. Turning off USA will
allow L3 to charge the equivalent of V3 and V4. The operation for UBA is the same where the equivalent
of V3 and V4 charges the equivalent of V1 and V2. The duty cycle of the MOSFETS is set to 0.5.
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Figure 2: Schematic diagram of buck-boost-based active cell balancing circuit in pairs

The flow of operation of the active cell balancing circuit is similar to the passive cell balancing
circuit. The only difference is the amount of MOSFETS to turn on. For example, the passive cell
balancing method has only one MOSFET associated with each cell while the active cell balancing
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method has 2 MOSFETS associated with each cell. V1 can charge V2 by turning on U1A and the
equivalent of V3 and V4 by turning on U5A at the same time. The same goes for the rest of the cells.
Figure 3 shows the flowchart of the active cell balancing circuit operation.
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Figure 3: Flowchart of buck-boost based active cell balancing circuit in pairs

Since all batteries have variation in voltage, a closed loop system to control the output of the buck-
boost converter can be considered. However, since charging of the higher SOC cell has higher voltage
than the lower SOC cell, the potential is high enough for the lower SOC cell to be charged. Hence, a
duty cycle of 0.5 can be used where Vin equals to Vout. This eliminates the need for a feedback loop
which increases complexity and cost of the circuit. The buck-boost converter is used as an energy
transfer medium between the cells. Since the output must be in continuous conduction mode (CCM)
where Vout equals to Vin, the duty cycle can be obtained as follows:

Vout D
=—— Eq.1
v, 1-p 1
V,
Vin + Vout
D =0.5

Since Vin = Vout, the inductor value is obtained to be OH due to canceling out in the formula.
Hence, the default value of 1mH and 1pF capacitor is used in the simulation.

2.3 System Parameters

The balancing circuit will be applied on four cells with initial state of charge (SOC) of 80%, 90%,
75%, and 95%. The nominal voltage of the cells is set to 3.6V where the maximum voltage at full charge
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is 4.19V. Since the rated capacity is set to 2Ah per cell, the total capacity of the system is 8Ah [6].
Table 1 lists the parameters specification of lithium-ion batteries.

Table 1: Parameters specification of lithium-ion battery

Item Parameter Name Variable Value Unit or Dimension
1 SOC of Battery 1 80.00 %
2 SOC of Battery 2 90.00 %
3 SOC of Battery 3 75.00 %
4 SOC of Battery 4 95.00 %
5 Nominal Voltage 3.60 V
6 Rated Capacity 2.00 Ah
7 Battery Response Time 30.00 S
8 Fully Charged Voltage 4.19 \Y
9 Nominal Discharge Current 0.87 A
10 Internal Resistance 0.018 Q
11 Initial Cell Temperature 20.00 °C
12 Capacity at Nominal Voltage 1.81 Ah

The buck-boost converter uses a 1mH inductor as an energy storage medium and a 1uF capacitor
to suppress high-frequency fluctuation in current due to the fast switching of the MOSFETS [4]. Table
2 lists the parameters specification of buck-boost converters.

Table 2: Parameters specification of buck-boost converters

Item Parameter Name Variable Value Unit or Dimension
1 Duty Cycle 0.5 Dimensionless
2 Inductor Value 1 mH
3 Capacitor Value 1 1uF

3. Results and Discussion

This section will discuss the performance comparison between the passive cell balancing method
and the active cell balancing method. By comparing the average SOC post-balancing operation, the
method with the higher average SOC is superior in terms of energy retention and efficiency. The SOC
balancing graph will be illustrated and discussed.

3.1 Conventional switching shunt resistor passive cell balancing simulation

A user-defined function is used to program the comparison between cell voltages where the output
is the MOSFET operation. The program is based on the flowchart in Figure 1(a) where the lowest cell
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is set to the desired value. The resistors are set to the default value which is 1Q. Figure 4 shows the
switching shunt resistor passive cell balancing simulation.
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Figure 4: Switching shunt resistor passive cell balancing simulation

A user-defined function is used to program the comparison between cell voltages where the output
is the MOSFET operation. The program is based on the flowchart in Figure 1 (a) where the lowest cell
is set to the desired value. The resistors are set to the default value which is 1Q.

The results show that the cell with the highest SOC will be prioritized to be discharged until it meets
the second-highest SOC cell. Battery 4 balances with battery 2 and both batteries are discharged by the
shunt resistor until both cells reach the SOC of battery 1. All 3 cells will continue to discharge at a
simultaneous rate to meet the lowest SOC cell at 75%. It takes 154.89s to balance all four cells. After
balancing, further discharge occurs due to the simulation algorithm trying to balance insignificant
voltage differences between the 4 batteries. Because of this, the batteries continue to further discharge
through the shunt resistor. To resolve this issue, the sensitivity can be decreased to ignore insignificant
voltage differences between the batteries. Figure 5 shows the switching shunt resistor passive cell
balancing results.
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Figure 5: Switching shunt resistor passive cell balancing results

3.2 Buck-Boost-based active cell balancing simulation

Like the passive cell balancing programming, a user-defined function is set to input the voltage of
each cell, compare them and output the switching of the MOSFETSs. However, the passive cell balancing
method only needs to find the lowest SOC cell. In this case, each cell voltage must be compared to the
other cell voltages. Comparison between voltages is done in pairs where battery 1 is compared with
battery 2, battery 3 is compared with battery 4, and battery 1 is compared with battery 3. After
comparing the voltages, the function will output the MOSFET switching to control the balancing
operation. This will be done until all cells are balanced. Figure 6 shows the Buck-boost Active cell
balancing simulation.

Figure 6: Buck-Boost active cell balancing simulation

Like the passive cell balancing programming, a user-defined function is set to input the voltage of
each cell, compare them, and output the switching of the MOSFETs. However, the passive cell
balancing method only needs to find the lowest SOC cell. In this case, each cell voltage must be
compared to the other cell voltages. Comparison between voltages is done in pairs where battery 1 is
compared with battery 2, battery 3 is compared with battery 4, and battery 1 is compared with battery
3. After comparing the voltages, the function will output the MOSFET switching to control the
balancing operation. This will be done until all cells are balanced.

Unlike the passive cell balancing results where the highest cell voltage was prioritized, the cell with
the lowest voltage is charged. Battery 3 was initially 75% charged by all 3 other batteries up until
batteries 1 and 3 converged. At that point, both batteries are then charged by both battery 2 and 4 until
battery 1,2 and 3 equalizes. The rate of SOC increment of the equalization gradually slows down as the
greater number of cells equalizes due to the capacity to be charged increases. At the point of
equalization, the SOC is recorded at 78.93% and took 72.39s to balance. The time taken to balance is
significantly less than the passive balancing method while at the same time, the circuit was able to retain
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3.93% average SOC more than the conventional passive balancing method. Figure 7 shows the Buck-
boost Active cell balancing results.
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Figure 7: Buck-Boost active cell balancing results

The active balancing method retained 3.93% more capacity compared to the passive cell balancing
method. This is because the active balancing method reduces power loss as heat by transferring energy
from higher voltage to lower voltage cells whereas the passive balancing method dissipates the higher
energy cells as heat to equalize with the lower energy cells. By using the ratio method, the capacity
retention can be calculated as shown below:

Capacity Retention = Average SOC Dif ference X Total Capacity  Eq.2
Capacity Retention = 3.93% X 84h
Capacity Retention = 314.40 mAh

Hence, the active balancing method is able to retain 314.40 mAh more than the passive cell
balancing method. This is true in an ideal condition where the battery conditions are set to the exact
parameters in the simulation. Table 2 shows the comparison of passive and active cell balancing.

Table 2: Comparison of passive and active cell balancing

ltem Parameter Name Variable Value Unit or Dimension
L Average Pre-Passive Cell Balancing 85.00 %
SOC
5 Average Post-Passive Cell Balancing 75.00 %
SOC
3 Time Taken (Passive Cell Balancing) 154.89 )
4 Average Pre-Active Cell Balancing 85.00 %
SOC
5 Average Post-Agg\ge Cell Balancing 78.93 %
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6 Time Taken (Active Cell Balancing) 72.39 S

Difference of Capacity between Active

and Passive Cell Balancing 314.40 mAh

4. Conclusion

The objective of this project was met where the performance between both balancing methods was
studied and discussed. It was proven that the active cell balancing method is superior in terms of energy
efficiency and balancing time compared to the passive cell balancing method. The use of any active cell
balancing method is highly recommended in all battery management systems although most active cell
balancing circuits require large volume and high cost. The benefits of active cell balancing lies in the
life span preservation of lithium-ion batteries.
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