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Abstract: This paper analyzes the cause of electric vehicle battery fires. The fundamental cause is
attributed to a low cell balance current, and it is proven that the variation in the battery’s internal
voltage due to temperature change is the decisive reason for battery fires. In this paper, the authors
studied a method of solving the problem by changing only the software of the existing Battery
Management System (BMS) without changing the hardware. Batteries cannot be made with 100%
capacity, resulting in voltage division. Cell balancing is performed to prevent such phenomena, but
a low cell balance current prevents the proper operation of cell balancing. As a result, relatively
small batteries, due to progressive degradation, have continuous voltage rise toward overvoltage.
Subsequently, an additional voltage rise occurs as the chemical activity of the battery increases due to
temperature rise. In this paper, a new cell balancing method is proposed to limit the aging process
of cells with a relatively small capacity and peak voltage. In addition, it was validated through
simulation using MATLAB R2019a.

Keywords: battery fire; battery aging; allowed capacity deviation; series-connected battery; chemical
reaction activity

1. Introduction

The emergence of lithium-ion batteries, which have high energy density, has enabled
the popularization of batteries. This has allowed for their application in various fields,
and they have been widely adopted in society. However, there is a lack of research on the
fundamental causes of battery fires.

1.1. Series Connection of Batteries

When series-connected batteries are charged from a source, a voltage distribution
occurs across each battery [1-21]. When 100% capacity is equal, the voltage is evenly
distributed. However, it is impossible to produce batteries with 100% identical capacity
in mass production. In fact, with series-connected batteries, the voltage is not evenly
distributed across each battery. That is, different batteries have different charging voltages.
Additionally, each change in the capacity of series-connected batteries with a single current
loop also represents a different charging rate. Batteries with relatively small capacities
quickly rise in the state of charge (SOC). Conversely, batteries with relatively large capacities
have a slow rise in the SOC. The case of discharge is similar [15-22]. Different SOCs have
different Direct Current Internal Resistances (DCIRs) [22-38]. This causes a large potential
difference between each battery. In this way, each battery repeats charging and discharging
under different conditions.
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1.2. Differentiated Progressive Damages

Of course, the rate of aging proceeds differently [7,30-38]. As this phenomenon is
repeated, the aging of a battery with a relatively small capacity is accelerated. Most vehicle
battery fires occur while charging or after charging is complete [39-46]. Most of the battery
fires of large-capacity Energy Storage Systems (ESSs) occurred during the dormant period.
An electric vehicle fire case was studied in “Effect of Capacity Variation in Series-Connected
Batteries on Aging” [7]. The case of a large-capacity ESS was studied in “Energy Storage
System Safety Operation Plan by Preventing Overcharge During Relaxation Time” [45]. In
both cases, there was no problem at the beginning of mass production, but a fire occurred
during use. That is, a fire was caused by progressive damage. The fire occurred because
the cell balance did not properly work in the process of repeated charging and discharging.
As the battery capacity increased, the cell balance current also had to increase [47-50].

However, the increase in cell balance current caused high temperature heating and
caused the Battery Management System (BMS) to malfunction. The research on increasing
the cell balancing current was discontinued in the past because no major issues were found
with a low cell balancing current. In addition, the BMS still maintains the cell balance at
around 100 mA. However, if progressive damage occurs and accumulates over time, it can
lead to a fire. The purpose of this paper is to address the fundamental cause of electric
vehicle battery fires and find a solution that can be directly applied to existing BMSs. The
cause of electric vehicle battery fires can occur due to fundamental and decisive factors,
and, in Section 2, simulation comparison data for the fundamental causes are obtained,
and experimental data on voltage changes in batteries due to temperature fluctuations, a
decisive factor, are mentioned. Section 3 describes the proposed cell balancing method
and obtains simulation results. In Section 4, the existing simple voltage-based cell balance
method and the proposed cell balance method are compared and analyzed. In Section 5, the
conclusion of this study and future research goals are mentioned. The purpose of this paper
is to study a new cell balancing method that limits the occurrence of overvoltage in batteries
with a relatively small capacity due to the progressive damage of series-connected batteries.

2. Overvoltage of a Battery

The one-time charge usage time was extended due to user demand, resulting in an
increase in battery capacity over time. However, the cell balancing current remained at
around 100 mA due to the occurrence of high temperatures. In the past, the problem of a
low cell balancing current was not considered significant. However, this section explains
that it contributes to the cause of battery fires in series-connected batteries.

The currently developed BMSs are designed to protect the battery from external factors
such as overvoltage, overcurrent, and high temperatures. However, they are vulnerable
to voltage increases caused by the battery’s structure or in the battery itself. This section
explains the battery’s structure and the voltage increase caused by temperature changes.

2.1. Problem of Low Cell Balancing Current

Cell balance can be performed by the user at any time [12,15-18,47-50]. In particular,
cell balancing during charging requires special attention. In series-connected batteries, cell
balancing during charging reduces the total resistance value by connecting a resistor in
parallel with the battery. As a result, the value of the overall voltage distribution of series-
connected batteries is different. This section compares how a low cell balance current affects
the cell balance as a function of the voltage difference with and without the cell balance.

2.1.1. In the Case of Having Cell Balancing and in the Case of Not Having It

The authors conducted simulations for four series-connected batteries with and with-
out cell balancing. Bat #1, Bat #2, Bat #3, and Bat #4 were set to 60 Ah, 59.4 Ah, 60.6 Ah, and
60 Ah, respectively, assuming a battery tolerance of +1%. Figure 1a shows the simulation
model with and without cell balancing. Figure 1b shows the battery aging settings, where
all aging cycle variables for the batteries are the same, except for the values related to
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capacity, which differ according to the settings. The batteries in Figure 1 use the lithium-ion
battery library provided by MATLAB R2019a, and the CC-CV battery charger library also
provided by MATLAB R2019a was used.
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Figure 1. Serial battery simulation. (a) Serial-connected model; (b) with cell balance model; (c) battery
aging settings.

Figure 2 shows the Stateflow for the chart shown in Figure 1. Figure 2a shows the
Stateflow applied to Charts #1, #2, #3, and #4, which demonstrates a simple voltage
comparison cell balancing method commonly used in the industry. Cell balancing is
activated when a voltage difference of 30 mV or more is detected among the batteries and
stops when the voltage difference decreases to 10 mV or less. Figure 2b shows the Stateflow
for Chart #5, which illustrates the conditions for charging and discharging. Charging was
performed at 2 C and ended at 0.5 C in the constant voltage (CV) region, while discharging
was performed at 2 C.

Figure 3 shows the simulation results of Figure 1, where (a) shows the voltage results
and (b) shows the SOC results. The difference between the cases with and without cell
balancing cannot be easily observed due to a low cell balance. In Figure 3a, it was con-
firmed that the voltage of Bat #3 was the highest during charging and the lowest during
discharging. This phenomenon was explained in the paper “Effect of capacity variation
in series-connected batteries on aging” as occurring because the discharge and charge of
relatively smaller batteries occur relatively quickly.
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Figure 2. Stateflow of chart in Figure 1a. (a) Charts #1, #2, #3, and #4; (b) chart #5.
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Figure 3. One cycle of simulation results. (a) Serial-connected voltage; (b) with cell balance voltage;

(c) serial-connected SOC; (d) with cell balance SOC.

During the constant current (CC) charging phase, if the ideal capacity of the batter-
ies is the same, the voltage of each battery should be equally distributed, as shown in

Equation (1).
Vbat1 = Vbat2 = Vpats = Vbau

M

However, if there is a deviation in the battery capacity, as shown in Figure 3, Equation (2)
applies. In Equation (2), the initial voltage of each battery is different, there is no voltage
limit during the CC phase, and the rise in voltage is determined by the internal resistance

of each battery because the charging current is the same for all batteries.

V,batl = Vpat1 * lcc X Rpat, V/batZ = Vparz + lcc X Rparz, V,bat?) = Vpas + lcc X Rpaw, V/bat4 = Vpau + Icc X Rpau
Vpatin: €ach battery’s charging voltage; Vp,un: each battery’s initial charging voltage;

Icc: steady-state current of the constant current region; Ry, : the DCIR for each battery’s SOC.

@
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During the CV phase that follows, voltage redistribution occurs due to the voltage
limit of the charging voltage and the different SOCs, as shown in Equation (3).

Vev = Viatl + Va2 + Vbats + Viats
Vev =174 x Vev +Icv X Rpart /Riotal = 1/4 X Icy X Reotar) +
(174 x Ve +Iev X Rpat/Reotal — 1/4 X Icv X Reotal) +
(1/4 x Vey + ey X Rpag/Riotal — 1/4 X Iy X Reotal) +
(174 x Ve +Iev X Rpara/Reotal — 1/4 X Icv X Reotal),
Viat1 —1/4 X Vey = (ev X Rpat /Riotal — 1/4 X Icv X Riotar)
=Icv X (Rbatt — 1/4 X Reotar®) /Reotals 3)
Vbatr — 1/4 x Vey =Iey X (Roag — 1/4 X Rygtar®)/Reotal,
Vbas — 1/4 X Vey = ley X (Rpas — 1/4 X Rioral?) / Reotal,
Vbats — 1/4 X Vey =ley X (Rpaw — 1/4 X Reotal?)/ Reotal
Vcy: charger’s target charging voltage;
Icy: changing current in the constant voltage region;

Riotar: the total DCIR of series-connected batteries.

Table 1 summarizes the simulation results of Figure 3. Although our goal was to charge
the four batteries to the same voltage, voltage distribution occurred due to the capacity
variation among the batteries. At the end of charging the series-connected batteries, the
highest voltage was observed in the relatively smaller Bat #3, and the lowest voltage was
observed in the relatively larger Bat #2, with a voltage difference of 50 mV between the
batteries. In the next section, the authors investigate the impact of different charging
conditions on aging.

Table 1. Single-cycle simulation results with an allowable capacity deviation of £1%.

Parameter Bat #1 Bat #2 Bat #3 Bat #4

Max. Volt. 4128V 4105V 4165V 4128V

Seri 4 Min Volt. 3.039V 3.077V 2.996 V 3.039V
eries connecte Max. SOC 98.00% 97.53% 98.49% 98.00%
Min. SOC 6.85% 7.28% 6.41% 6.85%

Max. Volt. 4130V 4105V 4165V 4130V

With cell bal Min. Volt. 3.047 V 3.084 V 2.999 V 3.047 V
ith cell balance 1.\ s0C 98.02% 97.54% 98.48% 98.02%
Min. SOC 6.96% 7.38% 6.45% 6.96%

2.1.2. Aging Progression with and without Cell Balancing

Figure 4 shows the aging simulation results of Figure 1. Even in the aging simulation,
the authors could not find significant differences due to the low current of the cell balancing.
The voltage results without cell balancing are shown in Figure 4a, while Figure 4b shows
the voltage results with cell balancing. There is no significant difference in the progression
of aging between the two simulation results. Figure 4c,d compare the voltage results in an
enlarged voltage range of 4.0-4.3 V. It can be observed that, due to the low cell balancing
current, cell balancing actually results in a greater increase in the maximum voltage during
the aging process.
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Figure 4. Voltage results of serial battery aging simulation. (a) Serial-connected; (b) with cell balance;
(c) expanded results of serial-connected; (d) expanded results with cell balance.

Figure 5 shows simulation results that investigate the impact of aging on the state
of charge (SOC). It can be observed that Bat #2, which has a relatively large capacity,
experiences a reduction in its usable range as aging progresses. In contrast, Bat #3, which
has a relatively small capacity, experiences an increase in its usable range. It can be inferred
that batteries with larger capacities experience a slower progression of aging as their usable
range decreases over time.

Figure 6 shows the simulation results that observe the change in the state of health
(SOH) during the aging process. No significant difference was observed in the two simula-
tion results for the SOH.
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Figure 5. SOC results of serial battery aging simulation. (a) Serial-connected; (b) with cell balance.
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Figure 6. SOH results of serial battery aging simulation. (a) Serial-connected; (b) with cell balance.

Table 2 summarizes the results of the aging simulation. The maximum voltage without
cell balance was 4.198 V, compared to 4.213 V with cell balance. This shows that a low cell
balance current has a negative effect on the overvoltage caused by the voltage distribution.
In addition, the SOH of the battery was relatively quickly degraded in both cases.

Table 3 presents the simulation results with a 2% variation in the battery capacity
under the same conditions. The effect of cell balancing was found to be negligible during
aging. However, it was observed that there was an impact on the maximum voltage at
full charge as aging progressed. In Table 2, the maximum voltage of Bat #3 increased by
48 mV from 4.165 V to 4.213 V after aging. In Table 3, after the same duration of aging,
the maximum voltage of Bat #3 increased by 72 mV from 4.203 V to 4.275 V. Additionally,
by examining the range of SOC usage, it was found that 93.16% was used in Table 2,
while 94.14% was used in Table 3. Consequently, the maximum SOC difference increased
from 2.84% to 5.06%. The SOC difference in series-connected batteries leads to voltage
redistribution in the CV region due to their different DCIRs [7].
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Table 2. Aging simulation results with allowable capacity deviation of +1%.

For 10 x 10° s

Serial Connected With Cell Balance
Parameter
Bat #1 Bat #2 Bat #3 Bat #4 Bat #1 Bat #2 Bat #3 Bat #4
Voltage Min 3.039 3.077 2.996 3.039 3.047 3.084 2.999 3.047
\% Max 4128 4.105 4.165 4128 4.129 4.105 4.165 4.129
SOC Min 6.85 7.28 6.41 6.85 6.96 7.38 6.45 6.96
(%) Max 97.99 97.51 98.47 97.99 98.00 97.53 98.48 98.00
?AO}IS Max 62.04 62.66 61.42 62.04 62.04 62.66 61.42 62.04
Time (Cycles) 1 Cycle 1 Cycle
Voltage Min 3.312 3.439 2.984 3.312 3.300 6.85 96.01 9.04
\% Max 4.147 4117 4.198 4.147 4.144 4128 4213 4.144
SOC Min 9.04 13.00 423 9.04 8.76 12.37 4.30 8.76
(%) Max 96.01 95.00 97.14 96.01 95.92 94.62 97.46 95.92
?2}11_)1 Max 23.63 25.05 21.12 23.63 23.54 24.94 22.02 23.54
Time (Cycles) 4170 Cycles 4176 Cycles
Table 3. Aging simulation results with allowable capacity deviation of £2%.
For 10 x 10° s
Serial Connected With Cell Balance
Parameter
Bat #1 Bat #2 Bat #3 Bat #4 Bat #1 Bat #2 Bat #3 Bat #4
Voltage Min 3.077 3.144 2.996 3.077 3.080 3.150 2.998 3.080
\% Max 4123 4102 4204 4123 4123 4102 4203 4123
SOC Min 7.36 8.19 6.49 7.36 7.40 8.30 6.52 7.40
(%) Max 97.90 96.96 98.88 97.90 97.90 96.97 98.87 97.90
?SII;)I Max 62.04 63.28 60.80 62.04 62.04 63.28 60.80 62.04
Time (Cycles) 1 Cycle 1 Cycle
Voltage Min 3.456 3.562 2.992 3.456 3.442 3.552 3.000 3.442
V) Max 4.137 4.115 4.252 4137 4131 4113 4.275 4131
SOC Min 13.77 20.08 434 13.77 13.21 19.38 441 13.21
(%) Max 95.80 93.91 98.13 95.80 95.61 93.49 98.55 95.61
?AOS Max 24.16 26.85 21.13 24.16 24.15 26.83 21.13 24.15
Time (Cycles) 4230 Cycles 4226 Cycles

Table 4 shows the simulation results for a serially connected battery with an allowable
capacity deviation of £3%. During the experiment, it was found that the maximum voltage
of Bat #3 exceeded the overvoltage protection (OVP) reference voltage of 4.3 V during the
charge and discharge cycles. As the allowable capacity deviation increased, the energy
required for cell balancing also increased. The effect of balancing was reduced due to the
low cell balance current, making it difficult to distinguish the difference in the aging rate
between cases with and without cell balancing.
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Table 4. Aging simulation results with allowable capacity deviation of +3%.

For 10 x 10° s

Serial Connected With Cell Balance
Parameter
Bat #1 Bat #2 Bat #3 Bat #4 Bat #1 Bat #2 Bat #3 Bat #4
Voltage Min 3.112 3.200 2.996 3.112 3.115 3.206 2.998 3.115
V) Max 4114 4.099 4.245 4114 4114 4.009 4.243 4.114
SOC Min 7.87 9.10 6.57 7.87 791 9.20 6.60 791
(%) Max 97.74 96.35 99.22 97.74 97.75 96.36 99.21 97.75
?AO}IS Max 62.04 63.90 60.18 62.04 62.04 63.90 60.18 62.04
Time (Cycles) 1 Cycle 1 Cycle
Voltage Min 3.536 3.620 2.998 3.536 3.527 3.614 2.984 3.527
\% Max 4.125 4112 4.309 4.125 4.122 4115 4.331 4.122
50C Min 8.48 10.99 5.59 8.48 17.74 25.39 4.29 17.74
(%) Max 97.04 95.18 99.11 97.04 95.22 92.42 99.39 95.22
?SS Max 24.67 28.51 20.09 24.67 24.66 28.51 20.09 24.66
Time (Cycles) 4297 Cycles 4296 Cycles
2.1.3. Comparison of Simulation Results for the Influence of Low Cell Balancing
In this session, the simulation results were compared (see Table 5). It was observed
that the maximum voltage of Bat #3 increased more with a lower cell balance current than
when there was no cell balance. This phenomenon can be attributed to the increased range
of SOC usage, as indicated by the experimental results. Additionally, it was confirmed
that as the allowable capacity deviation increased, the maximum voltage of Bat #3 even
more significantly increased. This was because the difference in SOC usage range increased
due to the increase in the allowable capacity deviation, resulting in an increase in the
DCIR difference and voltage redistribution, which in turn increased the voltage difference
between each battery [51].
Table 5. Comparison of results with and without cell balancing.
For 10 x 10° s
Parameter Bat #1 Bat #2 Bat #3 Bat #4
Max. Volt. 10.019V 10.012V 10.033V 10.019V
Series-connected SOC Use 91.14% — 86.97% 90.23% — 82.05% 92.06% — 92.91% 91.14% — 86.97%
capacity deviation £1% SOH 1 61.91% 1 60.02% 1 65.61% 1 61.91%
Cycles 4170 Cycles
Max. Volt. +0.015V 10.023 V 10.048 V +0.015V
With cell balance SOC Use 91.04% — 87.16% 90.15% — 82.25% 92.03% — 93.16% 91.04% — 87.16%
capacity deviation £1% SOH J 62.06% 1 60.20% J 64.15% 1 62.06%
Cycles 4176 Cycles
Max. Volt. 10.014V 10.013V 10.048 V 10.014V
Series-connected SOC Use 90.54% — 82.03% 88.77% — 73.83% 92.40% — 93.80% 90.54% — 82.03%
capacity deviation +2% SOH 1 61.06% 1 57.57% J 65.25% 1 61.06%
Cycles 4230 Cycles
Max. Volt. 10.008 V 10.011V 10.072V 10.008 V
With cell balance SOC Use 90.50% — 82.40% 88.67% — 74.11% 92.35% — 94.14% 90.50% — 82.40%
capacity deviation £2% SOH J 61.07% 1 57.60% J 65.25% 1 61.07%
Cycles 4226 Cycles
Max. Volt. 10.011V 10013V 10.064V 10011V
Series-connected SOC Use 89.87% — 88.56% 87.25% — 84.19% 92.65% — 93.52% 89.87% — 88.56%
capacity deviation +3% SOH 1 60.27% 1 55.38% J 66.62% 1 60.27%
Cycles 4297 Cycles
Max. Volt. 10.008 V 10.016 V 10.088 V 10.008 V
With cell balance SOC Use 89.84% — 77.48% 87.16% — 67.03% 92.61% — 95.10% 89.84% — 77.48%
capacity deviation £3% SOH 1 59.25% 1 55.38% J 66.62% 1 59.25%

Cycles 4296 Cycles
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2.2. Chemical Reaction of a Battery

Batteries are components that charge and discharge electrical energy through chemical
reactions. The activity of the reaction changes with the temperature. To determine whether
changes in the activity of the chemical reaction affect the voltage of the battery, experiments
and simulations were conducted. The configuration of the equipment was as follows [51].

Battery test system: MACCOR 4000 Series

Chamber: JEIO Tech TH-G

Digital recorder: YOKOGAWA MV1000

Battery: Polymer Li-ion Recharged Battery DTP 6565294 (3.7 V /4000 mAh)

The following information is based on the specifications listed in the detailed product
specification sheet for the battery and was used as the basis for the charging and discharging
conditions [51].

Charge limited voltage: 4.20 V
Discharge cut-off voltage: 2.75 V
End of charge current: 0.01 C
Standard charge: 0.2 C (800 mA)
Standard discharge: 0.2 C (800 mA)
Operating temperature range:

Charge: 10~45 °C
Discharge: —20~60 °C

Storage temperature range: 10~45 °C
Operating and storage humidity range: 65 &+ 20% RH

This study was conducted by reanalyzing past experimental data and discovering
new facts to write about.

In the Case of Having Cell Balancing and in the Case of Not Having It

Table 6 summarizes the experimental results for the temperature-dependent voltage
changes observed after performing a full charge and then varying the temperature. The
range of temperature changes was based on the operating temperature range allowed
by the BMS for automotive use, and voltage changes were accordingly observed. The
largest voltage change occurred when the battery was charged at room temperature (25 °C)
and then subjected to temperatures of —20 °C and 55 °C, resulting in a voltage change of
18 mV. It was noticed that the largest increase in the chemical reaction activity occurred
when the battery was charged at room temperature and then, after complete charging, the
temperature was increased to 55 °C, resulting in the influx of thermal energy.

Table 6. After complete charging, voltage variation due to temperature.

Charge: 4.2 V/0.5 C, End of charge: 4.2 V/0.05 C

After End of Charging Charging @ —20 °C Charging @ 0 °C Charging @ 25 °C Charging @ 55 °C
Voltage (V) @ 55 °C 4.081 4.132 4.168 4.166
Voltage (V) @ —20 °C 4.074 4.124 4.150 4.154
Voltage deviation (mV) 7 8 18 12

In Table 7, experiments were conducted to observe the voltage changes with tempera-
ture variations for each SOC. The charging temperature was based on room temperature,
and the charging termination condition was divided into each percentage based on the
fully charged Ah. In the experimental results, the voltage change was the smallest, 1 mV,
with temperature variations from —20 to 55 °C at SOC 40%. In addition, the voltage change
was the largest, 32 mV, with temperature variations at SOC 0%. Such voltage changes also
occurred even in the case of SOC 100%, showing a voltage change of 18 mV.
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Table 7. Voltage variation due to temperature by SOC after charging at room temperature.

Charge: 4.2 V/0.5 C, End of charge: 42 V/0.05C

Parameter SOC 0% SOC 20% SOC 40% SOC 60% SOC 80% SOC 100%
Max. voltage (V) 3.140 3.485 3.675 3.849 4.042 4.168
Min. voltage (V) 3.108 3.463 3.674 3.835 4.035 4.150
Voltage deviation (mV) 32 22 1 14 7 18

Figure 7 is a diagram that estimates the cause of the voltage change based on the
experimental results of Table 7. Using the SOC-OCYV graph as a reference, the solid line
represents the activity change in chemical reactions due to the heat energy input into the
battery caused by temperature changes. The resulting voltage change is represented by
the dotted line. It can be confirmed that open-circuit voltage (OCV) changes are more
pronounced near SOC 0% or 100% than the nominal voltage.

Temperature change
=] |
EMC Li-lon Battlerly OCV vs SOC
T T T T 1
4.2 HY
I
4 [
= T
= 38
S
@ °°
= Voltage change
O 3.4 = =
o ‘ -}z
3.2 1
3 U ] 1 ) H 1
o 20 40 60 80 100
SOC (%)

Figure 7. Voltage change according to the change in chemical reaction activity.

Based on the previous experiment, a simulation was conducted by observing the
voltage change after changing the temperature from room temperature to 60 °C. Figure 8a
shows the simulation model, Figure 8b shows Chart 1’s flowchart, and Figure 8c shows
Chart 2’s flowchart. Figure 8d presents the simulation results for the battery’s voltage and
current, while Figure 8e displays the simulation results for the battery’s state of charge
(SOC). The temperature was changed from 25 °C to 60 °C at 9 x 10* s, and an increase in
voltage can be observed in Figure 8c. However, Figure 8d indicates no change in the SOC,
suggesting that no external charging occurred.

Table 8 summarizes the simulation results before and after the temperature changes
in Figure 8 after a full charge. The voltage increased by 113 mV due to the temperature
change from room temperature to 60 °C. This is thought to be due to the difference in the
SOC-OCYV curve of the simulation model, resulting in a larger voltage change.

Table 8. Simulation results of voltage variation according to temperature change.

State Time (s) Voltage (V) SOC (%)

Temp. 25 °C 0.6 x 10* s 4.193 100
Temp. 60 °C 12 x 10*s 4.306 100
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Figure 8. Environmental temperature change simulation. (a) Model; (b) Stateflow of Chart #1;
(c) Stateflow of Chart #2; (d) voltage results; (e) SOC results.

2.3. Summary of Battery Overvoltage Generation

Sections 2.1 and 2.2 describe two factors that contribute to battery fires in electric
vehicles. After charging is completed, electric vehicles forcibly terminate cell balancing,
which creates conditions similar to the simulations of continuous charging and discharging
shown in Figures 4-6. Of course, because there is a period of time during which a vehicle is
left unused after charging is complete, the battery’s lifespan more rapidly decreases if a
relatively low-capacity battery maintains an overvoltage state. As a result, the voltage of
low-capacity Bat #3 approaches the overvoltage protection limit of 4.3 V, and subsequent
voltage changes due to temperature variations cause the battery to exceed the overvoltage
limit, ultimately leading to a battery fire in the electric vehicle. Therefore, to address this
problem, a new cell balancing method must be used in the BMS to suppress the voltage
increase in low-capacity Bat #3.
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3. Proposed Voltage-Based Realignment Cell Balance

Cell balance can be accomplished at any time by the user. In particular, cell balance
during charging requires a lot of attention. When cell balance is performed during charging
in a series-connected battery, resistance is connected in parallel to the battery, reducing
the total resistance value. This changes the overall voltage distribution value of the series-
connected batteries. In the simulation results in Section 2, it is confirmed that a low cell
balance current is meaningless. Rather, it causes the problem of increasing the highest
voltage of a battery with a relatively small capacity. In this section, the authors investigate
a new cell balance method to solve the problem without changing any hardware.

3.1. Proposed New Cell Balance Method to Prevent Overvoltage Due to Aging

In previous studies, a cell balancing method was proposed to make the SOC of all
cells 100% when charging was complete [7]. However, this method can put a heavy burden
on the BMS, as it requires the individual calculation of the SOC of all series-connected
batteries. Therefore, in this study, a method using only the voltage is proposed to solve
the problem of the maximum voltage rising due to aging. Table 5 shows that Bat #3 with
the minimum capacity determines the charge-discharge current, and it can be seen that it
quickly approaches overvoltage as the aging relatively quickly progresses. In addition, it is
confirmed that the voltage rise of the average capacity battery suppresses the maximum
voltage rise of a relatively small-capacity battery. Figure 9 shows the cell balance flow
chart of the new method. Initially, the full charge and full discharge are slow-charging
and without cell balancing. Measuring the highest voltage of each battery and setting
the measured voltage as the reference for the cell balance voltage allows for the highest
voltage of a battery to have a relatively small capacity, which is applied as the cell balance
reference voltage of the remaining batteries. It is applied as the cell balance reference
voltage of a relatively small-capacity battery. The reference voltage for the cell balancing
of the remaining batteries is set to the highest voltage. The proposed new cell balancing
method suggests low-voltage charging for batteries with a relatively low capacity. This
slows down the aging process of low-capacity batteries, resulting in a slower increase in
the maximum voltage. Additionally, starting from a lower maximum voltage point also
slows down the time it takes to reach overvoltage. Cell balancing is performed only at
voltages higher than the reference voltage, so the remaining batteries, excluding those with
a relatively low capacity, have a relatively high SOC value at the end of charging, which
balances the aging rate.

3.2. Simulation Verification of the Proposed Cell Balance

In this section, the potential difference realignment passive balancing method pro-
posed above is simulated. The simulation configuration is configured as shown in Figure 10.
The basic conditions are the same as in the previous simulations. However, since the
conditions for Charts #1, #2, #3, and #4 are modified, the modified conditions for each
simulation are set by taking the initial voltage from the series-connected batteries in
Tables 1-4, respectively.
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Figure 9. Proposed voltage reference realignment manual cell balance method flowchart.

Simulation Results with Proposed Cell Balancing Implementation

Simulations were performed by applying the proposed cell balance method when the
allowable capacity deviation of series-connected batteries was £1%. Figure 10 shows each
chart. Taking the voltage result of the battery from Table 1, applying it to the cell balance
reference voltage, and, in the case of battery 3 having a relatively small capacity, the lowest
voltage was applied as a standard for cell balance. Batteries 1, 2, and 4 applied the highest
voltage as a standard for cell balance. Different charge rates resulted in differences in the
DCIR. The difference in the DCIR affected the voltage distribution during charging. There-
fore, it suppressed the peak voltage of a relatively small-capacity battery and suppressed
the aging rate at the same time.

Figure 11 shows the simulation results. Figure 11a is the simulated voltage result.
Figure 11b is the result of extending the voltage of the simulated voltage result from 4.0 V
to 4.35 V. Figure 11c is the simulated SOC result. Figure 11d is the simulated SOH result.
In Figure 11b, it can be seen that the highest voltage of Bat #3 rises while charging and
discharging is repeated. However, after 10 x 10° s, the highest voltage of Bat #3 is lower
than in Table 2 because the cell balance reference voltage was lowered.
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Figure 11. Aging simulation of the proposed cell balance with allowable capacity deviation of £1%.
(a) Voltage result; (b) magnified voltage result; (c) SOC result; (d) SOH result.

Table 9 summarizes the simulation results for Figure 11, considering the allowable
capacity deviation of +2% and £3% in the serially connected battery. In the case of a 1%
allowable capacity deviation, the highest voltage of Bat #3 is 4.167 V; in the case of a 2%
deviation, it is 4.093 V; and, in the case of a £3% deviation, it is 4.049 V. This proves that
the prevention of the highest voltage of a relatively smaller battery from approaching the
OVP voltage is achieved.
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Table 9. Comparison of simulation results when cell balance cell balancing.

For 10 x 10° s

Capacity Deviation of £1% Capacity Deviation of £2% Capacity Deviation of £3%
Bat#1 Bat#2 Bat#3 Bat#4 Bat#1 Bat#2 Bat#3 Bat#4 Bat#1 Bat#2 Bat#3 Bat#4

Voltage  Min 3.048 3.086 2.997 3.048 3.086 3.151 2.996 3.086 3.121 3.207 2.997 3.121
V) Max 4.129 4.105 4.163 4.129 4.127 4.102 4.201 4.127 4.115 4.099 4.241 4.115
SOC Min 6.97 7.40 6.43 6.97 7.48 8.31 6.50 7.48 8.00 9.22 6.58 8.00
(%) Max 98.01 97.54 98.46 98.01 97.91 96.97 98.85 97.91 97.76 96.37 99.19 97.76

Parameter

?AO}IS Max 62.04 6266 6142  62.04 6204 6328 6080 62.04 6204 6390 60.18  62.04
Time (Cycles) 1 Cycle 1 Cycle 1 Cycle

Voltage  Min 3.425 3.518 2.991 3.425 3.610 3.654 2.985 3.610 3.720 3.732 2.989 3.720
\% Max 4.151 4.126 4.167 4.151 4.177 4.153 4.093 4.177 4210 4211 4.049 4210
S0C Min 12.55 17.11 4.31 12.55 25.81 32.11 4.31 25.81 52.97 54.11 4.60 52.97
(%) Max 96.27 95.75 96.40 96.27 97.16 96.87 93.25 97.16 98.41 97.97 71.41 97.41

?2}11_)1 Max 24.57 26.16 22.34 24.57 27.34 30.12 21.93 27.34 34.85 37.82 23.70 34.85
Time (Cycles) 4219 Cycles 4454 Cycles 5367 Cycles
4. Results of the Existing Cell Balance and the Proposed Cell Balance
In Table 10, the authors compare the simulation results of the voltage-based cell balance
method and the proposed voltage-based realigned cell balance method. For all the results,
the proposed cell balance method showed a higher voltage rise than the voltage-based cell
balance method, except for batteries with relatively small capacities. On the contrary, it was
possible to be safe from a fire due to overvoltage by suppressing the voltage rise of a battery
with a relatively small capacity as much as possible, such that it did not reach overvoltage.
In the case of the SOC, it can be confirmed that the proposed cell balance method reduced
the overall usage range, which suppressed the SOC range expansion of Bat #3. Therefore, it
was confirmed that the deterioration of the battery as a whole was slowed down.
Table 10. Comparison of simulation results when cell balance is adjusted based on a simple voltage
difference and when the proposed voltage-based reordering cell balancing method is applied.
For 10 x 10° s
Parameter Bat #1 Bat #2 Bat #3 Bat #4
Volt. ref. cell bal Max. Volt. 170015V 10.023V 10.048 V 10.015V
ol te cc’ ba ance SOC Use 91.04% — 87.16% 90.15% —» 82.25% 92.03% — 93.16% 91.04% — 87.16%
qoith capaciyy. SOH 1 62.06% 160.20% 1 64.15% 1 62.06%
eviation £+1% Cycles 4176 Cycles
P d cell bal Max. Volt. 10.022V 10.021V 10.004 V 10.022V
o camacite SOC Use 91.04% — 83.72% 91.11% — 78.64% 92.03% — 92.09% 91.04% — 83.72%
g‘”t. C.apagi})’/ SOH 1 60.40% 1 58.25% 1 63.63% 1 60.40%
eviation 1% Cycles 4219 Cycles
Vol ref. cell bal Max. Volt. +0.008 V 10011V 10072V +0.008 V
olt. e SOC Use 90.50% — 82.40% 88.67% —» 74.11% 92.35% —» 94.14% 90.50% — 82.40%
g‘”t. C.apailg)’/ SOH 1 61.07% 1 57.60% 1 65.25% 1 61.07%
eviation 27 Cycles 4226 Cycles
Proposed cell bal Max. Volt. 10.050 V 10051V 10108 V 10.050 V
o caoacie SOC Use 90.43% — 71.35% 88.66% — 64.76% 92.35% — 88.94% 90.43% — 71.35%
ich €apacly SOH 155.93% 152.40% 1 63.93% 155.93%
eviation ° Cycles 4454 Cycles
Volt. ref. cell bal Max. Volt. 10.008 V 10.016 V 10.088 V 10.008 V
olt. T one SOC Use 89.84% — 77.48% 87.16% — 67.03% 92.61% — 95.10% 89.84% — 77.48%
it C."‘Pag;‘g/ SOH 159.25% 1 55.38% 1 66.62% 159.25%
eviation ° Cycles 4296 Cycles
P d cell bal. Max. Volt. 10.095V 10112V 10192V 10.095V
O capacte | SOC Use 89.77% — 45.44% 87.15% —» 41.86% 92.61% — 66.81% 89.77% — 45.44%
with capacity SOH 1 43.83% 140.81% 1 60.62% 1 43.83%

deviation +3% Cycles 5516 Cycles
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The simulation results of the cell balance method proposed in Table 11 and the cell
balance method of the existing simple voltage comparison method are summarized here.
For the existing simple voltage comparison cell balancing method, the maximum voltage
of the battery greatly increased from 4.213 V to 4.331 V as the allowable capacity deviation
of the series-connected batteries increased. However, in the case of the proposed cell
balance method, the highest voltage rose from 4.167 V to 4.211 V, which was relatively very
small. In addition, for the existing simple voltage comparison cell balance method, it was
confirmed that as the allowable capacity deviation of series-connected batteries increased,
the aging of batteries with relatively small capacities more quickly proceeded. However,
in the case of the proposed cell balance method, the aging and the aspect of the battery
were different. This was because the use area of a battery with a relatively small capacity is
limited according to the allowable capacity deviation of the battery.

Table 11. Comparison of simulation results of the cell balance method of the existing simple voltage
comparison method and the proposed cell balance method.

For 10 x 10° s

Condition Max. Volt. Max. Aging Progress
Volt. ref. cell balance with capacity deviation +1% 4.213 V (Bat #3) 64.15% (Bat #3)
Volt. ref. cell balance with capacity deviation +2% 4.275V (Bat #3) 65.25% (Bat #3)
Volt. ref. cell balance with capacity deviation +3% 4.331 V (Bat #3) 66.62% (Bat #3)
Proposed cell balance with capacity deviation +1% 4.167 V (Bat #3) 63.63% (Bat #3)
Proposed cell balance with capacity deviation +2% 4.177 V (Bat #1, #4) 63.93% (Bat #3)
Proposed cell balance with capacity deviation +3% 4211V (Bat #2) 60.62% (Bat #3)

5. Conclusions

The authors understand too little about batteries. S.-S.Y. has been developing Battery
Management System (BMS) hardware since 2009, but, as the use cases of batteries have
expanded, more questions have arisen; therefore, this study was conducted by organizing
the knowledge so far. Batteries can more efficiently use depleted energy, and, even if
alternative energy is discovered, efficient operation requires the necessary technology. The
authors believe that deeper research into these fundamental technologies will open up a
beautiful future for our descendants. The authors conclude that a battery with a relatively
small capacity due to gradual damage gradually increases in voltage, and the activity of
chemical reactions increases due to a rise in the thermal energy caused by a temperature
change, resulting in a rise in the highest voltage, exceeding the protection voltage of the
BMS, and causing a battery fire. At this time, the voltage change for the thermal energy
of the battery is affected by the SOC-OCYV curve, so it is assumed that a larger voltage
change occurs for the same energy in the range where the voltage or the SOC is high. In
the future, the authors plan to conduct battery fire demonstration experiments according to
temperature changes under overvoltage conditions and study the possible solutions.
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