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Abstract

Electric vehicles powered by lithium-ion batteries take advantages for urban
transportation. However, the safety of lithium-ion battery needs to be improved.
Self-induced internal short circuit of lithium-ion batteries is a serious problem
which may cause battery thermal runaway. Accurate and fast identification of
internal short circuit is critical, while difficult for lithium-ion battery management
system. In this study, the influences of the parameters of significance test on the
performance of an algorithm for internal short circuit identification are evaluated
experimentally. The designed identification is based on the mean-difference model
and the recursive least square algorithm. First, the identification method is
presented. Then, two characteristic parameters are determined. Subsequently, the
parameters of the significance calculation are optimized based on the measured
data. Finally, the effectiveness of the method for the early stage internal short
circuit detection is studied by an equivalent experiment. The results indicate that
the detection time can be shortened significantly via a proper configuration of the
parameters for the significance test.

Keywords: lithium-ion battery, internal short circuit identification,
significance test, mean-difference model, equivalent experiment

1. Introduction

Safety and energy saving as well as environmental protection are the key points
for automobile industry development [1, 2]. Lithium-ion batteries have been widely
used due to their high energy density, long cycle life, low environmental pollution,
no memory effect, and high charge and discharge rates [3-5]. With the rapid
development of materials technology, the energy density of lithium-ion batteries is
gradually increased, causing the thermal runaway events accordingly. Its safety
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problem must be taken into account seriously [6-9]. The safety of batteries may
affect the confidence of the users of electric vehicles. Therefore, battery safety is
one of the biggest obstacles for the application of electric vehicles. Internal short
circuit is an important step leading to the thermal runaway. Thus an accurate
and rapid identification for internal short circuit is necessary and needs to be
solved [10].

The internal short circuit can be detected by comparing the output of the battery
with a threshold or a predicted value via a mathematical model. Ikeuchi et al.
measured the electricity output of the battery and compared with a threshold
computed by the ampere-hour integration [11]. Ouyang et al. proposed three char-
acteristic parameters according to the parameter effect and the depleting effect of
an internal short-circuited battery. The variations of the open circuit voltage (OCV)
and the internal resistance were determined based on a mean-difference model.
Then, a significance criterion and a fault tolerance mechanism were used to judge
whether the internal short circuit happened [12]. Feng et al. used a 3D
electrochemical-thermal model to simulate the internal short circuit and regarded it
as a parameter estimation problem [13]. The measured voltage and the temperature
of the cell were input to a model to evaluated excessive depletion of the capacity
and abnormal heat generation. The internal short circuit resistance was estimated
by Seo et al. according to the SOC variation and the discrete ampere-hour integrals
from an equivalent circuit model with internal short circuit branches [14]. Xia et al.
employed a voltage correlation coefficient and a threshold to determine whether
an internal short circuit occurred via capturing the initial abnormal voltage signal
[15]. This method could eliminate the influence of the SOC. Zhang et al. designed a
low-pass filter to estimate the leakage current and the resistance of the internal
short circuit cell in real time [16]. Kang et al. developed a multi-fault diagnostic
strategy based on an interleaved voltage measurement topology. An improved
correlation coefficient method was employed to eliminate the inconsistency among
the cells and the measurement errors [17]. Kong et al. used a principle of similar
charging voltage to obtain the remaining charging electricity and used the average
voltage to obtain the internal short circuit resistance and thus the internal short
circuit was identified. However, the charging voltage does not have similarities in
some cases, and the average voltage may not be correctly obtained [18]. Feng et al.
analyzed the characteristics of internal short circuit using an electrochemical-
thermal coupling model. This is significant for internal short circuit identification,
but it also reveals the difficulty of internal short circuit identification [19].

The operation conditions of the lithium-ion battery in an electric vehicle are
very complicated and its safety is critical. Therefore, it is important to find a
method which can detect the self-induced internal short circuit in time. Our previ-
ous study proposed a method to detect the internal short circuit [12]. However, the
detection time of this method is still not satisfactory. In this study, the identification
method for the internal short circuit is modified, and the influences of the parame-
ters of the significance test are evaluated. Then, the modified identification algo-
rithm is validated via an equivalent experiment. First, the basic working principle
and procedures for the internal short circuit detection are introduced based on the
mean-difference model. Then, the parameters for the internal short circuit identifi-
cation are configured. Next, a replacement experiment is carried out, and the results
of this method are computed. Subsequently, the results of a significance test are
analyzed. The outcomes indicate that the detection time can be shortened signifi-
cantly compared with those of the previous study. Finally, the possibility of the
identification algorithm for early-stage internal short circuit detection is investi-
gated. The results of this study can provide a reference for the practical applications
so that the safety of lithium-ion batteries can be improved.
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2. Identification method

The mathematical model of the designed identification method is presented
in this section. First, the equivalent circuit model is introduced. Then, the mean-
difference model and the recursive least square algorithm are described. Finally,
the identification procedure is illuminated.

2.1 Equivalent circuit model

Figure 1(a) shows the equivalent circuit model of a lithium-ion battery with an
internal short circuit resistor, where Rjsc, and I;sc, are the resistance and the
current of the internal short circuit, respectively:

Based on Figure 1(a), the OCV can be expressed by

_ R . Rio
R+ Riscr R+ Riser

RI. (1)

When the internal short circuit resistance approaches infinite, it can be taken as
there is no internal short circuit. However, if it is less than a certain value, an
internal short circuit branch may be considered to be generated in the battery cell.
The parameter effect is the change of internal resistance and open circuit voltage
due to the internal short circuit branch according to Eq. (1). The depleting effect is
the drop of the open circuit voltage and the fluctuation of the internal resistance
caused by the self-discharge of the internal short circuit battery.

2.2 Mean-difference model

The parameters of the equivalent circuit model for different cells inside a battery
pack are not the same due to the discrepancies of material ingredients,
manufacturing processes, and working conditions. The mean-difference model
includes a mean model for the pack and a difference model for each cell, which can
be used to represent difference among the cells. The parameters of the mean
model are obtained according to the average performance of the battery pack.
Meanwhile, the difference model displayed in Figure 1(b) describes the difference
of a specific cell against the mean model. In Figure 1(b), AU, AE;, and AR; are the
differences between the i-th cell and the mean model of the battery pack. For a
battery pack in series connection, the current flowing through each cell is uniform.
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Figure 1.
Equivalent civcuit of lithium-ion battery: (a) civcuit with internal shovt civcuit vesistor and (b) mean-difference
model of a cell.



Applied Electromechanical Devices and Machines for Electric Mobility Solutions

Usnean is the average cell voltage calculated by excluding the highest and lowest
voltages among these cells.

2.3 Recursive least square algorithm

For a battery pack in series layout, the total current and the terminal voltage can
be measured. Accordingly, U,,.., and AU; can be calculated by Egs. (2) and (3):

AU; = AE; — IAR; (2)

AU = Ui — Umean (3)
After that, AE; and AR, can be identified by the recursive least square (RLS)
algorithm with a forgetting factor, which is represented by Egs. (4)-(7). In this

algorithm, AE; and AR; are the parameters needed to be identified, and ¢ is the
recursor:

Y = AU; (4)
Y=¢«0 (5

0 = (AE;,AR;)" (6)
@ =(1,-1I) @)

The calculation process of the RLS algorithm with a forgetting factor can be
expressed by Egs. (8)-(12):

y(k) = p(k)0(k) + e(k) (8)
e(k) =y(k) — p(k)0(k — 1) 9)

_ P(k—=1)¢"(k)
) = k)Pl — 197 k) a0
Pk) — P(k—1)—K (lz)w(kw(k -1 (11)
O(k) =0k —1) + K(k)e(k) (12)

where y(k) is the system output, ¢ (k) is the vector that can be measured, 8(k) is
the vector to be estimated, P(k) is the covariance matrix, K(k) is the gain, and 4 is
the forgetting factor.

2.4 Identification procedure

The variations of AE; and AR; are due to the parameter effect and the depleting
effect as well as the inconsistencies among all the cells of the battery pack. The
characteristic parameters that can be used to identify the internal short circuit
should reflect the difference between the internal short circuit cell and the others
and can be represented by the mean-difference model. At the same time, the
battery SOC and the internal short circuit resistance have great influences on the
internal short circuit identification [20]. There is a one-to-one correspondence
between the SOC and the OCV. As a result, AE can reflect the discharge capacity of
the battery, which relates to the situations of the internal electrochemical reaction
of the battery. fluc(AR) is the fluctuation of the computed internal short circuit
resistance in a certain interval and can be used to label the event of the internal
short circuit of the battery cell. In our previous investigation, three different
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parameters including AE;, d(AE;)/dt and fluc(AR;) were used to detect the internal
short circuit independently [12]. However, the performance of this method for the
early-stage internal short circuit detection was not satisfied. Therefore, a modified
method taking into account both AE; and fluc(AR;) is designed in this study.

The main decision process is described in Figure 2. First, the terminal voltage
and the operation current of the i-th cell are measured, and the average terminal
voltage is calculated. Then, AU; can be determined by the mean-difference model.
Next, the parameters AE; and AR; are identified by the RLS method. According to
the parameter effect and the depleting effect, the value of AE; of the internal short
circuit battery is always negative, while the value of AR; fluctuates up and down.
Then, the internal short circuit is judged by a significance calculation. In this study,
to improve the accuracy of identification, an anti-false alarm mechanism is adopted;
if 80% of 150 continuous data range of the significance calculation results exceed a
prescribed threshold, an event of internal short circuit is setup by the characteristic
parameter. Only these two characteristic parameters (AE; and fluc(AR;)) detect the
event of internal short circuit simultaneously; a final decision of the internal short
circuit is confirmed. This anti-false alarm mechanism is a modification based on the
previous method in [12].

The forgetting factor A affects the stability of the least squares algorithm. The
stability of the algorithm increases as the 1 approaches 1. However, the identifica-
tion precision for the actual parameter variation diminishes. When 4 decreases, the
calculated results may diverge. An optimal range of 1 is obtained as 0.99-0.995
based on the test results with different internal short circuit resistances. To keep the
error as small as possible, especially for the value of AR;, while maintaining the RLS
algorithm stable, the forgetting factor is set to 0.992 in this study.

In the previous method [12], d(AE;)/dt was also used to identify the internal
short circuit. In this study, it is found that d(AE;)/dt is not reliable due to limitations
of the sampling frequency and the sampling accuracy and is not recommended. AE;
and AR; are directly obtained by the identification algorithm. The fluctuation value

fluc(AR;) of the internal resistance is obtained as the standard deviation of 150
continuous sampling points adjacent to the current moment, which is expressed by

fluc(AR(kT)) = StDev{AR((k — 149)T),AR((k — 148)T), ...,AR(kT)}. (13)
where StDev is the standard deviation. Significance calculation results are

obtained according to the extreme values of characteristic parameters, the average
value y, and the standard deviation 6. The y and o are calculated by removing the

Model-based ISC detection algorithm

afuby
'l

Diagnose]
N

Real-time
data

Figure 2.
Detection procedure for internal short civcuit.
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extreme values of the characteristic parameters. The positive and negative signifi-
cances can be represented by

Xmax —

Mpas(x) = pu 'u’ (14)
Xmin —

Mgy () = Tﬂ (15)

After that, the threshold is set to 3. We can consider the significance calcula-
tion in this way: the extent of the extreme value deviating from the average value y
of the characteristic parameters by the number of 6.

3. Results and discussion

The nickel-cobalt-manganese (NCM) ternary lithium-ion battery is used for this
experiment. The battery module is a parallel connection of three batteries and then
connected in series. The layout of the battery cells on the test rig is shown in
Figure 3(a). The cell has a capacity of 50 Ah. The identification algorithm treats
these three parallel groups as one series group with each cell having a capacity of
150 Ah. The equivalent resistance replacement method is employed to simulate the

Data Collector
Celll Celld Cell7 Celll0
Cell2 Cells Cell§ Cellll
Cell3 Celld Celld Celll2

Digatron Battery Testing System

(a)
2001
100
< o
=
S
E 100
o -10(
=200
-300 | : ' :
13500 14000 14500 15000 15500
Time[sec]
(b)

Figure 3.
Configurations for the equivalent experiments: (a) layout of the battery module and (b) DST test cycle for the
load configuration.
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electrical characteristics of the internal short circuit battery. The dynamic stress
test (DST) cycle is used as an input. The DST working condition is shown in
Figure 3(b), which can represent typical state changes of the battery under the
practical operation conditions of electric vehicles. A data collector is used to mea-
sure the current and voltage of each cell. The accuracies for the current and voltage
measurement are 0.1%, and the sampling frequency is set to 1 Hz. The maximum
charge/discharge rate of the DST cycle is set to 2C. When the minimum cell voltage
decreases to 2.75 V, the DST test is terminated. After 10 min rest, the battery pack
is charged with a constant current of 75 A (0.5C) until the voltage of any cell reaches
4.2 V. After resting for another 10 min, the next cycle is proceeded again.

An equivalent resistor with a precision of 0.1% is used in the experiment. The
internal short circuit can be triggered or cancelled via a switch. In this experiment,
three different values for the internal short circuit resistance are used including 1,
10, and 100 Q, respectively. The results of the three resistances are used to validate
the identification algorithm and compared with those of the previous method [12].
The terminal voltage and the current of each cell are measured and inputted to the
internal short circuit identification algorithm programed in MATLAB.

3.1 Experimental results

The results of the modified identification method are given in Figures 4-6 for
an external resistor of 1, 10, and 100 Q, respectively. First, the measure values of
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Figure 4.

Results of the equivalent experiment with an external resistor of 1 €: (a) the measuved terminal voltage,
(b) AE;, (c) AR;, (d) fluc(AR;), (e) the negative significance of AE, (f) the relative cell number of M,.,(AE),
(g) the positive significance of fluc(AR), (h) the relative cell number of M, (fluc(AR)).
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Results of the equivalent experiment with an external vesistor of 10 Q: (a) the measured terminal voltage,
(b) AE;, (c) AR;, (d) fluc(AR;), (e) the negative significance of AE, (f) the relative cell number of M,.,(AE),
(g) the positive significance of fluc(AR), (h) the relative cell number of M, (fluc(AR)).

the terminal voltage are displayed. Then, AE; and AR, for each cell are determined
by the mean-difference model and the RLS algorithm. Later, fluc(AR;) is

computed based on the values of AR; and Eq. (13). It can be seen that the discharge
power with an internal short circuit resistor of 1 Q is the largest, resulting in a
greatest influence on the terminal voltage of the cell and the fluctuation of AR;.

For each case, the internal short circuit cell (i.e. Cell 1) already reaches the
lowest voltage after the first DST cycle, leading to a much lower SOC. When
the SOC drops to a very low value, the OCV is more sensitive. Therefore, a
sudden drop of AE; occurs at the end of the discharging process. The voltage of the
short circuit cell recovers slightly after 10 min rest. Then, the battery pack
undergoes a constant-current charging. The polarization internal resistance of
the battery increases during this process, and the overvoltage rises for all the cells.
The voltage for each cell decreases to a stable value gradually after another
10 min rest.

The change rate of AR; increases at the end of the DST cycle owing to a low SOC
state. At this moment, the cell has experienced a deep discharging process, and a
large part of the lithium ions enter into the porous electrode. Effects of the electro-
chemical polarization and the concentration polarization weaken, leading to a sud-
den decrease of AR;. The results of AR; keep constant during the constant-current
charging process in this method. When the discharging begins again, it returns to its
actual value.
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The results for the detection time are listed in Table 1 and compared with those
in [12]. It can be seen that the detection time of the modified identification method
is much shorter than the previous one. The reason is mainly attributed to the judge
criteria being relaxed. To prevent the occurrence of false alarm, both the conditions
for AE; and fluc(AR;) are adopted simultaneously. The results indicate that the
performance of the previous method for the internal short circuit detection can be
improved significantly via this modification.
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Results of the equivalent experiment with an external vesistor of 100 Q: (a) the measured terminal voltage,
(b) AE;, (c) AR;, (d) fluc(AR;), (e) the negative significance of AE, (f) the relative cell number of M,,.,(AE),
(g) the positive significance of fluc(AR), (h) the velative cell number of My, (fluc(AR)).

Parameter Criteria 100 Q 10Q 1Q

AE; & fluc(AR;)*  (M,o(AE;) < —3) & (Mo (fluc(AR;)) > 3) 42 min 27 min 6 min40 s

AEP M, (AE;) < —6 11h19min 1h18min 24 min

fluc(AR;)® Ms(fluc(AR;)) > 10 4h43min 1h17min 22 min

Improvement (%)° 85.2% 64.9% 69.7%
“Results of this study.

b Results of the previous method [12].
“Improvement of a relative to b.

Table 1.
Experimental vesults and comparison with the previous method.
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3.2 Analysis of significance test

The results of the significance calculation for an external resistor of 1 Q are
shown in the right column of Figure 4. The significance value for AE; is given in
Figure 4(e), and the corresponding cell number is labelled in Figure 4(f). The
significance of AE; is negative due to the influences of the parameter and depleting
effects. If the significance value is higher than —3, no cell number is labelled, and a
value of 0 is specified. The significance value for fluc(AR;) is positive and shown in
Figure 4(g). The significance value of fluc(AR;) is limited by a maximum value of
12 to give a clear exhibition. The results of the corresponding cell number are
displayed in Figure 4(h). To enhance the reliability of this method, the anti-false
alarm program (80% of the significant values among a continuous 150 points for
both AE; and fluc(AR;) exceed the thresholds) is employed to confirm an event of
the internal short circuit finally. In this experiment, the external resistor is
connected by switching it on at the very beginning. The event of the internal short
circuit is detected at the time of 400 s. The results of the significance test for 10 and
100 Q are given in Figures 5 and 6, respectively. Likewise, a minimum of —12 is set
if the negative significance is less than —12. The significance value of AE; can
identify the right short circuit cell quickly. However, the results of fluc(AR;) vary
dramatically and will take much longer to give the right outcome.
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Figure 7.

Results of the equivalent experiment with an external resistor of 1000 £2: (a) the measured terminal voltage,
(b) AE;, (c) AR;, (d) fluc(AR;), (e) the negative significance of AE, (f) the relative cell number of M,.,(AE),
(g) the positive significance of fluc(AR), (h) the velative cell number of My, (fluc(AR)) [21].
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3.3 Results for early stage identification

If an internal short circuit can be detected at the beginning, protection measures
can be adopted in time, and the system safety can be improved significantly.
However, when a self-induced internal short circuit emerges at the early stage, the
ISR resistance is very large. Accordingly, the variations of the OCV and the ISR
current are very small. The possibility of this method for the early-stage internal
short circuit identification is studied in this section [21]. An external resistance of
1000 Q with a 0.1% precision is used in this equivalent experiment. The results are
shown in Figure 7. Because the variation magnitudes of AE; and fluc(AR;) are much
smaller, the identification method cannot identify the internal short circuit by the
significance test under the normal SOC range. If the SOC drops to a very low value,
where the slope of OCV versus SOC is increased and the internal short circuit can
be identified. After 8 h and 40 min, the internal short circuit is detected for the
case of 1000 Q.

3.4 Discussion

The algorithm is based on the mean-difference model. There is a certain devia-
tion in this model. In addition, the internal short circuit itself also generates noises
for the identification algorithm. These may cause the internal resistance of the
battery fluctuating more than other normal batteries. The true internal short circuit
should be produced by the internal electrochemical reaction and the growth and
change of the internal dendrites. At the same time, the temperature change caused
by the internal short circuit will affect the electrochemical structure inside the
battery, so the resistance fluctuation of the actual internal short circuit battery is
larger than that of the normal battery. The external resistance used in the simulation
of the internal short circuit may be different from the actual internal short circuit,
but the equivalent experiment method still can be used to simulate the electrical
characteristics of the internal short circuit battery. The battery resistance fluctua-
tion of the equivalent experiment is smaller than the resistance fluctuation of the
actual internal short circuit battery. As the internal short circuit battery ages, the
lithium-ion and active materials in the battery decrease. The internal short circuit
resistance of the battery fluctuates more, and the open circuit voltage will also
drop faster.

The problem of internal short circuit detection caused by inconsistency is tricky,
especially for the characteristic parameter of AE. However, the evolution of the
internal short circuit is a cumulative process. It is only possible to have an internal
short circuit at a specific time and in a specific working condition. Generally, the
internal short circuit occurs in a battery with poor consistency. Even if the internal
short circuit occurs on a battery with a relatively high voltage, the internal short
circuit will continuously self-discharge. The internal short circuit can be correctly
recognized with the help of the characteristic parameter of fluc(AR), although the
time may become longer.

In the case of extreme SOC, the algorithm is limited by the inherent character-
istics of the battery itself, and the internal short-circuited battery may be affected
by the inconsistency, the polarization, and the solid-phase diffusion in the battery
electrode particles at the extreme low SOC, causing the algorithm to produce a
possible misjudgment. However, in electric vehicles, the working range of the
battery generally would not reach the extreme SOC, so the algorithm can be used
for internal short circuit identification in the normal driving range.

For the identification of early internal short circuit, it is difficult to separate the
difference between internal short circuit and self-discharge. The voltage
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characteristics of self-discharge and internal short circuit are consistent. The
threshold cannot be set to completely distinguish between self-discharge and
internal short circuit. Therefore, early internal short circuit identification is easy
to be misreported.

4, Conclusions

In this chapter, an identification method is presented for the internal short
circuit of lithium-ion battery based on the mean-difference model and the recursive
least square algorithm with a forgetting factor. This method is a modification of our
previous investigation. The working principle and test procedure are described at
first. Then, its performance is compared with that of the previous method. Subse-
quently, the influence of the parameters of the significance test on the detection
time is analyzed. Finally, the possibility of this method for the early-stage internal
short circuit identification is estimated.

The criteria of the significance test for the internal short circuit detection are
adjusted, and two characteristic parameters (AE; and fluc(AR;)) are employed to
identify the internal short circuit simultaneously. Meanwhile, an anti-false alarm
program is added to improve its reliability. Compared with the results of the previ-
ous study, the detection time can be shortened significantly by 64-85% via config-
uring the parameters of the significance test properly.

Because the self-induced internal short circuit resistance is very large at the early
stage, this method cannot detect the internal short circuit event when the SOC is in
the range of normal operation conditions. However, if the self-induced internal
short circuit resistance reduces close to 100 Q, the internal short circuit event can be
identified successfully by this method, which can be integrated into the battery
management system to monitor the operation of lithium-ion battery within the
normal working range. A warning signal can be specified if an internal short circuit
is detected so that the security of electric vehicles can be improved.
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