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a b s t r a c t

A novel phenomenological multi-physics model of Lithium-ion battery cells is developed for control and
state estimation purposes. The model can capture electrical, thermal, and mechanical behaviors of
battery cells under constrained conditions, e.g., battery pack conditions. Specifically, the proposed model
predicts the core and surface temperatures and reaction force induced from the volume change of
battery cells because of electrochemically- and thermally-induced swelling. Moreover, the model in-
corporates the influences of changes in preload and ambient temperature on the force considering severe
environmental conditions electrified vehicles face. Intensive experimental validation demonstrates that
the proposed multi-physics model accurately predicts the surface temperature and reaction force for a
wide operational range of preload and ambient temperature. This high fidelity model can be useful for
more accurate and robust state of charge estimation considering the complex dynamic behaviors of the
battery cell. Furthermore, the inherent simplicity of the mechanical measurements offers distinct ad-
vantages to improve the existing power and thermal management strategies for battery management.

© 2016 Elsevier B.V. All rights reserved.
1. Introduction

Rechargeable Li-ion batteries (LIBs) have various advantages
compared to alternative batteries. LIBs not only provide high po-
wer/energy density over a broad temperature range of operation,
but also exhibit no memory effect, low self-discharge ratio, and
long cycle life [1e4]. These advantagesmake LIBs an ideal candidate
for a wide variety of applications from small-scale portable elec-
tronics to massive-scale energy storage systems.

However, problems that persist in existing LIBs limit their
application in transportation, military, and aerospace due to the
stringent safety standards. The limitations of current battery
technology include underutilization, capacity fade, thermal
nu).
runaway, and stress-induced material damage. In order to over-
come these challenges, understanding the complex multi-physics
beyond the LIBs is indispensable.

The significant efforts have been devoted to identify the com-
plex physics behind the LIB which would be useful to predict
operational states, and thereby enhances operational safety and
enlarges operational window. The porous electrode theory, which
solves Lithium diffusion dynamics and charge transfer kinetics in a
paired intercalation electrode system, has been proposed to predict
the electrical response of a cell [6]. This physics-based model can
predict microscopic behavior and performance, whereas it requires
a large computational power to solve the differential equations. An
equivalent circuit model has also been proposed for control-
oriented purposes to estimate the electrical response and the
amount of heat generation [7e9]. A variety of heat transfer models
have been created and validated through experiments [10e13].
Several lumped parametric thermal models have also been
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proposed for control-oriented purposes with advanced power
management schemes [14e16]. Numerical simulations on the cell-
level and pack-level with computational fluid dynamics and finite
element methods have been conducted to predict the thermody-
namics of Li-ion battery cells and packs with experimental valida-
tion [17e20]. Coupled models between electrochemistry and heat
transfer have also been suggested to elucidate the coupled effect of
the current, potential, and temperature on the state of charge (SOC)
and state of health (SOH) for large-scale LIBs [21e24].

Recent research focuses more on the structural response. The
volume change of electrode materials in LIBs under charge process
has been intensively investigated to characterize the
electrochemical-induced stress and strain [25e32]. The effects of
prestress and stress-evolution on capacity fade over time or cycling
have also been studied [33,34]. This research promotes theoretical
and experimental understanding of the structural response of the
LIBS, especially in microscopic perspective. Moreover, the macro-
scopic stress and strain responses from two sources, i.e. Li-ion
intercalation and temperature variation, is observable and meas-
ureable with the advancement of sensor technology, suggesting
that the structural response can become a sensitive gauge for
characterizing the battery state [5,35]. However, studies related to
stress and strain on the cell-level are still few, especially in
modeling perspective. Moreover, the coupled model of stress and
strain with electrochemical reaction and thermodynamics of the
LIBs has not been investigated in great detail, even though this
fully-coupled multi-physics model can improve the safety and
reliability of batteries, enhance the capability of cells and packs, and
eventually prolong the lifetime of the LIBs.

This paper proposes a fully-coupled phenomenological multi-
physics model of the LIBs for the first time. The proposed multi-
physics model couples the electric, thermal, and swelling effect
on the force in pack conditions. The important parameters, which
govern the thermal characteristics and mechanical responses on
the cell-level, were estimated from experimental data. The main
purpose of this phenomenological model is to predict the tem-
perature and force induced from the volume change of battery cells,
which is driven by prestress, Li-ion intercalation, and temperature
variation, in pack conditions. Experimental validation at a variety of
operational conditions confirms that the proposed multi-physics
model accurately predicts the temperature and the compression
force during operation at the overall SOC regions for awide range of
temperature and preload conditions.

2. Experiments

This study used a flat-wound type prismatic 5 Ah Li-ion cell
obtained from a Ford Fusion HEV battery pack. Detailed informa-
tion of the Li-ion cell is available in Ref. [5].

Three LIBs were sandwiched together between two Garolite
end-plates and bolted tomaintain a constant compression length to
replicate conditions experienced in a battery pack. The battery cells
were separated by spacers that maintain compression between the
cells while allowing for airflow between them for cooling purposes
(Fig. 1). Battery temperature was measured on the surface of the
cell by using resistance temperature detector sensors (RTDs). Bat-
tery force was measured by using four load cells, Omega LC8150-
250-100 sensors with a 450 N full-scale range and an accuracy of
2 N, placed on the corners of the fixture. The fixture was placed in a
thermal chamber for ambient temperature control, and the force
and temperature data were collected via an 18-bit data acquisition
card and a National Instruments module. Bitrode model FTV was
used for battery cycling.

Several experimentswere performed to characterize and validate
parameters used in themulti-physics model and are outlined below.
In the first experimental sets, the quasi-static force was
measured at several different ambient temperature and two
different preload conditions. Prior to discharge, the battery was
fully charged using a CCCV protocol [35] at 5 A (1.0 C) and rested 3 h
at a fixed ambient temperature of 25 �C as regulated by the thermal
chamber; the voltage was clamped after reaching 4.1 V, at which
time it was held until the current tapered to C/100 (50 mA). Then,
the temperature of the thermal chamber was changed to the
desired temperature (�5 �C, 10 �C, 45 �C). Each temperature vari-
ation was followed by 3 h of rest time to ensure thermal equilib-
rium. This procedure was omitted to measure the quasi-static force
at the ambient temperature of 25 �C. In order to obtain the desired
SOC ranging from 0% to 100% with 5% interval, the battery was
discharged with a 0.4 C current of actual capacity with an appro-
priate time (7.5 min). The actual capacity was calculated by using
coulomb counting method during discharge with 0.4C rate from
4.1 V to 3.0 V herein. Each dischargewas followed by 3 h of rest time
to ensure the quasi-static equilibrium. This procedure was repeated
four times with the identical preload, 670 N at 0.05 SOC, but
different four ambient temperature (�5 �C, 10 �C, 25 �C, 45 �C)
during discharge. These four experiments were also repeated again
with different preload, i.e. 450 N at 0.05 SOC.

In the second experimental sets, three pulse excitation experi-
ments were performed for validating the estimated coefficient of
thermal expansion at an ambient temperature of 25 �C and the
wide range of preload conditions. The battery was fully charged
using standard CCCV protocol prior to discharge. Then, the battery
was discharged with a 2 A (0.4 C) current for appropriate time to
obtain three desired SOC. In the first experiment, a 50 A charge
sustaining pulse with a 1 s period (0.5 s charge and 0.5 s discharge)
was applied for 2.5 h at 0.48 SOC. The initial preload was set to
1276 N. In the second experiment, a 50 A charge sustaining pulse
with a 100-s period (50 s charge and 50 s discharge) was applied for
2.5 h at 0.22 SOC with an initial preload of 145 N. The final exper-
iment consisted of a 50 A charge sustaining pulse with a 100-s
period (50 s charge and 50 s discharge). The pulse was applied at
0.74 SOC with an initial preload of 330 N.

In the final experimental sets, intensive experimental validation
was performed for the proposed multi-physics model with the
US06 duty cycle at a variety of operational conditions (Table 1). A
current profile measured from a Ford Fusion hybrid over US06
driving cycle was applied in experimental sets.

Three additional fixtures (Fig. 1) were prepared to collect the
second and third experimental sets. Acquiring one set of data
(shown as symbols in Fig. 4(a) and (b)) takes one week in the first
experimental setup. In total, the first experimental setup required
two months to collect the data shown in Fig. 4. Therefore, con-
ducting experiments in parallel with four fixtures significantly
reduced the time needed to gather the experimental data. More-
over, obtaining datawith different cells has allowed us to guarantee
that the proposed model is adequate for simulating the behavior of
different cells. Additional details on the applicability of the model
are discussed in Section 4.4.

3. Model description

The multi-physics model consists of three major components
(Fig. 2): a coupled Electro-Thermal Model (ETM), swelling models,
and a force estimator. The ETM estimates the state of charge (SOC)
and the surface/core temperature of the battery cell with the
measured current and ambient temperature. The swelling models
calculate the total amount of swelling for the battery cell at un-
constrained conditions with SOC and the surface/core/ambient
temperatures provided by the ETM. The force estimator calculates
the reaction force caused by the volume change of the battery cell



Fig. 1. Schematic diagram of the experimental setup showing the fixture, the cell, the spacer, and the sensor location.

Table 1
Conditions for the set of US06 duty cycle experiments used for the validation of the
multi-physics model.

Experiment Initial SOC (%) Ambient temperature (�C) Initial preload (N)

1 50 25 935
2 50 11 950
3 33 11 550
4 50 11 600
5 66 11 680
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from Li-ion intercalation, temperature variation, and preload.
When creating the multi-physics model, the following as-

sumptions are made:

1) The hysteresis of swelling and force during Li-ion intercalation
and deintercalation is negligible.
Fig. 2. Overall structure of the multi-physics model for LIBs; the inset figure on the left-top
swelling versus SOC measured at 0.2 C.
2) The Li-ion intercalation swelling of battery cells in terms of SOC
is not affected by temperature in the range of experiments
(�5 �Ce50 �C).

3) The equivalent coefficient of thermal expansion for a battery cell
at constrained conditions can be different to that at uncon-
strained conditions. Gaps/voids can easily generate and thereby
mechanical magnification of ruffling can occur at unconstrained
conditions [36,37]. Moreover, mechanical constraints also affect
the local swelling over surface in constrained conditions [5,52].

4) Thematerial properties for battery cells can changewith respect
to SOC because of the phase transition.
3.1. Coupled Electro-Thermal Model (ETM)

A coupled ETM was used to predict electric and thermal dy-
namics of the battery cell. The ETM is comprised of a three-state
side shows an equivalent circuit model; the inset figure on the left-bottom side shows
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electrical model and a two-state thermal model [38,39].
Electrical dynamics of the battery cell including state-of-charge,

polarization voltage, and terminal voltage are predicted with an
equivalent circuit model (the inset figure on the top-left side of
Fig. 2), which describes a cell as one serial resistance and double RC
pairs as
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where z is the battery SOC, Q is the capacity of the cell, T is the
temperature, and I is the current; V1 and V2 are the voltages across
resistors R1 and R2 (or across capacitors C1 and C2) respectively. One
serial resistance accounts for battery Ohmic losses including the
resistances of current collectors, active material, electrolyte, and
separators. R1 and R2 represent the effective resistance character-
izing electrochemical polarization and the effective resistance
characterizing the transient concentration polarization, whereas C1
and C2 are used to characterize the transient response during
transfer of power to/from the battery corresponding to the elec-
trochemical polarization and the concentration polarization sepa-
rately [40]. Eq. (1) above is a state-space representation of the
differential equations governing the dynamic electrical response of
the cell. The terminal voltage of the cell VT can be calculated as

VT ¼ VOCV ðzÞ � V1 � V2 � I$RsðT ; zÞ; (2)

where Rs is the series resistance. To solve for the terminal voltage
VT, the three states, i.e. the state of charge (denoted by z), V1 and V2,
have to be solved by using Eq. (1) at every time instant. Specifically,
given any initial conditions of states z, V1, and V2, and any current
input I, the time evolution of the states can be solved using Eq. (1),
and then substituted into Eq. (2) to predict the terminal voltage.

The electrical parameters Rs, R1, R2, C1 and C2 are a function of
temperature T and SOC. These values were parameterized by
pulsing the cell at different SOCs and temperatures. Specifically, a
series of current pulses were applied at different SOCs and tem-
peratures. Using the voltage relaxation data, one can extract the
electrical parameters. Ref. [38] provides more details on the
parameterization schemes used and on the procedures to identify
the electrical parameters.

The heat transfer of the battery cell is captured by a lumped
thermal capacitance approach. The battery cell is assumed to have
interior and surface nodes with thermal capacitances, and the two
nodes are connected through a thermal resistance. Since the cell is
thermally represented by two nodes (core and surface), Eqs. (3) and
(4) represent the heat transfer between these nodes. The heat
generated at the core node is conducted to the surface node and
then convected to the ambient air.

The thermal capacitance is determined from the density r,
specific heat capacity c, and volume V. The thermal resistance is
determined from thermal conductivity K, thickness L, and area A.
The heat transfer on the core of the cell is

ðrcVÞc _Tc ¼
KA
L

ðTs � TcÞ þ I2RsðT ; zÞ

þ V2
1

R1ðT ; zÞ
þ V2

2
R2ðT; zÞ

þ ITc
dU
dT

ðzÞ;
(3)

where dU
dT is the entropy slope. Subscript c and s denote core and

surface quantities.
The first term on the right hand side of Eq. (3) represents the

heat conduction between the core node and the surface node of the
cell, whereas the rest of the terms represent the heat generation.
The term I2RsðT ; zÞ þ V2

1
R1ðT ;zÞ þ

V2
2

R2ðT ;zÞ represents Ohmic heat genera-
tion, whereas the term ITcdUdT ðzÞ denotes the entropic heat genera-
tion. The amount of heat generated in the jellyroll varies upon the
battery SOC and temperature T because resistances are a function of
temperature and SOC and the entropy slope dU

dT is a function of SOC.
The heat transfer on the surface of the cell is

ðrcVÞs _Ts ¼
KA
L

ðTc � TsÞ þ hAðTamb � TsÞ; (4)

where Tamb, and h denote the ambient temperature, and the heat
transfer coefficient on the surface of the cell [39]. The first term of
the right hand side of Eq. (4) represents the heat conduction be-
tween the core node and the surface node of the cell, and the
second term is the heat convection to the ambient air. The thermal
parameters are constants and were obtained applying a charge
sustaining pulsing profile and fitting the thermal data to the ther-
mal model. Ref. [38] provides more details on the characterization
of thermal parameters. Note that thermal capacitance for the sur-
face and the core is different in the sense that the core node rep-
resents jellyrolls, whereas the surface node represents aluminum
casing.
3.2. Swelling models

The volume of the LIBs is changed from two sources in uncon-
strained conditions: Li-ion intercalation and temperature variation.
However, this volume change is also affected by the preload in
constrained conditions; the preload creates the initial displace-
ment. Therefore, the total swelling from three sources should be
considered to accurately predict the corresponsive reaction force
during operation. Swelling models predict the volume change of
LIBs originated from Li-ion intercalation and temperature variation.
Initial displacement is estimated from the force estimator in that
initial displacement is caused by the preload.

The interlayer spacing of atoms in the active material particles,
which make up the electrodes, is affected by Li-ion concentration
because the amount of Li-ion in each electrode varies upon lith-
iationwhen lithiation and delithiation are occur concurrently in the
cathode and anode. Especially, the layered structure such as
graphite intercalation compounds shows significant volume
change, whereas the spinel and olivine structures such as LiMn2O4

and LiFePO4 minimally vary upon lithiation [41], suggesting that
the volume change of graphite anode mainly contributes to the
volume change of battery cells.

The swelling originated from Li-ion intercalation is calculated by
using a lookup table. Measured swelling below 0.2 C can be used to
establish a data set (e.g. a lookup table) to use when estimating
pure Li-ion intercalation swelling. The temperature variation dur-
ing discharge is below 0.1 �C when the battery cell is operated
below 0.2 C; the standard deviation and the average of temperature
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variation during 0.2 C discharge are 0.05 �C and 25.51 �C. Hence,
data at or below 0.2 C allow direct correlation to be made between
swelling and Li-ion intercalation in a cell sandwich, without sig-
nificant convolution with thermal expansion. The set of data
showing swelling versus SOC (inset figure on the left-bottom side
of Fig. 2) was measured at 0.2 C.

Thermal swelling on the cell-level is similar in order of magni-
tude with Li-ion intercalation swelling, suggesting that thermal
swelling is far from insignificant. Therefore, thermal swelling is
estimated [42] as

sTðtÞ ¼ abatðT ; tÞLbat
�
2
3
ðTcðtÞ � TsðtÞÞ � ðTsðtÞ � TambÞ

�
; (5)

where sT, abat, Lbat, t represent the thermal swelling of the cell, the
equivalent coefficient of thermal expansion of the cell, the original
thickness of the cell, and time. This estimated thermal swelling is
added to Li-ion intercalation swelling and initial displacement to
calculate the total volume change of the cell in constrained
conditions.

This model accounts for the non-uniform temperature distri-
bution throughout the battery cell to accurately predict the thermal
swelling. Specifically, the first term, 2

3abatðT ; tÞLbatðTcðtÞ � TsðtÞÞ,
represents the thermal swelling due to temperature variation
across the cell. The second term, abat(T,t)Lbat(Ts(t)�Tamb), represents
the thermal swelling due to the difference between the current
surface temperature and the ambient temperature. Note that the
equivalent coefficient of thermal expansion a varies in time
because material properties of LIBs vary upon lithiation due to the
phase transition similar to the modulus of elasticity [43,44].
Moreover, the equivalent coefficient of thermal expansion abat is
assumed to depend on temperature. This assumption, which is
different to Ref. [42], is addressed for a wide range of operational
temperature of battery cells. In Ref. [42], the dependency of the
equivalent coefficient of thermal expansion on temperature is
negligible because the temperature variation of battery cells is up to
3.5 �C in experiments. However, the coefficient of thermal expan-
sion for many materials depends on temperature for a wide oper-
ational range of battery cells. Especially, the separators inside of the
jellyrolls are made from polymer materials, which show significant
temperature dependency [57e59]. Hence, the dependency of the
coefficient of thermal expansion on temperature is additionally
considered herein to create the high fidelity model.

3.3. Force estimator

Microstructure transformation of electrodes leads to the evo-
lution of material properties due to the phase transition [53,54].
Especially, the material properties for the layered structure show
significant change, whereas those for the spinel and olivine struc-
tures vary minimally upon lithiation [55]. Our previous work not
only showed the lithiation induced stiffening of the equivalent
stiffness for a jellyroll over SOC, but also suggested the phenome-
nological force model [52]. The proposed force model can predict
the force induced from the volume change of battery cells with free
swelling measurement at constant ambient temperature for a wide
range of preload condition.

In brief, the swelling over SOC was measured at unconstrained
conditions, whereas the force over SOC was measured at con-
strained conditionswith the preload and spacers. Both experiments
were conducted at regulated temperature in a thermal chamber.
The force was coupled with swelling with respect to SOC and
governing equations were derived to identify the relationship be-
tween the force and the swelling. Themodel not only addressed the
nonlinear elastic stiffness to capture the inherent nature of Li-ion
intercalation swelling but also separated the overall SOC region
into three regions to account for the phase transition. This model
also addressed the initial displacement to account for the preload
effect; see Ref. [52] for the details about the governing equations
and coupling methods of two experiments.

The proposed force model in Ref. [52] assumed that the ambient
temperature was constant and thereby the distance between two
endplates was constant. However in reality, the ambient temper-
ature of battery cells and packs varies uponweather, operation, and
cooling conditions, suggesting that the distance between two
endplates varies upon ambient temperature because of the thermal
expansion/shrinkage of the frame of battery packs. Therefore, one
more governing equation is derived herein to account for the
variation of the distance between two endplates due to the varia-
tion of ambient temperature [35]. This modification is one of the
key contributions in this study compared to Ref. [52] in the pre-
diction of force in cells.

Fig. 3 illustrates the two force equilibriums at constrained
conditions. Fig. 3(a) depicts an initial assembled condition of ex-
periments with preload at a certain constant ambient temperature
(25 �C in experiments of Ref. [52]). The case and the jellyroll are
connected in parallel in the sense that the case impedes the
expansion of the jellyroll when the jellyroll is placed inside of the
case due to the stiffness of the case. The spacer is added in series
with the battery cell considering the serial connection of experi-
ments; see Fig. 1 for the details of experimental setup. Then, the
external load from tightening bolts causes the initial displacement
for the spacer s0 and battery cell s0c

.
Fig. 3(b) illustrates the force induced from the volume change of

the battery cell during lithiation/delithiation at a different ambient
temperature (the first experimental sets). The ambient temperature
was changed from one (25 �C) to the desired temperature and then
force was measured during discharge. All components thermally
expand when ambient temperature increases. In Fig. 3(b),
sfT , ssT , scT , and saT denote the thermal expansion of the fixture
(including the bolt and Garolite endplate), the thermal expansion of
the spacer, the thermal expansion of the case, and the thermal
expansion of the jellyroll; saLi and scc denote the swelling of the
jellyroll due to Li-ion intercalation at unconstrained conditions and
the swelling of the case (and the jellyroll) at constrained conditions.

The jellyroll and the spacer are compressed, whereas the case is
stretched from the original length during Li-ion intercalation in the
force equilibrium. Therefore, a compressive force acts on the jel-
lyroll and spacer, whereas a tensile force acts on the case in the
force equilibrium. This force equilibrium results in

Fs ¼ �Fc þ Fa; (6)

where Fs, Fc, and Fa are the force induced from the spacer, the case,
and the jellyroll respectively.

The variation of the length for the spacer is scc þ s0 þ ssT � sfT in
the force equilibrium at a certain elevated ambient temperature.
The total compressed length is scc þ s0 þ ssT , whereas the stretched
length is sfT from an initial length. Note that the initial length of the
spacer is not ls0 but ls0 þ ssT at the certain elevated ambient tem-
perature when unconstrained. Temperature increase changes the
initial length of the spacer. Similar to the spacer, the variation of the
length for the case and the jellyroll is scc � scT and saLi þ saT � scc
because the initial length of the case and the jellyroll is lc0 þ scT and
ls0 þ saLi þ saT considering the temperature variation at a certain
charge state when unconstrained.

Applying Hook’s Law for the force equilibrium (Eq. (6)), one
obtains



Fig. 3. Force equilibrium for a constrained swelling of the battery cell with a plastic spacer account for the effects of the preload and temperature change; (a) initial force equi-
librium at a certain ambient temperature and (b) force equilibrium at a different ambient temperature.
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ksð1� csDTÞ
�
scc þ s0 þ ssT � sfT

�

¼ �kc
�
scc � scT

�þ ka1ð1� caDTÞ
�
saLi þ saT � scc

�
þ ka2

�
saLi þ saT � scc

�3
; (7)

where cs and ca denote the dependency of the equivalent stiffness
on temperature in rate (percentage) for the spacer and the jellyroll.
The dependency of the equivalent stiffness on temperature for the
jellyroll is assumed to be identical for overall SOC regions. The
nonlinear elastic model (Fa ¼ ka1 sþ ka2 s

3) is addressed for the
jellyroll to illustrate the force dependency on swelling [52]. It is also
assumed that the stiffness of the spacer and the jellyroll has a
softening at elevated temperature and this softening shows a linear
fashion in terms of temperature in the operation range of battery
cells and packs. The polymer materials generally show the soft-
ening in the elasticity of modulus over temperature [56]. The spacer
is made from polybutylene terephthalate (PBT), while the separator
insider of the jellyroll is made from polyethylene (PE), poly-
propylene (PP), or combination thereof. Therefore, the stiffness of
the spacer and the jellyroll can show the softening over tempera-
ture. The softening effect on the nonlinear stiffness for the jellyroll
is assumed to be negligible. The nonlinear stiffness is relatively
smaller than the linear stiffness and thereby the effect of softening
from nonlinear terms is small considering the higher order effect,
i.e. the cubic term of swelling.

The total thermal swelling of the fixture sfTot replaces the ssT � sfT
in Eq. (7). It is hard to distinguish the exact amount of thermal
swelling from two components, i.e. the thermal expansion of the
Garolite endplate including bolt sfT and the spacer ssT , in the actual
experiment because the equivalent length for each component is
difficult to estimate because of the complex shape, especially for
the spacer [35]. Moreover, the coefficient of thermal expansion for
eachmaterial is unavailable. The conventional equation for thermal
expansion ðaLÞfTotDT replaces sfTot in Eq. (7) because temperature
variation DT is the controllable parameter. The thermal expansion
of the case can be calculated with the same formula because the
coefficient of thermal expansion for aluminum, which is the ma-
terial of the case, and the thickness of the case are available.

A more sophisticated approach is applied to the thermal
expansion of the jellyroll. The coefficient of thermal expansion
depends on SOC and temperature as aforementioned in Section 3.2.
Therefore, the thermal expansion of the jellyroll is expressed as
aa(SOC)(1þbDT)LaDT. The temperature dependency of thermal
swelling might be caused from separators made from a poly-
ethylene and a polypropylene because polymer materials show
significant temperature dependency [57e59]. The coefficient of
thermal expansion for the graphite also depends on temperature,
even though the value is relatively small compared with polymer
materials [60]. The coefficient of thermal expansion for the jellyroll
aa(SOC) is separated into three values considering the phase tran-
sition: aaL for low SOC region (0e0.25 SOC), aaM for middle SOC
region (0.5), aaH for high SOC region (0.75e1.0 SOC). This classifi-
cation is followed by the trend of the equivalent coefficient of
thermal expansion for the battery cell at unconstrained conditions
[42]. The amplitude of thermal expansion at constrained conditions
can be different than that at unconstrained conditions. However,
the trend of variation over SOC can be approximately similar
because this trend is caused from the inherent nature of electro-
chemical reaction, i.e. Li-ion intercalation and phase transition.
These replacements result in

ksð1� csDTÞ
�
scc þ s0 þ ðaLÞfTotDT

�
¼ �kc

�
scc � scT

�
þ ka1ð1� caDTÞ

�
saLi þ aaðSOCÞð1þ bDTÞLaDT � scc

�
þ ka2

�
saLi þ aaðSOCÞð1þ bDTÞLaDT � scc

�3
;

(8)

The measured force in load cells Fm is the same as the



Fig. 4. Force versus swelling at several ambient temperatures with the preload of (a)
670 N and (b) 450 N (at 0.05 SOC and 25 �C temperature); the solid lines are forces
predicted from the model, whereas the circle symbols are forces measured in (a) and
(b) of the figure. (c) The coefficient of thermal expansion of the battery cell over
temperature at different SOCs.
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compression force of the spacer Fs in the force equilibrium because
load cells are installed in the one side of Garolite endplate (red filled
square in Fig. 3(b)) as

Fm ¼ ksð1� csDTÞ
�
scc þ s0 þ ðaLÞfTotDT

�
; (9)

The swelling of the case at constrained conditions can be
derived in terms of the unconstrained swelling of the jellyroll, the
initial displacement of the spacer, and the variation of temperature
with respect to the reference temperature from Eq. (8);
scc ¼ hðsaLi ; s0;DTÞ (where h is a known function). The initial
displacement of the spacer can be expressed in terms of that of the
case (battery cell); s0 ¼ gðs0c

Þ (where g is a known function). The
swelling of the jellyroll can be derived in terms of the measured
swelling of the case at unconstrained conditions; saLi ¼ f ðsfcÞ, where
sfc is the swelling of the case at an unconstrained condition and f is a
known function; See Ref. [52] for the details of functions g and f.
Finally, plugging three equations into (9), one obtains

Fm ¼ ksð1� csDTÞ
n
h
�
f
�
sfc
�
; g
�
s0c

�
;DT

�
þ g

�
s0c

�þ ðaLÞfTotDT
o
:

(10)

The measured force at constrained conditions is a function of
the variation of temperature DT, the measured swelling of the case
at unconstrained conditions sfc, and the initial displacement of the
case due to the preload s0c

. This equation suggests that the force at
constrained conditions can be predictable if the variation of tem-
perature DT, the swelling of the case over SOC at unconstrained
conditions sfc, and initial displacement of the case due to preload s0c

are available. The full equation is omitted herein for the sake of
brevity.

To estimate the force induced from the volume change of the
battery cell for a wide range of operational ambient temperature,
seven parameters should be identified; ca, cs, ðaLÞfTot , aaL , aaM , aaH ,
and b. Other parameters used in the model were already identified
in Ref. [52]. Therefore, the parameter estimation was conducted
with measured forces at the identical preload and four different
ambient temperatures by using the nonlinear least square method
(Fig. 4(a)). Solid lines are the nonlinear least square fitting results
with identified parameters based on measurements (symbols) in
Fig. 4(a). The identical initial displacement (s0c

), which was esti-
mated from the triangle symbols of Fig. 4 in Ref. [52], was used in
parameter estimation. The coefficient of determination (R2) is over
0.99 for all fitted regions, suggesting that the fitted curves are
consistent with measured data in overall regions. The identified
parameters are listed in Table 2.

The estimated coefficient of thermal expansion for a jellyroll a*
for different SOCs is similar in order of magnitude. However, the
maximum difference is around 15%, suggesting that the difference
from the phase transition is not negligible. Moreover, the temper-
ature dependency of the coefficient of thermal expansion b is not
small and is essential to predict the dynamic response of battery
cells for a wide range of operational temperature. The equivalent
coefficient of thermal expansion for the battery cell abat(T,t), which
is used to estimate the thermal swelling of the battery cell in sec-
tion 3.2, is calculated with the coefficient of thermal expansion and
the thickness of the jellyroll and the case (Fig. 4(c)) as

abatðT ; tÞLbatDT ¼ acLcDT þ aaðT; tÞLaDT; (11)

where ac, Lc denote the coefficient of thermal expansion and the
thickness of the case made from aluminum. The coefficient of
thermal expansion for a battery cell is also linearly proportional to
temperature, but the magnitude of the coefficient of thermal
expansion for a battery cell is 9% smaller than that for a jellyroll
because of the small coefficient of thermal expansion of the
aluminum case.

The softening of the stiffness for the spacer is significant, while
that for the jellyroll is negligible. One plausible explanation is that
polymer material of the separators in battery cells is small portion
below 30%, whereas whole spacer is made from PBT. Therefore, the
softening originated from polymer materials is more severe in the



Table 2
Estimates of the thermal characteristics of the model for battery cells that relate the
force and swelling over SOC measured by displacement sensors and load cells.

Parameter Value Unit

ca 0.01 %K�1

cs 3.00 %K�1

ðaLÞfTot 1.63 � 10�6 mK�1

aL 1.42 1e-4K�1

aM 1.20 1e-4K�1

aH 1.32 1e-4K�1

b 2.5 %K�1
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spacer. The other explanation is that PBT shows more significant
temperature dependency than a polyethylene and a polypropylene.
However, the exact origin for these results is hard to explain before
characterizing the thermal characteristics of individual materials.
Note that the material properties of polymer materials significantly
depend on many things such as the atomic structure, the density of
materials, and the manufacturing process even for the same ma-
terial. Therefore, polymers show awide range of variation, which is
why research has been intensively carried out to elucidate the
material properties of individual polymer materials [56].

Note also that measuring all thermal characteristics of individ-
ual materials is very time and cost intensive. The purpose of this
study is to create the phenomenological multi-physics model on
the cell-level for control-oriented purpose, not to identify the
thermal characteristics of individual components.

4. Validation

Intensive experimental validation was carried out to verify the
force prediction. The ETM has already been validated at a variety of
operational conditions in Ref. [39]. Section 4.1 compares the pre-
dicted quasi-static force induced from the Li-ion intercalation to
experiments at a variety of ambient temperature. Section 4.2 pre-
sents the model prediction of force due to the thermal expansion of
battery cells and compares to pulse excitation experiments at three
different internal charge states. Finally, the proposed model was
validated through experiments where the power split from a fusion
HEV traversing the US06 drive cycle was applied at different SOCs,
preloads, and ambient temperatures in Section 4.3.

4.1. Force induced from Li-ion intercalation in a steady state

The model predictions were compared to the force measured
with a different preload than preload used for the parameter
identification in Section 3 at several ambient temperatures for the
validation of parameters identified (Fig. 4(b)). The identical initial
displacement of the case s0c

, which was estimated from the circle
symbols of Fig. 4 in Ref. [52], was applied for the force model in this
verification with the same parameters listed in Table 1 because the
identical preload of the circle symbols of Fig. 4 in Ref. [52] was used
in these experiments. The initial displacement of the case s0c

is only
a parameter changed from the data used in the parameter identi-
fication to verify the parameters. Even the initial displacement
estimated from previous work was used. The solid lines are model
predictions, whereas the symbols are experiments in Fig. 4(b). The
surface temperature of battery cells is not shown herein because
the temperature of battery cells is identical to ambient temperature
in a steady state. The model prediction is in excellent agreement
with measured data, suggesting that estimated parameters are
accurate and reliable, and thereby the proposed model can predict
the electrochemical-induced force for a wide range of preload and
ambient temperature at the steady state. Moreover, this result
justifies the hypothesis that the Li-ion induced swelling of battery
cells over SOC is constant regardless of temperature in the range of
experiments.

4.2. Force induced from temperature elevation

The surface temperature and force from temperature elevation,
which are estimated from the proposed multi-physics model, are
compared to second experimental sets; pulse excitation experi-
ments at three different internal charge states: 0.22 SOC, 0.48 SOC,
and 0.74 SOC (Fig. 5).

The surface temperature of the battery cell is presented in
Fig. 5(a). Solid lines are measured ones, whereas dashed lines are
predicted by the proposed model in Fig. 5(a). The heat convection
coefficient was slightly tuned around 10 Wm�1 K�1 for each case
when estimating temperature of cells in the ETM model because
the heat convection coefficient depends on the location of experi-
mental setup even in the same thermal chamber; the flow rate is
different in the same chamber and depends on the location of
experimental setup. The long period of pulse excitation results in
the slight triangular fluctuationwith the first-order response in the
surface temperature at 0.22 SOC and 0.74 SOC, whereas the short
period of pulse excitation causes the first-order response. These
phenomena can be explained by the fact that entropy change plays
a role in the long period of pulse excitation, whereas this effect is
negligible in the short period of pulse excitation. Entropy heat is
endothermic, i.e. heat sink, during charge and exothermic, i.e. heat
source, during discharge. Moreover, the magnitude of triangular
fluctuation at 0.22 SOC is different than that at 0.74 SOC because the
value of dU

dT is the slope of the OCV as a function of temperature at
that SOC. It can be inferred that the short period of pulse excitation
is better to obtain the pure thermal response. The root-mean-
square errors (RMSE) in the surface temperature are 0.25 �C,
0.20 �C, and 0.21 �C at 0.22 SOC, 0.48 SOC, and 0.74 SOC respec-
tively. This difference is similar in order of magnitude with the
results in Ref. [39].

The estimated forces induced from thermal expansion are
compared to experiments (Fig. 5(b)e(d)). The solid lines are the
force measured, whereas the dashed lines are the force predicted in
Fig. 5(b)e(d). Different SOCs and preloads were induced to the
experimental setup to validate the model prediction for a wide
range of preloads and SOCs. The initial displacements were esti-
mated with initial measured forces and SOCs for each case by using
Eq. (10). The measured force at 0.48 SOC (Fig. 5(c)) clearly shows
the first-order response similar to surface temperature, suggesting
that this reaction force is originated from the thermodynamics of
Li-ion cells. This result confirms again that the short period of pulse
excitation minimally changes the SOC and thereby results in pure
thermal expansion and its induced force. On the other hand, the
long period of pulse excitation accompanies the variation in SOC as
shown in the measured force at 0.22 SOC (Fig. 5(b)) and 0.74 SOC
(Fig. 5(d)). The wide fluctuation from Li-ion intercalation is shown
together with the first-order response, which is driven by the
temperature elevation. Moreover, this result not only justifies the
hypothesis that the coefficient of thermal expansion for the jellyroll
depends on SOC, but also validates that the estimated coefficient of
thermal expansion is accurate and reliable. The model predictions
are in good agreement with experiments in all SOC regions. The
RMSE in the predicted force are 16.2 N, 11.7 N, and 13.9 N at 0.22
SOC, 0.48 SOC, and 0.74 SOC respectively.

The relatively wide fluctuation is shown at 0.22 SOC pulse
excitation experiment compared to that at 0.74 SOC pulse excita-
tion experiment even though the preload induced is smaller; the
magnitude in peak-to-peak due to Li-ion intercalation is over
100 N at 0.22 SOC, whereas that is around 50 N at 0.74 SOC. This



Fig. 5. (a) Surface temperature and force of the battery cell during pulse excitation at (b) 0.22 SOC, (c) 0.48 SOC, and (d) 0.74 SOC; the solid lines are the surface temperature
measured, whereas the dashed lines are the surface temperature predicted in figure (a); the solid lines are the force measured, whereas the dashed lines are the force predicted in
figure (b)e(d).
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observation can be explained by the amount of Li-ion intercalation
swelling. The amount of swelling from Li-ion intercalation is 22 mm
when SOC fluctuates in the range of 0.09 SOC to 0.22 SOC, while
that from Li-ion intercalation is 4 mm when SOC fluctuates in the
range of 0.60 SOC to 0.74 SOC, suggesting that the relatively large
variation of Li-ion intercalation swelling in low SOC causes thewide
fluctuation of reaction forces. The swelling due to Li-ion interca-
lation gently increases in the range of 0.45 SOC to 0.75 SOC (inset
figure on the left-bottom side of Fig. 2).

4.3. US06 duty cycle

Five operational conditions were tested with the US06 duty
cycle for the validation of the dynamic response (Table 1). In the
first case, the battery cell was operated with a certain preload and
the initial SOC of 0.50 at 25 �C ambient temperature. In the second
case, the same configuration, the same preload and initial SOC, was
used except ambient temperature. This case ran at 11 �C ambient
temperature. In the third case, the initial SOC and preload were
reduced, whereas ambient temperature was kept to 11 �C ambient
temperature. In the fourth and fifth experiments, preload was more
reduced; the preload induced was almost half of the first and sec-
ond cases. Two different initial SOCs were tested at 11 �C ambient
temperature.

The temperature dependency of parameters was validated
through the first and second experiments because these
experiments were carried out with the identical preload and SOC.
The dynamic force response for a wide range of force was verified
through the second to fourth experiments. Finally, the dynamic
force response for a wide range of SOC was validated through the
third to fifth experiments.

Fig. 6 shows the comparison between measurement and model
prediction for the first experiment of Table 1. The solid-line is the
surface temperature measured, whereas the dashed line is the
surface temperature predicted in the top of Fig. 6. The solid line, the
dashed line, and the symbols with the line denote the force
measured, the force predicted including the nonlinear effect from
preload, and the force predicted without nonlinear effect from
preload in the bottom of Fig. 6. The surface temperature estimated
is in excellent agreement with the surface temperature measured.
The RMSE in the prediction of surface temperature is 0.19 �C. Two
conditions were simulated in the estimation of force to elucidate
the nonlinear effect from preload. The first set of results assumed
that the initial displacement was zero and calculated force trends
for overall period. Then, a certain amount of force (940 N) was
added to the calculated force trends to match the initial force (the
symbols with line in the bottom of Fig. 6). The second set of results
estimated force by using the Eq. (10) to accurately predict the force
including nonlinear effect, which is originated from preload (the
dashed line in the bottom of Fig. 6). This comparison clearly dem-
onstrates the importance of the nonlinear effect from preload. The
RMSE of the force estimation for the first set is 97.6 N, whereas the



Fig. 6. (Top) Temperature and (bottom) force of the battery cell with initial 0.50 SOC
during the US06 duty cycle at 25 �C ambient temperature; the solid-line is the surface
temperature measured, whereas the dashed line is the surface temperature predicted
in the top of the figure; the solid line, the dashed line, and the symbols with line
denote the force measured, the force predicted including the nonlinear effect from
preload, and the force predicted without nonlinear effect from preload in the bottom of
the figure.
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RMSE of the force estimation for the second set is 16.1 N. These
errors correspond to 7.5% and 1.2% with respect to the maximum
force measured in this experiment. The error from the model pre-
diction without the nonlinear effect from preload is over six times
larger than the error from the accurate model prediction, sug-
gesting that initial displacement from the preload plays a critical
role in the estimation of the force and thereby the nonlinear effect
from preload should be taken into account in the model.

Fig. 7 shows the second and third experiments of Table 1
together with the estimation of the proposed model. These ex-
periments were tested at 11 �C ambient temperature as afore-
mentioned. However, the second one used the identical SOC and
preload with those of the first experiment, whereas the third one
used different SOC and preload. The solid lines show the surface
temperature measured, while the dashed lines represent the sur-
face temperature predicted in the top of Fig. 7. The prediction of
surface temperature is in excellent agreement similar to other
cases. The RMSE in the prediction of surface temperature is 0.20 �C
for the second case and 0.19 �C for the third case. The multi-physics
model also accurately predicts the force for the overall period of
experiments (the bottom of Fig. 7). The solid lines show the force
measured, while the dashed lines represent the force predicted in
the bottom of Fig. 7. The RMSE in the prediction of force is 19.4 N for
the second case and 12.2 N for the third case.

Fig. 8 illustrates the fourth and fifth experiments of Table 1 with
the prediction of force. These experiments were tested with the
same preload at 11 �C ambient temperature. However, the fourth
one was operated with the initial SOC of 0.50, whereas the fifth one
was operated with the initial SOC of 0.66. The temperature
measured is shown as the solid lines, while the temperature pre-
dicted is represented as the dashed lines in the top of Fig. 8. The
surface temperature predicted corresponds well with the surface
temperature predicted. The RMSE in the prediction of surface
temperature is 0.18 �C for the fourth case and 0.22 �C for the fifth
case. The dynamic response of force is shown in the bottom of
Fig. 8. The solid lines showmeasurement, whereas the dashed lines
represent model prediction. In two simulations, the same initial
displacement was used and other parameters used were identical.
The force predicted is also in good agreement with the force
measured. The RMSE in the prediction of force is 15.8 N for the
fourth case and 7.6 N for the fifth case.

4.4. Summary and discussion

The first experiment demonstrates the importance of nonlinear
effect from preload. Therefore, the model accounted for nonlinear
effect should be used in BMSs for effective power and thermal
management. The first and second experiments show that the
proposed model can operate regardless of ambient temperature.
The experimental conditions for the first and the second experi-
ments are identical except ambient temperature and thereby use
the same parameters including the identical initial displacement to
estimate the dynamic response of force in the model. These results
suggest that the force model proposed is capable of the distance
variation of two endplates with respect to temperature change as
well as the dependency of the stiffness and the coefficient of
thermal expansion on temperature. The results of the fourth and
the fifth experiments show that the model with appropriate initial
displacement accurately predicts the dynamic response of force
with the same parameters. Moreover, the capability of the force
model for a wide range of SOC and preload were verified through
the second to fifth experiments.

A total of 16 different NMC cells were used in this study. For the
development of the ETM (mentioned in Section 3.1), a single fixture
composed of 3 cells was used [38]. For the development of swelling
models, a fixture was devised to measure the swelling on a single
cell [42,52]. For the development of force model and the validation
of the multi-physics model, 4 different fixtures (Fig. 1) were used
with different initial SOC and preloading; each fixture consists of
3 cells. As mentioned in Section 4.3, the maximum RMSE between
the model prediction and measurement is 19.4 N for the force and
0.22 �C for the surface temperature although each US06 cycle ran at
different fixture with different cells. The variation in temperature is
negligible considering the accuracy of RTDs (0.5 �C). The variation
of force is less than 2% of the preload of battery packs considering
that normal preload for battery packs is higher than 1000 N. Hence,
it can be inferred that the proposed model can accurately predict
the complex behaviors of the battery cell used in the Ford Fusion
HEV, even though cell-to-cell variation exists in cells. Note that this
study uses only one type of NMC cells for building the model.

Thepurposeof this study is to introduce a generalwork-frame for
developing fully coupled electro-thermal-mechanical models of Li-
ion batteries. The proposed modeling approach can be applied to
other types of Li-ion cells that experience measurable strain/stress
due to Li-ion intercalation and temperature variation with the
change of parameters used because all materials have stiffness to
construct their micro-structure. The proposed approach consists of
creating, calibrating, and integrating: (a) an ETM model, with (b) a
swellingmodel due to Li-ion intercalationmodel, with (c) a thermal
swelling model, and with (d) a force model. This is a general
approach that can be applied to other battery systems, beyond the
type and maker of the Li-ion cells that we selected for the demon-
strative implementation. Future work includes implementing this
method for battery systems with other types of Li-ion cells.

Our modeling approach has three important aspects for the
industrialization of Li-ion batteries: 1) an accurate SOC estimation,
2) a potential increase in battery utilization, and 3) a possible
reduction in the number of batteries and sensors in a battery pack.



Fig. 7. (Top) Temperature and (bottom) force of the battery cell during the US06 duty cycles with different preload and different SOC at 11 �C ambient temperature; the solid lines
are the surface temperature measured, whereas the dashed lines are the surface temperature predicted in the top of the figure; the solid lines are the force measured, whereas the
dashed lines are the force predicted in the bottom of the figure.
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When it comes to hybrid electric vehicles, the window for battery
SOC usage is generally limited between 40 % and 60 % to ensure
power capability. This conservative SOC window is used to prevent
unfavorable discharging or overcharging. When accurate informa-
tion about Li-ion batteries is available, the SOC window can be
widened and thereby battery utilization can be increased. As dis-
cussed in Ref. [61], the mean absolute error in the estimation of SOC
using force measurements could be at least half of that when using
voltage measurements alone. Consequently, the number of batte-
ries used in a battery pack could be reduced without sacrificing
power capability as discussed in Ref. [62]. Lastly, the effectiveness
of using force in estimating SOC-imbalance between batteries
connected in series has been addressed in Ref. [63]. Ref. [63] has
Fig. 8. (Top) Temperature and (bottom) force of the battery cell during the US06 duty cycles
are the surface temperature measured, whereas the dashed lines are the surface temperatur
dashed lines are the force predicted in the bottom of the figure.
demonstrated that SOC-imbalance between two batteries can be
detected with a single force sensor. This could potentially lead to a
decrease in the total number of sensors and improve the accuracy
of SOC estimation. Ultimately, the proposed modeling approach
enables advanced control techniques and real-time condition
monitoring for BMSs, suggesting that the reliability and safety of
battery cells and packs can be improved.

5. Conclusions

Predicting sensitive metrics such as temperature and electro-
chemical- and thermal-induced strain and stress can provide useful
information to estimate SOC and SOH in battery cells and packs. For
with the same preload and different SOC at 11 �C ambient temperature; the solid lines
e predicted in the top of the figure; the solid lines are the force measured, whereas the
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these purposes, this study proposes the fully coupled phenome-
nological multi-physics model for innovative power and thermal
management strategies in the next generation BMSs. The parame-
ters describing thermal andmechanical mechanics on the cell-level
are estimated through experimental data because measuring all
thermal and mechanical characteristics of individual materials is
time and cost intensive. Mechanical constrains and geometric
complexities also affect the mechanical responses including
swelling and swelling-induced force, suggesting that addressing
lumped parametric models is an efficient approach for control-
oriented purposes. The intensive experimental validation at a va-
riety of operational conditions demonstrates that the proposed
model accurately predicts the surface temperature and the reaction
force from the volume change of the battery cell for a wide range of
preload and ambient temperature. Future work includes imple-
menting this method on other types of Li-ion cells and estimating
SOC based on fusing information from voltage, temperature, or
force measurements.
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