Applied Energy 161 (2016) 168-180

Contents lists available at ScienceDirect

AppIie!' erg)

Applied Energy >

journal homepage: www.elsevier.com/locate/apenergy ‘l’:—:

Online internal short circuit detection for a large format lithium ion
battery

@ CrossMark

Xuning Feng?, Caihao Weng®, Minggao Ouyang **, Jing Sun”

AState Key Laboratory of Automotive Safety and Energy, Tsinghua University, Beijing 100084, China
b Department of Naval Architecture and Marine Engineering, University of Michigan, Ann Arbor, MI 48109, USA

HIGHLIGHTS

« Online internal short circuit (ISC) detection scheme for Li-ion battery is proposed.

« The ISC detection algorithm is addressed from parameter estimation perspective.

« The algorithm can detect early-ISC based on the voltage and temperature responses.
« The algorithm can detect early ISC wherever the ISC location inside the battery is.

ARTICLE INFO ABSTRACT

Article history:

Received 9 April 2015

Received in revised form 14 September 2015
Accepted 2 October 2015

Available online 22 October 2015

Early detection of an internal short circuit (ISC) in lithium ion batteries has become a crucial task for bat-
tery management, as ISC is believed to be the root cause of several large format lithium ion battery fire
accidents. In this paper, a scheme of on-line detection of ISC is proposed, and the online ISC detection
problem is addressed from a model parameterization and parameter estimation perspective. Using a
3D electrochemical-thermal-ISC coupled model, we explore the correlation between the measured
voltage, current, and temperature data and the ISC status. It is identified that the abnormal depletion

K.ey 'fvord?: in the state-of-charge (SOC) and excessive heat generation associated with ISC affect the voltage and tem-
Lithium ion batte
Safety v perature responses, and that the correlation can be captured by a properly parameterized phenomenolog-

ical model. The ISC detection is then recast as a parameter estimation problem, for which a model-based
estimation algorithm is proposed and evaluated. It is shown that the estimation algorithm can track the
parameter variations in real-time, thereby making it feasible to track ISC incubation status or to detect
instantaneously triggered ISC. Moreover, it is observed that the recorded temperature profile is not
affected by the location where the ISC occurs, due to the oval shape of the temperature distribution
caused by anisotropic heat conduction of the battery core. Therefore, the proposed algorithm can detect
the ISC, regardless of its physical location within the battery.

Internal short circuit
Online detection
Parameter estimation
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1. Introduction the cell number and pack complexity in battery pack design [10],

thereby improving the reliability of a battery pack [11]. However,

Given their high energy/power density and extended cycle life,
lithium ion batteries have become one of the most popular choices
for today’s more-electrified powertrain systems [1-3]. However,
several recent accidents associated with battery fire have raised
great public awareness and concerns of the safety issues of lithium
ion batteries [4-9].

All of the batteries that were involved in the accidents reported
in [6-9] have high capacity and large formats in dimension. Large
format batteries are favored by manufacturers because they reduce

* Corresponding author. Tel.: +86 10 62773437; fax: +86 10 62785708.
E-mail addresses: fxn07@mails.tsinghua.edu.cn (X. Feng), ouymg@tsinghua.edu.
cn (M. Ouyang).

http://dx.doi.org/10.1016/j.apenergy.2015.10.019
0306-2619/© 2015 Elsevier Ltd. All rights reserved.

a large format battery is more vulnerable to safety problems
because it contains more stored energy. Cooling is less effective
because of the lower surface/volume ratio, which leads to higher
non-uniformity in the temperature distribution within the cell
[11]. A local hot spot, which may be triggered by an internal short
circuit (ISC), can propagate throughout the whole cell, resulting in
thermal runaway and fire [11].

An ISC is believed to be the root cause of the large format
lithium ion battery fire in a series of accidents of Boeing 787
Dreamliner airplanes [8,9]. In those cases, local heat generation,
induced by the ISC, developed into thermal runaway in one of
the large format batteries, resulting in cell-to-cell propagation
and subsequent failure of the whole battery pack [8,9]. Although
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there is no clear explanation on what has led to ISC in [8,9], an
abundance of evidences and field experiences indicate that it takes
a long incubation time before an ISC strikes [12,13]. The ISC
develops slowly during the incubation period as cycling continues
[13]. The ISC-induced Joule heat will not develop into thermal
runaway until the equivalent ISC resistance decreases to a
substantially low level [13]. Before an ISC develops into a safety
threat, it must be detected effectively to prevent the ensuing
thermal runaway. The long time incubation makes it possible to
perform early detection of ISC.

Early detection of ISC is a great challenge for a battery manage-
ment system (BMS) and several research groups have made efforts
to address this challenge. TIAX reported two technologies that can
detect ISC early, according to [13]. However, no substantial details
are available in the public domain due to the pending patents.
With normal BMS sensors, the available signals recorded are the
battery voltage, temperature, and current [14]. An ISC is usually
accompanied by a voltage drop due to capacity depletion and a
temperature rise due to additional heat generation [15-17]. The
voltage and temperature responses may be used to detect faults
such as ISC [18]. However, an ISC cannot be identified directly
through the voltage and temperature responses [13] especially
for large format batteries [19]. Therefore, model-based algorithms
are required to interpret the ISC status from the voltage and tem-
perature signals.

Correlating the ISC with a properly parameterized phenomeno-
logical model and then identifying the related parameters to infer
the incubation status of ISC is a natural approach. With an estab-
lished parametric model, the ISC detection problem can be recast
as a parameter estimation problem, if the ISC incubation status
can be correlated with model parameters. To this end, for ISC
detection, we explore two phenomenological models: the Equiva-
lent Circuit Model (ECM) [20,21] and the Energy Balance Equation
(EBE) proposed by Bernardi, Rao and Newman in [22,23]. The for-
mer model is used to predict the voltage behavior of lithium ion
batteries [20,21], whereas the simplified latter model is used to
calculate the temperature response [24,25]. Both models have
been validated by experiments [20,26] and have been used for dif-
ferent applications, such as battery SOC estimation [27-31] and
SOH monitoring [32-36]. However, these models have not been
used for ISC detection, to the best of the authors’ knowledge.

Voltage and temperature responses of an ISC battery cell from
cycling are required to develop and evaluate the ISC detection algo-
rithms. According to the literature, ISC can be experimentally cre-
ated through 4 methods: (1) nail penetration [37,38]; (2) rod
crush/indentation [39,40]; (3) inserting a temperature-controlled
material inside the cell [17,41]; and (4) inserting metal particles
inside the cell [16]. However, it is difficult to design repeatable
experiments that can emulate early stage incubation of field ISC
failure. Most of the methods mentioned above will trigger a serious
ISC that leads to immediate thermal runaway.

For our work on ISC detection, we use data generated by a high
fidelity model instead of experimental data. Extensive research
performed by several groups [19,42,43] has established an
electrochemical-thermal-ISC coupled model that can capture the
effects of ISC on the battery’s electrochemical and thermal
responses; this model will be referred as the et-ISC model in this
paper. The et-ISC model has the advantage of easily simulating
various levels of ISC at different locations within the battery. The
electrochemical model used in the et-ISC model is based on the
Dualfoil or the pseudo-two-dimensional (P2D) model developed
by Doyle, Fuller and Newman [44-46], and it is regarded as a
benchmark criterion to evaluate the quality of other simplified
models [47-50]. This model can be expanded to include thermal
effects by adding heat generation and heat transfer equations
[51-57]. Moreover, an equivalent resistance is connected to the

electrochemical-thermal model to simulate ISC [19,42,43]. All of the
models in [43,46,52,56,57] have been validated by experimental
data. Based on these models, one can establish a validated 3D
electrochemical-thermal model to simulate the localized ISC inside a
large format lithium ion battery cell during the ISC incubation process.

In this paper, we use a 3D electrochemical-thermal model to
simulate different cases of ISC. The voltage and temperature
responses of the et-ISC model are used to correlate the ISC status
with the parameters in the ECM and EBE models, thereby estab-
lishing the validity of the proposed parametric approach for online
detection of ISC. The model-based parameter estimation algorithm
(RLS with forgetting factor in this study) is employed to transform
the voltage and temperature responses into physical parameters,
whose values are used for interpreting the ISC status. Various
levels of ISC, including instantaneously triggered ISC and ISC at dif-
ferent locations within the cell, are set in the 3D electrochemical-
thermal model to evaluate the proposed ISC detection method and
algorithm. The numerical results indicate that model-based
parameter estimation is indeed effective in detecting ISC, regard-
less of the physical location within the cell.

2. An overview of the detection algorithm

Fig. 1 shows the scheme of the ISC detection algorithm. Data for
current (I), voltage (V), and temperature (T) are collected and used
as the input for the parameter estimation algorithm. A model-
based parameter estimation algorithm is used to extract the phys-
ical parameters from the profiles of voltage, temperature, and cur-
rent measurement. These physical parameters include internal
resistance R;, R,, and battery capacitance C in the ECM model
and ohmic resistance Ry and the temperature derivative of the
equilibrium potential Ur in the EBE model. By applying the RLS
algorithm with a forgetting factor to the parameterized ECM and
EBE models, the estimation algorithm provides the values of the
key parameters R;, R, C, Rq, and Ur. To demonstrate the utility
of the ECM and EBE model for ISC detection, we must establish a
correlation between the ISC status and the estimated parameters.
Towards this end, and to evaluate the validity of the proposed algo-
rithm, the et-ISC model is used to emulate various ISC scenarios in
the algorithm development. In actual implementation, real-world
battery data will be used instead of model-generated data.

This paper establishes the correlation between the ISC status
and estimated parameters through simulation data generated by
a validated 3D et-ISC model. We show that both the ECM and
EBE models can be used for ISC detection, with a properly designed
estimation algorithm. These two models rely on different data to
interpret different physical phenomena: one focuses on electrical
signals, and the other emphasizes the thermal behavior. Although
each model alone can be used to detect ISC, as we demonstrate in
this paper, combining the features identified using these two mod-
els will enhance the algorithm in terms of robustness against sen-
sor failure, battery health degradation, and environmental
condition changes. It will also reduce the possibility of false alarms.

In the remainder of the paper, an ISC detection algorithm for ISC
detection through parameterized ECM and EBE models is developed
and verified. The et-ISC model will be introduced in Section 3, the
parameter estimation algorithm will be described in Section 4, and
the detection results and discussion will be presented in Section 5.

3. The internal short circuit model
3.1. Overview

Fig. 2 shows the structure of the et-ISC model [19,42,43] used
for ISC simulation in this paper. The geometry of the large format
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Fig. 1. The scheme of the ISC detection algorithm.
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Fig. 2. The structure of the et-ISC model in this paper.

battery to be modeled is the same as the famous PHEV-2 type
standardized in DIN SPEC 91252 [58] proposed by VDA (Verband
der Automobilindustrie). The physical entities include the battery
core, the battery shell and the battery pole, as indicated in Fig. 2
(a). The physical dimensions of the target battery used for this
study are listed in Table 1.

Table 1
The geometry of the large format battery.
Component Symbol Parameter name Value (m)
Shell Ls Length 0.148
Bs Broad 0.026
Hs Height 0.091
Core Lc Length 0.130
Bc Broad 0.022
He Height 0.080

3.2. The pseudo-2D electrochemical model

The electrochemical model is built according to [42-57] with
the governing Egs. (1)-(10), as shown in Fig. 2(b) and listed in
Table 2. The physical variables in the electrochemical model are
listed in Table 3. The related physio-electrochemical parameters
used in the electrochemical model are listed in Table 4. The battery
is assumed to have a nominal capacity of 27Ah with a
Liy(NiCoMn);;30, cathode and a Li,Cs anode, where y denotes the
stoichiometry coefficients of the cathode and anode. The
relationship between the open circuit potential U, and the stoi-
chiometry coefficient y used in Eq. (10) for both the cathode and
anode is shown in Fig. 3. The nominal capacity Cnorm can be
calculated by Eq. (11), where i;c is the normalized current density,
Acore = Lc - Hc denotes the active area of the battery core for one
cell plate, Lc(Hc) is the length (height) of the battery core defined
in Table 1, and N is the number of stacked plates. The output
voltage can be calculated by Eq. (12) as the voltage difference
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Table 2
The governing equations of the electrochemical model [42-57].
Equation name Equation expressions Boundary conditions
) Obs D —
Ohm’s law —oeM o — i 7a'erfi?)TlX:L@ﬁ»Lm»L(-L‘,ﬁ»LA, = lapp
i i P, " _eff 9 _ _ eff 9% _
Charge, solid phase _ %zxg = geff % — afj otft 22 etotly = gt 22, relotlntls =
) X 0y ; ff 0D, _ ff 0P, _
Charge, electrolyte phase 2 (G-gff %) — _aF+ ZRT(;: ) 2 (O.Sff ()iicﬂ) —geft o2, o, = —geff 22 |x:L@+L"+L;+Lp =
Species, solid phase % = 1.0 (D2 %) “Ds %l =0, ~Ds%|, ¢ =i
Species, electrolyte phase . oce _ o (peff oc PR _ peff ac, _ _peff o, _
Ee ¢ ox (DE Wg) +(1-)g D™ 5 x=Lcy De i X=Leu+Lp+Ls+Ln 0
. _ i L F
Electrical current on electrode, Butler-Volmer equation j=1io- [exp (7RTF 1) — exp (—%‘75)]
Over-potential for the intercalation Ny =®s — Pe — U —j-Rsg
Exchange current density ip =Kk - (Ce)™ (Csmax — Cs.e)™ (Cse)™
Local stoichiometry coefficient y for the electrode y=3fRp2 o gr
R s max
Temperature dependent open circuit potential U=Urer(y) — (T — Trer) [ﬁ%
between the positive electrode and the negative electrode in the ~ Chorm = fic - Acore - N = f1c - (Lc - He) - N (11)
solid phase. The voltage response of the electrochemical model
can fit the experimental data of a real battery at different discharge V= (p5|x:Lo,+Ln+Ls+Lp+LAl — @, (12)

rates, as shown in Fig. 4.

3.3. The 3D thermal model

Table 5 collects all of the governing equations for the 3D ther-

Table 3
The variables in the electrochemical model. mal model according to [43,55-57]. The heat generation rate Q in
Symbol Description Unit Eq. (13) can be calculatgd by Eq. (14), vv_herg Qev, Qi", Qohm, and
- — - Q.nore denote the reversible heat generation, irreversible heat gen-
®s Electrical potential in the solid phase v eration, Ohmic heat generation, and the heat generation caused by
D, Electrical potential in the electrolyte phase \% )
Cs Insertion particle concentration in the solid phase mol/m> ISC, respectively, and they can be calculated by Egs. (15)-(18),
Ce Salt concentration in the electrolyte phase mol/mz according to [43,55-57]. Qshort = IﬁhmRS,mrt at the location where
J Molar flux ) mol/m?s ISC occurs, whereas Qg is equal to zero at other normal places
is Electrode current density A/m .
without ISC. I denotes the current caused by ISC, and Rghort
denotes the equivalent resistance when ISC occurs. The detailed
Table 4
The physio-electrochemical parameters used in the electrochemical model.
Symbol Parameter Unit Value
Chorm Nominal capacity of the large format battery Ah 27
i1c Normalized current density for 1C charge rate A/m? 17
N The number of stacked plates 1 152
F Faraday constant A s/mol 96,485
tﬂ Transference number 1 0.363
Symbol Parameter Unit Cu foil Negative electrode Separator Positive electrode Al foil
L Length M 9x107° 59 x 107° 25x 1076 52 x107° 20x107°
ggff Effective electrical conductivity, solid phase S/m Ts &lag elos [
s Electrical conductivity, solid phase S/m 5.998 x 107 100 3.8 3.774 x 107
& Volume fraction, solid phase 1 0.471 0.297
ot Effective electrical conductivity, electrolyte phase S/m &0, e el
[ Electrical conductivity, electrolyte phase S/m oe = f(ce) [59] e = f(ce) e = f(ce)
&e Volume fraction, electrolyte phase 1 0.357 0.444
D; Intercalation diffusivity m?/s 39x1014 1x10 13
Dsff Effective electrolyte diffusivity m?/s &l°De De el°De
D Electrolyte diffusivity m?/s 75% 101 75%x10""  75x10 M
Rs Particle radius M 15 x 10~ 15 x 107
A Specific interfacial area 1/m 3é&s/Rs 3¢& /R
Op, Op Charge transfer coefficient 1 0.5 0.5
Rsg; Resistance of solid electrolyte interface Qm? 0.001 0.001
K Reaction rate coefficient m/s 2x 1071 2x 1071
Cs max Maximum solid phase Li-ion concentration mol/m> 31,500 72,600
Y Stoichiometry coefficient, y at 100%/0% SOC 1 0.80/0.05 0.34/0.93
Uper Reference open circuit potential at Tyef =25 °C \Y Fig. 3 Fig. 3
‘5# Temperature derivative of equilibrium potential V/K —0.00008 —0.0001
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Fig. 3. The open circuit potential of the cathode and the anode for the electro-
chemical model.
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Fig. 4. A comparison of the voltage responses at different discharge rates, the
electrochemical model (solid lines) and experimental data (A markers).

treatment for ISC in both the electrochemical model and the
thermal model will be discussed in Section 3.5. Thermal resistant
layers, e.g., the aluminum plastic foil and the air gap, exist between
the battery core and the battery shell, as shown in Fig. 2(c). The
heat conductions at the thermal resistant layers are modeled by
Egs. (19) and (20).

The physical parameters used in the thermal model are listed in
Table 6. The battery core is assumed to have the same anisotropic
heat conductivities as in [56,60,61], the values of which are set
referring to [61]. As there is always an air gap between the battery
core and the battery shell in a typical battery structure, therefore a
5-mm-thick thermal resistant layer filled with air is set at the top
of the battery core. The other sides and the bottom of the battery
core are assumed to be wrapped by Al plastic film, referring to

Table 5
The governing equations of the thermal model [43,55-57].

the battery structure in [62]. The average heat convection coeffi-
cient is set as 5W/m?K, indicating natural convection, and the
ambient temperature is set as 25 °C surrounding the battery shell.
The mesh grids of the 3D thermal model are shown in Fig. 5.

3.4. Coupled electrochemical-thermal model

The P2D electrochemical model and the 3D thermal model can
be coupled according to Fig. 2(d), referring to [42,65]. The coupled
electrochemical-thermal model is built in Comsol Multiphysics®
ver 4.4. The data of temperature under different current rates are
collected and are shown in Fig. 6. The model generated data can
fit the experimental results with h=0.38 W/m? K, as reported in
[57], especially for the current rates less than 1C. The accuracy is
deemed sufficient to simulate the temperature response in this
paper because the current profiles used in subsequent sections
are always less than 1C.

3.5. The ISC treatment in the model

Fig. 7 shows the ISC treatment in the electrochemical-thermal
model, referring to [19,42,43]. In this study, the area of ISC is set
to be 2 mm x 2 mm, located at the coordinate of (Ax, Ay, Az) with
(0,0,0) being the center of the battery core. The equivalent resis-
tance of the ISC is set as Rsnoc, Which varies for different cases to
test the detection algorithms. The ISC current, Isno e, Satisfies Ohm’s
law as in Eq. (21), where V is the voltage output of the model as in
Eq. (12).

Vv

Ishort Rshort (21)
Ishore changes the actual current profile I, applied on the electro-
chemical model and thus influences the electrode current density
is. Ipp equals Ij,,¢, the load current, when there is no ISC, whereas
Lpp equals the sum of Ijo,q and Ispoe When ISC occurs inside the bat-
tery, as in Eq. (22). Ipp is the spatial integration of the electrode cur-
rent density i, as in Eq. (23); therefore, Is,ox can be coupled in the
electrochemical model.

Iloady (W/O ISC)
lapp = 22
b {Iload +lgpore, (W) 1SC) (22)
Iapp = // isdA =N -Acore - s (23)

The local heat generation caused by ISC can be calculated by Eq.
(18) in Table 5. Local heat accumulation raises the temperature
near the ISC point, as shown in Fig. 7. Three probes, Ts;, Tsz, and

Equation name

Equation expressions

Boundary conditions

Energy balance

Heat generation

Reversible heat generation
Irreversible heat generation
Ohmic heat generation

Joule heat generation, short circuit

Thermal resistant layer between the core and the shell

Qe = FaiT g}

aT
—Zcore on

PCo I = D) + 35 (W) + 2 (D) + @ (13) o —h(T-T.)
Q = Qrev + Qirr + Qohm + Qshort (14)
(15)
Qirr = Faj(®s — P — U —j - Rsr) (16)

9bs\ 2 od.\ 2 eff ; )
Qonm = 0% (%) + 08 (%) + 2550 (1 — ) 25ee o (17)
Qshort = CiortRenore,  short position (18)
e 0, other position

. = 322 (Teore — Teen) (19)
e = 522 (Toett — Teore) (20)

or
—ZAshell i
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Table 6
The physical parameters used in the thermal model.
Symbol Parameter Unit Core Shell Core top Core side Ambience
& bottom
i Thermal conductivity. The subscript ~ W/m K Ix=1ly=21, Jx =y =J7=160
i = {core, shell} denotes the Jz=0.5[61] (Aluminum [63])
component in the model; i = {x,y,z}
denotes the direction of heat
conduction
P The density kg/m? 2100 2700
Cp The specific thermal capacity J/kg K 1100 900
Mayer Thermal conductivity of the thin W/mK 0.026 (air 0.28 (Al-plastic
thermal resistant layer 25°C) [64] film) [61]
layer Thickness of the thin thermal m 0.005 0.001
resistant layer
h Convection coefficient W/m? K 5
Tw Ambient temperature °C 25

Ts3, are applied in the 3D-thermal model to monitor the tempera-
ture at the center of the battery surface, the core center, and the ISC
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Fig. 5. The mesh grids of the 3D thermal model.

point, respectively, as shown in Fig. 7.

The voltage and temperature measured at Ts; are monitored by
the battery management system, as in the case of real operation.
The voltage output of the model is calculated by Eq. (12), whereas
the temperature output of the model is T = Ts;, which represents
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Fig. 8 shows

charge activities

recorded by thermocouple placed at the surface

center as in practical application.

3.6. Model responses

the outputs of the model during 1C charge/dis-

charge cycle with and without ISC. The equivalent resistance for
ISC is Rgnore = 20 Q. Note that the voltage response in the case of
ISC is very similar to the case without ISC. Meanwhile the temper-
ature variations are shown in both cases due to the charge/dis-
. Therefore, direct detection of ISC through signal
processing of voltage and temperature is very difficult. As a result,
we pursue a model-based online parameter estimation approach to

enable ISC detection.

4. The parameter estimation algorithm

4.1. Parametric model

Online parameter estimation requires a parametric model in the
form of Eq. (24), where Y is the observation, 0 is the parameter to

A

0.4

Depth of Discharge (%)

0.6

0.8

Fig. 6. A comparison of the temperature responses at different discharge rates, the
thermal model (solid lines) and experimental data in [57] (A markers).

be estimated, @ is the regressor [66]. k is the time index and the
sampling time is t; from the Comsol® simulation output.

Y(k) = 0(k)" @ (k)
The ECM model, as shown in Fig. 1, involves the discretized Egs.

(25) and (26), where R;, R, and C are the physical parameters that
have correlations with the ISC status. To use the ECM model for ISC

Fig. 7. ISC settings in the electrochemical model.

(24)



174 X. Feng et al./Applied Energy 161 (2016) 168-180

) 1c 1h 1c 1h
_ 45 Discharge Rest Charge Rest
2 4
(]
I 32 —No ISC
K] r .
S o , , 20Q I1SC
-0 5000 10000

Temp ( °C)
N w
Q Q

/]
{ ]
1]
.
\ §
L}
1
|
3 [ ]
’
|
[
 §
| ]
[
]

Fig. 8. The output of the electrochemical-thermal model with and without ISC
under 1C charge/discharge.

detection, Eq. (27), representing the standard parametric model
(24), is obtained by substituting Eq. (25) into (26). Next, we apply
online parameter estimation of 0 in the ECM model; subsequently,
the estimated 0 is used to determine R;, R, and C.

Vire(k) = Vre(k—1)+Ro(1— 1) -I(k—1), c =exp(—1/R,C)  (25)
V(k) = OCV(k) — Ry - I(k) — Ve(K) (26)

Y(k) = V(k) — OCV(k)

0(k) = (o, Ry, [oRy — Ry (1 — o)) (27)

&(k) = ([V(k - 1) = OCV(k — 1)], =I(k),I(k — 1))

The open circuit voltage (OCV) varies with the state of charge
(SOC), as shown in Fig. 9. The SOC is assumed to be calculated by
Eq. (28), where SOC(k) is the estimated SOC at time k - t5, SOC(0)
is the initial SOC, t; is the sampling time, and Isoc = l;,,¢ When

calculating the SOC. Given the relationship between the SOC and
OCV, OCV is treated as known in the algorithm.

SOC(k) = SOC(0) + Ek: (M) (28)
=1 Cnorm

Similarly, given the continuous form of the EBE, as in Eq. (29),
where the parameters are defined in Table 7, a parametric model
for estimating Ro (the Ohmic resistance) and Ur (the temperature
sensitivity of equilibrium potential) can be derived. The discretized
form of the EBE is given by Eq. (30), where Ts; and Ts, represent the
temperature at the center of the battery surface and the center of
the battery core, respectively, as shown in Fig. 7. However, the
internal temperature is inaccessible and only T =Ts; can be
measured in practical use. Therefore, Eq. (31) is used to calculate
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Fig. 9. OCV vs. SOC as an output of the electrochemical-thermal model.

Table 7
The parameters used in the parameter estimation algorithm.

Symbol Parameter Unit Value

ts The sampling time or the output time s 1
interval in Comsol simulation

M The lumped mass of the battery kg 0.72

Cp The lumped specific heat capacity of the J/kg K 1100
battery

h The lumped convective coefficient W/m? K 5

A The total surface area of the battery m? 0.04

T The ambient temperature °C 25

X The constant factor for estimating internal 1 0.06
temperature

n The points used to get the temperature 1 30
derivative Ts; (k) by least squares

B The forgetting factor for the RLS algorithm 1 0.999

Ipstop The current limit for covariance updating A 20
stop

Xy The standard deviation of the Gaussian mV 2
noise applied on the voltage signal

r The standard deviation of the Gaussian °C 0.1

noise applied on the temperature signal

the internal temperature of the core (Ts,) using Ts;, where the def-
initions and values of parameters used in Eqgs. (30) and (31) are
given in Table 7. Substituting Eq. (31) in (30), we obtained the
standardized Y, 0, and ¢ for parameter estimation in Eq. (32).

T:MLQ(PRQHT.UT—hA(T—Tx)) (29)
. 1 )

Tsa(k) =~ (I(k)* - R + I(K)Ts (k) - Uy — hA(Ts (k) — T 30
2(k) = g7 (10 Ra + (0T () Ur — hATs1 () = T.)) - (30)
Ty =Ts1 + X(Ts1 — Tw) (31)

Y(k) = MC,(1 + X)Ts1 (k) + hA(Ts1 (k) — To)
0(k) = (Ro, Ur) (32)
D(k) = (1P (k), 1(k) - [Ts1 (k) + X(Ts1 (k) — To0)])
The temperature derivative Tse (k) is not directly measured, but
numerically calculated by (1) fitting 2n points nearest to time k

using simple linear regression, as in Eq. (33), where a and b are
derived through least squares; and (2) setting the temperature

derivative T (k) equal to the derivative a of the fitting function.

4.2. Parameter estimation algorithm

We can employ the recursive least squares (RLS) algorithm with
a forgetting factor p to estimate the parameter 0 to detect the
occurrence of ISC. Egs. (24) and (34)-(37) are the standard equa-
tions for the RLS algorithm referring to [66-68].

Y(k) = (k) d(k)

E(k) = Y(k) — 0(k — 1)" d(k) (34)
0(k) = 0(k — 1) + K(k)E(k) (35)
K(k) = P(kT— 1)®(k) (36)
B+ @) P(k—1)D(k)
T
pli — PR=1) KPR Pk~ 1) 37

p
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Fig. 10. Model output applying FUDS current profile.

The updates of the parameter 0§ and the covariance P are
stopped when the current I(k) > Ipstop for some threshold Ipsqp,
because the model is only validated for low charging current.

{ f)((lli)) i ;9)((];< : 11)) , no updating when I(k) > Iptp in the thermal

model Egs. (29)—(32)
(38)

4.3. Data for algorithm evaluation

Federal Urban Drive Cycle (FUDS) [69] is used as the current
input of the ISC model to guarantee persistent excitation, a condi-
tion that will help parameter estimation. FUDS can also simulate
practical working conditions of the battery. The model outputs of
V and T under 3 repeated FUDS cycles is shown in Fig. 10. V and
T have sampling accuracies of 1 mV and 0.01 °C, respectively.
White noise with Gaussian distribution N(0, Xy) and N(0, Xr) have

Table 8
ISC cases for testing the detection algorithm.

Case FUDS Total  Rgpore [Q] ISC position Max({T = Ts3}
cycle time (Ax, Ay, Az) at ISC point
no. [s] [mm] [°C]

1 3 4116 oo No ISC 27.59

2 3 4116 100 (0,0,0) 29.39

3 3 4116 50 (0,0,0) 31.21

4 3 4116 20 (0,0,0) 36.96

5 3 4116 10 (0,0,0) 48.00

6 5 6860 0 (k <34305) (0,0,0) 46.38

10 (k>34305s)
7 5 6860 0 (k <34305) (0,0,0) 36.44
20 (k > 34305)

8 3 4116 10 (0,0,-5) 49.93

9 3 4116 10 (0,0,5) 50.92

10 3 4116 10 (60,0,0) 51.47

11 3 4116 10 (60,0,-5) 51.98

12 3 4116 10 (60,0,5) 52.17

13 3 4116 10 (60,30,-5) 53.18

Table 9
Initial conditions for the ISC simulations.

SOC(0) xinLixCg y in Liy(NiCoMn);30, Initial temperature
7(0) [°C]
Value 80% 0.649 0.458 27.5

been added into the sampled signal V and T to emulate practical
conditions. Finally, the parameters of interest and their values used
in simulation are summarized in Table 7.

5. Detection results and discussion
5.1. Overview

To evaluate the effectiveness of the model-based parameter
estimation algorithm for ISC detection, data were generated by
the et-ISC model for different scenarios (as in Table 8) with the
following specifics: (1) Case 1-Case 5 are established with various
degrees of ISC to test the capability of the algorithm in detecting
different levels of ISC; (2) Case 6 and Case 7 are established to test
the capability of the algorithm to detect the instantaneously-
triggered ISC during cycling; and (3) Case 8-Case 13 are
established to evaluate the algorithm when the ISC occurs at
different locations within the battery. In addition, the initial
conditions for all of the simulations are listed in Table 9.

The maximum temperature at the ISC point (Ts; in Fig. 7) during
cycling is given in the last column of Table 8 to confirm that the
cases are indeed reflecting the ISC at different incubation stages.
The maximum temperature for ISC with an equivalent resistance
of Ryhort = 10 Q is 53 °C. A higher temperature (>55 °C) may lead
to severe battery capacity fading, and the self-heating could be
triggered at T > 85 °C, as reported in [70]. Therefore, it would be
helpful if early ISC can be detected when the equivalent ISC
resistance is larger than 10 Q.

5.2. Detection of ISC at various incubation stages

Cases 1-5 are established to test the capability of the
algorithm in detecting different levels of ISC. Fig. 11 shows the
detection results based on the ECM model using voltage measure-
ments. The voltage curve for more severe ISC (with lower Rgyort)
will be slightly lower than those with less severe ISC, as shown
in Fig. 11(a), due to the extra SOC depletion associated with
ISC. Fig. 11(b) shows the estimation results for the parameters
in the ECM model using Egs. (24), (27), and (34)-(37). The values
for the estimated Ry, R,, and C are listed in Table 10. As shown in
Fig. 11(b) and Table 10, as Rqyo: decreases, R; changes slightly,
indicating minor changes in the DC resistance during ISC. The val-
ues of R, and C increase 355% and 78% (173% and 35%),
respectively, for the ISC resistance Ry =10Q (20Q). The
excessive increments of R, and C are caused by the accumulating
voltage depletion due to ISC. The results indicate that the algo-
rithm may detect ISC based on the ECM when Ry is as high
as 20 Q.

Fig. 12(a) shows the 3-D temperature distributions for Case 1
(no ISC) and Case 4 (Rshore = 20 Q) before and after 3 FUDS cycles.
A hot spot caused by local ISC heating can be seen at the center
of the battery core for Case 4. Fig. 12(b) compares the temperature
responses for Cases 1-5. The center temperature (Ts; in Fig. 7)
shows different levels of temperature rise with different Rgport,
whereas the surface temperature curves show some drifts with
different temperature rise/drop rates. Fig. 12(c) is the detection
results based on the EBE model, Eqgs. (24), (32), and (34)-(38).
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Fig. 11. Voltage-related detection results for various degree of ISC.

Table 10
Detection results for various degrees of ISC.

Case  Rghore [  Average value in the last FUDS cycle, k € [2745,4116] s
Ri [mQ] R, [mQ] C[F] Rq [mQ]  Ur [mV/K]

1 0 4.6 0.55 8158 1.4 —-0.0153

2 100 4.7 0.78 7528 2.2 —-0.0230

3 50 4.7 0.91 8522 29 —-0.0255

4 20 4.7 1.50 11,003 48 —0.0660

5 10 4.7 2.50 14,544 83 -0.1128

As shown in Fig. 12(c) and Table 10, as Rsox decreases, the
absolute values of Rq and Ur, which represent the average heat
generation during operation, show obvious increases due to the
excessive heat generation caused by the ISC. The absolute values
of Ro and Ur increase 493% and 637% (243% and 331%), respec-
tively, for the ISC resistance Rgorr = 10Q(20Q). In addition,
observable increases (67% and 107%) in the absolute values of Ry

and Uy, respectively, for Rghor = 50 Q indicates that the algorithm
may detect ISC based on the EBE, even when Ry is as high as
50 Q.

The results establish that both models can be used for ISC
detection, with EBE having higher sensitivity for mild ISC cases.

5.3. Detection of instantaneously triggered ISC

For Case 6 and Case 7, the et-ISC model is established to test
the capability of the algorithm to detect an instantaneously trig-
gered ISC during cycling. The ISC is presumed to be triggered at
time t = 3431 s. Fig. 13(a) illustrates that no local hot spot occurs
inside the battery between O and 3430s in the simulation of
Case 6, whereas a continuous temperature rise is observed once
the ISC is triggered. Fig. 13(b) shows the voltage and tempera-
ture responses for Case 6 and Case 7. The temperature at the
battery center (Ts, in Fig. 7) rises sharply, whereas the surface

50 0.01
O 45 —
o
[ a
= 40 -
[°C] 5 350 o 0.005
30 5 30
3% © 0
25 .
(] 1000 2000 3000 4000 0 1000 2000 3000 4000
Case 10s Case 141165 - o 1o S0
B 31 35 —100QISC
e 1 30 G |—s00ISC -1
—— 29 o =
L 58 K ~—20Q1SC 3
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detection results

Fig. 12. Temperature-related detection results for various degree of ISC.
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Table 11
Detection results for instantaneously triggered ISC.
Case FUDS cycle no. Average value in one FUDS cycle
Ry [mQ] Ry [mQ] C[F] Ra [mQ] Ur [mV/K]
6 1 / / / / /
2 47 0.78 7939 15 ~0.017
3 47 0.75 8313 1.9 -0.027
4 46 0.95 11,266 6.1 —0.081
5 46 1.40 14,372 7.6 —0.101
6 47 1.70 16,268 8.0 -0.101
7 47 1.80 19,442 7.9 -0.104
7 1 / / / / /
2 47 0.76 7827 1.2 -0.028
3 47 0.71 7731 17 ~0.018
4 46 0.69 8508 338 ~0.050
5 46 0.81 10,478 46 ~0.064
6 46 0.84 11,571 47 —0.064
7 47 0.83 12,656 47 ~0.055

temperature (T = Ts; in Fig. 7) starts to rise slowly when ISC is
triggered. The estimation results of the algorithm can adapt to
the instantaneously triggered ISC, as shown in Fig. 13(c), (d)
and Table 11. The values of R, and C increase by 131% and

145% (9% and 62%), respectively, and the average absolute values
of Rq and Ur in one FUDS cycle increase 433% and 494% (96% and
292%), respectively, after ISC is triggered for Ry = 10 Q (20 Q).
The EBE model-based algorithm detects the instantaneously
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Fig. 14. Detection results for ISC at different locations.

Table 12
Detection results for ISC at different locations.

Case Average value in the last FUDS cycle, k € [2745,4116] s

R, [mQ] R, [mQ] CI[F] Rq [mQ] Ur [mV/K]
1 46 0.55 8158 14 ~0.0153
5 47 2.50 14,544 83 ~0.1128
8 47 2.30 13,784 83 ~0.1050
9 47 2.20 14,135 8.5 -0.1048
10 47 2.20 13,620 8.4 ~0.1103
11 47 2.20 13,272 8.2 ~0.1143
12 47 2.30 13,167 8.2 -0.1185
13 46 2.20 13,583 8.4 ~0.1035

triggered ISC more quickly than the ECM-based algorithm
when ISC is instantaneously triggered.

5.4. Detection of ISC at different locations

The 3D et-ISC model provides a convenient means for us to
investigate the effects of ISC when it occurs at different locations
within a cell. Case 5 and Cases 8-13 provide simulation results cor-
responding to ISC at different locations. We choose Rgyor = 10 Q
because in this case, the ISC can cause the most severe non-
uniformity of temperature distribution. Fig. 14(a) illustrates the
temperature distribution at the end of 3 FUDS cycles for Case 5
and Case 13. The maximum temperature of Case 13 (53.18 °C) is
slightly higher than that of Case 5 (48.00 °C), because the heat dis-
sipation at the corner is poorer than at the center, as reported in
[37]. Fig. 14(b) shows the voltage and temperature responses for
Case 5 and Cases 8-13. The voltage responses are quite similar,
which leads to similar estimation results based on the ECM model,
as shown in Fig. 14(c) and Table 12. There is at most a 0.2 °C differ-
ence in temperature responses at the battery surface. Moreover,
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Fig. 15. Oval temperature distribution in the battery core.

the temperature rise rates are similar, indicating similar inputs of

Ts1(k) and Y (k) as those in (32); therefore, the estimation results
based on the EBE model are quite close, as presented in Fig. 14
(d) and Table 12.

Fig. 15 helps explain the reason for the similar temperature
responses for cases with ISC at different locations. Fig. 15(a) and
(b) shows the temperature distributions for Case 5 and Case 10,
respectively, at the end of 3 FUDS cycles (t = 4116 s). The anisotro-
pic thermal conductivity of the battery core (i = 4, =21 W/mK
and /,=0.5W/mK in Table 6) leads to an ellipsoid temperature
distribution surrounding the ISC point, as shown in Fig. 15(a) and
(b). Therefore, the oval isothermal line in the intersection x —z
plane aty = 0 leads to similar responses of the surface temperature
T = Ts, as illustrated in Fig. 15(c) and (d). Here, in Fig. 15(c) and
(d), for both cases, the temperature T = Ts; recorded at the battery
surface is approximately 30.8 °C according to the isothermal line.

In summary, with only one temperature sensor Ts; located at
the center of the battery surface, the proposed detection algorithm
leads to similar detection results, regardless of the ISC locations.
This result is an advantage of the proposed algorithm, in the sense
that we do not need to incorporate the location sensitivity in the
algorithm development. If, however, one wishes to detect not only
the ISC status but also its location, then more temperature sensors
must be installed at different locations on the battery surface.

6. Conclusion

This paper investigated the detectability of ISC in a large format
lithium ion battery for BMS using only the measurements of cur-
rent, voltage, and temperature (at the center of the battery sur-
face). We demonstrated a successful ISC detection algorithm
through a model-based parameter estimation algorithm.

A 3D electrochemical-thermal model was built to simulate var-
ious ISC scenarios inside a large format lithium ion battery. The
model can predict the voltage and temperature responses of the
battery with or without ISC. The RLS algorithm with forgetting fac-
tor was applied to estimate the critical parameters in the parame-
terized ECM and the EBE models. The changes in the estimated
parameters, namely the parallel-connected R, and C in ECM, ohmic
resistance Ry and temperature derivative of equilibrium potential
Ur in EBE, can be used as indicators of ISC. The same algorithm
can detect the ISC status in the incubation process or the ISC that
is triggered instantaneously. We also showed that an ISC can be

detected regardless of where it occurs using the temperature mea-
sured at the surface center. To detect the ISC location within a large
format lithium ion battery, additional sensors must be employed.

Our future research on ISC detection will focus on the following:
(1) conducting experiments to validate the ISC detection
algorithm; and (2) characterizing optimized temperature sensor
placement to detect the ISC location.
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