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Estimation through a Cascaded Thermal-Electrochemical Model
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Abstract— This study introduces a novel quintuple thermal
model for all-solid-state batteries, governed by five Ordinary
Differential Equations (ODEs) representing the temperatures of
the case surface near the cathode, cathode, electrolyte, anode,
and the case surface near the anode. The thermal model
estimates temperatures by utilizing heat generated from the
battery, derived from an electrochemical model that describes
the concentration of lithium-ions in the cathode and electrolyte
through two Partial Differential Equations (PDEs). Model
reduction, achieved via Padé approximation, transforms the
PDEs into four Sth-order transfer functions. The thermal model
is verified using ANSYS Transient Thermal Analysis. Optimal
sensor placement was implemented with a single observable
option using just one sensor. Subsequently, the Kalman filter
was used to estimate the temperature.

Index Terms— All-Solid-State Batteries, Thermal Model,
Electrochemical Model, Kalman Filter, Padé Approximation.

I. INTRODUCTION

All-Solid-State Batteries (ASSBs) offer promising ad-
vancements in energy storage due to their use of solid
electrolytes. These innovative batteries eliminate the use of
flammable liquid electrolytes found in conventional Lithium-
ion Batteries (LiBs), significantly reducing the risk of fire and
explosion [1]. Compared to lithium-ion batteries, ASSBs can
store more energy within the same volume, making them a
compelling choice for various applications [2]. In addition
to their high energy density, ASSBs hold the capability to
support ultra-fast charging, thereby considerably reducing
charging times [3].

Temperature is a critical factor for the safety of ASSBs.
The operating temperature also affects the ionic conductivity
and diffusion of lithium-ions within the solid-state elec-
trolyte, which can impact the performance and energy density
of the battery [4]. Furthermore, high operating temperatures
can also accelerate the degradation of electrode materials and
solid-state electrolytes, which can result in decreased battery
capacity and cycle life [5].

The contributions of this study are summarized as follows:

o This article introduces a novel thermal model for
ASSBs. In contrast, models such as [6] focus on LiBs,
predicting temperatures only in the case and core of the
battery.

o Unlike [7], which relies on a thermal—-electrochemical
model for LiBs, this study examines temperature vari-
ations in each internal component of ASSBs. This
includes the case surface temperature near the cathode,
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cathode, electrolyte, anode, and the case surface tem-
perature near the anode.

« This article has a solid validation process using ANSYS
Transient Thermal Analysis to confirm the accuracy and
reliability of the presented thermal model.

o This study utilizes an electrochemical model for tem-
perature estimation in ASSBs. Moreover, it pioneers the
estimation of temperature variations in various compo-
nents within ASSBs. In contrast, existing studies such
as [8] and [9] focus on the liquid electrolyte and use
the Equivalent Circuit Model.

e Unlike [10], which uses the 3rd order of the Padé
approximation, this article employs the 5th order of the
Padé approximation. This choice is made due to the
higher accuracy achieved by the 5th order compared to
the 3rd order, as evidenced by numerical simulations.

The remainder of this article is organized as follows:

Section II introduces the thermal model. Section III delves
into the electrochemical model and its reduction using a fifth-
order Padé approximation. Model verification is discussed
in Section IV. Section V covers optimal sensor placement
and the Kalman filter algorithm employed for temperature
estimation. The simulation results are presented in Section
VI. Finally, Section VII outlines conclusions and discusses
future work.

II. THERMAL MODEL

In Figure 1(a), a schematic of an ASSB is shown. The
outer black line marks the system’s boundaries, simulating a
thermal chamber for the experimental study of the ASSB.
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Fig. 1: ASSB model.

In Figure 1(b), the diagram shows the heat exchange
within the battery using thermal resistances. Heat is gen-
erated at the cathode due to electrochemical reactions. Here,
Thir and Ry denote air temperature and resistance. Ti— is
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the case surface temperature near the cathode, and R, is
the cathode’s thermal resistance. 7;. represents the cathode
temperature, while R, is the electrolyte’s thermal resistance.
T, is the electrolyte temperature. R, and 7, relate to the
anode, with T+ being the case surface temperature near the
anode.

Assumption 1. Within the system where the ASSB was
considered, the adiabatic condition prevails, indicating no
heat exchange between the system and its surroundings.
This condition implies a uniform temperature distribution
within the system, resulting in an equilibrium state where
there is no net transfer of energy into or out of the system.
Mathematically, this equilibrium is expressed as:

Qi(t)

Ti(t) = ;
PiCp,i

(IL.1)
where T} represents the rate of increase in temperature over
time, p; denotes the density of the material in the system, c, ;
stands for the heat capacity of the material within the system,
and @Q; represents the heat generated within the ASSBs, for
ief{s,c e a s}

The heat generation, @;(¢), is normalized by dividing it by
the volume, v;, resulting in the unit of measurement W/m?3.
This heat generation, Q;(t), in an ASSBs is depicted in (IL.2),
as follows:

S(t) + Gcond,i (t)

Qi(t) . (I1.2)

where S(t) represents the heat generated within batteries as
a result of chemical reactions occurring inside the battery,
and geond,; () denotes the portion of heat generated caused
by interactions between the ASSBs components, and v; is the
volume of each part of the ASSBs, fori € {s™, c, e, a, sT}.

Since S(t) is produced as a function of chemical reactions,
it will be discussed in Section III where the electrochemical
model is explained.

Using Figure 1(b) as a guide, the conduction heat in
each part of the ASSB is determined. Following the Heat
generation direction, the first heat conduction is between the
outside air and the case surface near to cathode (left boundary
of the cathode):

Tair(t) — Ts* (t)

11.3
Rair ( )

qcond,s* (t) =
The next is the heat conduction between the case surface near
to cathode (left boundary of the cathode) and the cathode,
given by:

Ts* (t) — Tc(t)

i (IL4)

Gcond,c (t) =
Following that is the heat conduction between the cathode
and electrolyte:

Te(t) — Te(t)

i (IL5)

Gcond,e (t) =
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Then the heat conduction between the electrolyte and anode:

Te(t) — Ta(t)
R, '

Gcond,a (t) = (I1.6)

Between the anode and the the case surface temperature near
to the anode (right boundary of the anode):

T,(t) = T ()

i (IL7)

Geond,st (t) =
Finally, between the outside air and the case surface temper-

ature near to the anode (right boundary of the anode):

T+ (t) — Toe(t)
Rair ’

Geond.air(t) (IL.8)

A. Temperature Model for Each Component of the Battery

In this article, the cathode, electrolyte, and anode of the
ASSB are stacked. This stacking configuration simplifies
the analysis, resulting in a “quintuple” model consisting
of five ODEs. These ODEs cover the case surface near to
cathode (left boundary of the cathode), the cathode itself, the
electrolyte, the anode, and the case surface temperature near
to the anode (right boundary of the anode). This modeling
approach is applicable for addressing temperature-related
issues in pouch, prismatic, and coin ASSB cells. By applying
Equation (II.1) in each part of the ASSB, the following
temperatures are determined:

1) The temperature of the left boundary of the cathode,
T,-(t): Applying Equations (I.3) and (IL4), the minus
sign indicates heat extraction from the battery during the
interaction between the cathode and the surface.

Tair(t) - T%* (t) _ Tﬂ* (t) - Tc (t)
)\airRair )\aich

To-(t) = ;
where Auir = VairPairCp,;» With vy as the volume of the air in
contact with the battery, p,i as the density of air, and ¢,
as the heat capacity of air.

2) Cathode Temperature T,.(t): In the cathode, heat is
generated through electrochemical reactions. Applying Equa-
tion (IL.4) to account for heat conduction, the cathode tem-
perature is determined as follows:

Ti- () — Te(t)
AeRe

S(t)
P

To(t) =

where A\¢ = vcpccp,, with v. as the volume of the cathode,
pc as the density of the cathode, and ¢, as the heat capacity
of the cathode.

3) Electrolyte Temperature T,(t): Similar to the cathode
temperature, the electrolyte temperature is defined using the
heat conduction equation (IL.5) as follows:

S(t)
Ae

Te(t) — Te(t)

Te(t) = R
(<} €

where Ae = vepecp,, With v, as the volume of the electrolyte,
pe as the density of the electrolyte, and c,, as the heat
capacity of the electrolyte.
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4) Anode Temperature T,(t): Similar to the cathode and
electrolyte temperatures, and considering the heat conduction
Equation (I1.6), the anode temperature is given by:

Te(t) - Tu(t) | S(t)

AaRe Aa
where A\, = vipacp,, With v, as the volume of the anode, p,
as the density of the anode, and ¢, as the heat capacity of
the anode.

5) The temperature of the right boundary of the anode,
T+ (t): Similar to Ty- (¢), and utilizing Equations (IL.7) and
(I1.8), Ty+(t) is obtained. The plus sign indicates that the
anode deposits heat into the surface.
Te+ (t) — Tair(t)

Aair]%air

B. Quintuple state-space system

To(t) =

Ta(t T+ (t)

. _ ) —_
TS+ (t) B /\airRa

The quintuple state-space representation of the system is:

T(t) = AT(t) + Bu(t) + w(t),
y(t) =CT(t) +v(t),

w~ (0,Q),
v~ (0,R),
where
[ —Re— Rair 1
)\air 1%10 Ralr /\ef —1Rc O O O
oo 00 0
A= 0 YW A%Re _01 0 ,
X X Aalte ? R OR'
L 0 0 O )\airRa Aai:RaRu;:r
_ tr
T(t) = [T, (t) T.(t) Te(t) Tu(t) T)5@)],
B _A.-lR- 0 0 0 )\_1}2 ‘
— air Lair 1 1 1 air L 2air
LS v W v
tr

u(t) = [Tuc(t) S(t)]

Here, T(¢) represents the state vector of the system’s temper-
ature, u(t) denotes the inputs of the thermal model, and S(t)
represents the heat generated by electrochemical reactions,
the derivation of which will be presented in Section (III) us-
ing the electrochemical model. w(t) and v(t) are considered
independent, zero-mean, white noise with covariances () and
R, respectively. C will be discussed in Section V.

III. HEAT GENERATED S DERIVED FROM
ELECTROCHEMICAL MODEL

The components of a typical ASSB are represented in
Figure 1(a). The anode is made of metallic lithium, the
traditional LiCoO4 provides the foundation of the Cathode,
and an amorphous LigPOy is the electrolyte that separates
the anode from cathode [11]. The operating principle of the
ASSB consists of lithium metal at the anode is oxidized
during discharge, producing Li™ and an electron. The former
flows via the solid electrolyte, while the latter travels through
the external circuit to the cathode, where the cathode active
material forms an intercalated compound. Li™ migrate back
to the anode and are stored as metallic lithium intercalated
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between graphene layers during charging because the flow
of LiT and electrons is reversed during this process [12].

A. PDE Model for Concentration

The substantial exchange current density for the metallic
lithium makes the anode’s charge transfer overpotential of
anode sufficiently minimal, therefore the anode’s charge
transfer kinetics are neglected [13].

The concentration of LiT is regulated by Fick’s second
law, as described in [10], as follows:

6‘(3; 7820;
5 W 1) = D; o (y, 1), (IIL.1)
_Oc (Lp,t) _ I(t)
Dy oy FA’ (111.2)
D¢ 95 (0.1) 0, (111.3)
dy
cs (y,0) = ¢ o, (I11.4)

where ¢ is the concentration of Lit in the cathode, D is
the diffusion coefficient, F' is Faraday’s constant, A is the
surface area, and I(t) is the current [14].

The main ionic transport mechanisms in the LizPOy4 solid
electrolyte are diffusion and migration of Li*. This process
is described by [10]:

aCe o 2DL1+Dn— 8266
5 Wot) = Div 1 D 052 (y,t) + r(ce(y, 1)), (IL5)
dce(0,1) I(t)
oy 2FADL:’ (I1.6)
dce(L,t) I(t)
oy 2FAD. (111.7)
ce(y,0) = dce 0, (I1L.8)

where c. is the concentration in the electrolyte, Dy;+ and
D,,— are diffusion coefficients of Li* and n~ in the solid
electrolyte, ¢ is the fraction of free Li™ in equilibrium, and
r represents the net charge carrier generation:

_ 52krcc,0 (CC,O - Cc)

I'(Ce(y7t)) - 1— (S - krce(yat)2a

(IIL.9)

where k,. is the Li™ generation reaction rate constant.

B. Reduced-Order Model for Concentration

To mitigate operational costs associated with resolving
PDEzs, the Padé approximation method is employed to derive
a linearized representation of the model. The Wolfram Alpha
platform was utilized for the Padé approximation calculation
using the code: pade.

The process begins with transforming the PDE into the
Laplace domain, which enables its representation with ex-
ponential terms. Subsequently, these terms are translated
into ODEs. Finally, Padé approximation is employed to
approximate the solution, ensuring computational efficiency
and accuracy. The Padé approximation for the cathode and
solid electrolyte will be discussed sequentially.
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1) Padé Approximation for Cathode Concentration: The  where

transcendental transfer functions of cathode is:

C; (0, ) _ 2exp (Lps*) (IL13)
I(s) FAs*Dy (=14 exp (2Lys*))’ ’
Co(Ly,s) 1+ exp (2Lps) (IL14)

I(s)  FAs*Dg (—1 4 exp (2L,ys*))

where s* . Note that the terms /D in the

S
denominators 0}/l;1 trasncendel transfer function in [10]
are replaced by D here.

Both transcendental transfer functions are transformed into
low-order and fractional transfer functions using the Padé ap-
proximation approach. Equations (II1.10) and (III.11) present
the fifth-order Padé approximation for the concentration of
Li* at the cathode when y = 0 and when y = L,,.

2) Padé Approximation for Electrolyte Concentration:
The diffusion dynamics in the electrolyte change from linear
to quadratic because of the r term in (IIL.5), which is a
function of the LiT concentration [10]. To construct a linear
PDE and deduce an analytical solution for (IIL.5), the r
component is neglected due to its small contribution. The
transcendental transfer function for electrolyte is given by
[10]:

Ce(0,5) B Ce(Le,s) —1 4 exp (Lese™)
I(s) I(s) 2F Ase*Dg (1 + exp (Lese*))’
(IIL15)
where s.* £ =

The fifth-order Padé approximation for the Li* concentra-
tion in the electrolyte, denoted as (III.12), is defined where
DF is given as

eDe

D.+D;
C. Heat Generated S(t)

The charge transfer overpotential, the mass transfer over-
potential caused by the flow of Li™ in the solid-state €lec-
trolyte, and the diffusion overpotential in the interface of the
intercalation electrode combine to form the battery’s total
overpotential, which is denoted by [10]:

nt(t) = nct(t) + nml(t) + nd(t)~
A simplified version of 7 is given by [11]:
2RT —I(t)
—S

lnh —_Q—~ |
F (210,1)05(15))

Net(t)
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(Cmax — €5 )cCe

o Qipos
(Cmax - cmin)ce70>
== )1‘%‘“
(Cmax - Cmin) .

The mass-transfer overpotential 7, and the diffusion
overpotential ny are given by [11], as follows:

10,pos(t) = F Akpos (

_ L.RTI(t)
o (1) = .F2A(D + Dy)’
1a(t) = Eeq(0(t)) — Eeq(0s(t))-

Here, E¢q represents the equilibrium potential, as discussed
in [10]. The parameters 0(t), 05(t), and Cpisave are used to

determine the value of Fq, as follows:
o.(t) = Cellmt)
e
0= G’
Clisave(Lp, t) = GFITLI”)US + Cis (0, 1).

The terminal voltage is given by [11]:

V(t) = Eeq(es (t)) + m(t).
The result of multiplying current and voltage informs us
about the number of electrons moving through a system,
along with the energy each electron expends as heat, ulti-
mately providing the total heat production [15, Chapter 1,
Section 1.4.1].

S(t) =V (t)I(t).
IV. THERMAL MODEL VERIFICATION

A 2D model was developed in ANSYS using the transient
thermal analysis, which was then compared with a thermal
model implemented in Matlab. The electrochemical model,
represented by Equation (III.16), was used to calculate in-
ternal heat generation in the anode, electrolyte, and cathode.

In the ANSYS simulation, a transient 2D PDE was solved
with a spatial step size of 0.105 x 10~ meters in both
dimensions. In contrast, Matlab utilized ODEs, focusing
solely on temporal dynamics without considering spatial

(II.16)
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increments. Both simulations shared a temporal step size of
At =1 second and concluded at a final simulation time of
1790 seconds.

Figure 2 compares ANSYS transient thermal analysis
with Matlab, showing minimal temperature discrepancies.
Notably, at 1000 seconds, the temperatures reach equilibrium
where the local errors between temperatures are very low:
0.076°C for the cathode, 1.09°C for the electrolyte, and
0.033°C for the anode. This demonstrates the accuracy of
the presented thermal model.
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Fig. 2: Thermal model comparision with ANSYS Transient
Thermal Analysis.

V. OPTIMAL SENSOR PLACEMENT AND KALMAN FILTER

A sensor placement study was conducted to determine the
most realistic sensor placement. When considering only one
sensor, there is only one observable option. In this particular
configuration, the sensor is placed at the right boundary of
the anode, as shown in Figure 1(a). Below, the value of C
for this specific placement is given by:

c=[0 0 0 0 1].

With the sensor placement established, the application of the
Kalman filter was motivated by its effectiveness in accurately
estimating temperature states, especially when simulating
sensors with Gaussian noise in the battery. The state estima-
tion update is given by: T = AT+ Bu+ K (y—CT), where
K =PC"R~! and P = —PC"R™!CP + AP + PA" + Q.

VI. SIMULATION RESULTS

The simulation was performed using MATLAB on a
personal computer from SAMSUMG equipped with an Intel
i5-10210U 1.6 GHz CPU and 31.8 GB of RAM.

The thermal resistances between the internal components
are determined using the formula R; = ﬁ, where L;
represents the length, k; represents the thermal conductivity,
and A; represents the area, for i € {s™, c, e, a, sT, air}.

The Equilibrium potential E,, in the LiCoO; cathode is
calculated as [10]:

(—219.027 + 322.00302 — 198.2420*
— 44.337 + 36.64302 + 3.4300%)

(354.91165 — 467.8076% 4 207.16801°
113.08105 — 182.5676% + 80.3097610)

Eeq(0s(1)) =
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The electrochemical parameters used in the simulation
were: A = 0.0001m?, Cpax = 2.33 x 10*mol m™®, C,
= 6.01 x 10*mol m™®, D}, = 0.9 x 107 m?s~!, D
= 1.76 x 107 m?s7!, D, = 5.1 x 107¥m?s7!, F
96485.3365C mol ', L. = 1500 x 1079 m, L, = 320
1079m, apes= 0.6 [14]. Additionally, Crin = 1.1645
10*mol m™*, k, = 1 x 1072m®mol s~ %, k, = 5.1
1074 m®mol~!s! [10].

The thermal parameters are: p, = 534kg m™> [16], p.
710kg m™?, ¢, = 12527 kg 'K~ [17], p. = 4790kg m ™
[18], ko = 85W m 'K~! [19], k. = 0.7W m'K~* [20],
k. =3.7W m™ 'K~ [21], ¢pe = 36007 kg™ 'K~ [22], ¢pe
= 7307 kg7 'Kt [23].

The battery simulation was conducted with a set capacity
of 100mAh. The initial temperatures of the battery, both
internal and external, were set to 25°C to simulate a resting
start. In the Kalman filter, the process noise covariance
matrix () was chosen as 2 X I5, the measurement noise
covariance R was chosen as 0.025, the error covariance
P was chosen as 1, and the initial condition was set to
20°C. The simulation used the Urban Dynamometer Driving
Schedule (UDDS) as input, as depicted in Figure 3.
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Fig. 3: Current profile.

Figure 4 shows the temperatures of the battery compo-
nents. Inside the battery the anode temperature 7, is the
highest due to the exothermic nature of lithium-ion reactions,
where lithium-ions move from the anode to the cathode,
resulting in the release of energy in the form of heat. This
exothermic reaction at the anode significantly contributes to
the elevated anode temperature.

In contrast, the cathode temperature 7 is lower than the
anode temperature. This lower cathode temperature results
from the relatively lower heat generation associated with
cathode electrochemical processes, where materials such as
LiCoO; undergo less exothermic reactions compared to the
anode.

The solid electrolyte temperature 7. is observed to be
higher than the cathode temperature but lower than the anode
temperature. This temperature ranking in the solid electrolyte
LisPO, is influenced by the heat transfer dynamics and
thermal properties of the material. Positioned between the
lithium anode and the cathode containing LiCoO, the solid
electrolyte experiences heat transfer from both sides. The
anode, being the primary source of heat due to exothermic
reactions, elevates the temperature of the electrolyte, while
the cathode contributes less heat. This differential heat con-
tribution results in the observed temperature ranking, with
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the solid electrolyte maintaining an intermediate temperature
level within the battery structure.

The surface temperature 77" is slightly higher than the
anode temperature, as expected due to direct heat transfer
from the anode to the surface and the battery. Conversely,
the surface temperature 7, is the lowest, which aligns with

S
its direct contact with the cathode, as anticipated.
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Fig. 4: Temperature states in ASSB.

In Figure 5, the results of applying the Kalman filter with
optimal sensor placement are shown.
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Fig. 5: Comparison between the true output and the output
estimated by the Kalman filter.

VII. CONCLUSION AND FUTURE WORK

This article presents a model for efficient ASSB temper-
ature estimation using an electrochemical model for heat
generation. Verification with ANSYS showed minimal local
errors. Simulations indicate that the anode reaches the high-
est temperature due to exothermic reactions, and the Kalman
filter estimates are very close to the true model.

Future work will focus on simultaneous temperature and
State-of-Charge estimation under non-adiabatic conditions,
with adaptive observers being developed to address model
uncertainties.
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