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ABSTRACT

Li-ion batteries are prone to adverse physical and chemical mechanisms that can degrade their performance over
time. For this reason, identifying each electrode's capacity and utilization window is important for the safe
operation of the battery, unfortunately the standard capacity estimation method cannot provide this. In this
work, we introduce electrode-specific State of Health (eSOH) related parameters, including individual electrode
capacity and utilization window. We explore the identifiability of the parameters using terminal voltage alone
and voltage plus cell expansion measurements. The analysis here is based on the constrained Cramer-Rao Bound
(CRB) formulation, which provides the error bounds for the parameters. The model utilizes the voltage/ex-
pansion functions of lithium stoichiometry for the individual electrodes based on the underlying physics of phase
transitions. It is shown that slope changes in voltage and expansion that correspond to phase transitions in the
electrodes enhance the estimation. As a result, with the addition of the expansion, the parameters are estimable
without the need to discharge the battery to a high Depth of Discharge (>70%), which rarely happens in auto-
motive applications. This makes eSOH estimation feasible for a wider range of real-world driving scenarios.

1. Introduction

on the larger electrical grid. To this end, we need to continuously
monitor the electrode-specific State of Health (eSOH) of these batteries

The automotive industry is currently in a transition from conven-
tional internal combustion power-train systems, to electrified power-
train systems, powered by large battery packs with hundreds of cells. To
keep the momentum of this transition going, it is paramount to have an
advanced diagnostic and fault detection system available to alleviate
safety and performance concerns. Furthermore, there is an increased
interest in considering a second life for such batteries as energy storage
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and to use them efficiently and safely with advanced battery manage-
ment systems [1].

Li-ion batteries are sensitive to adverse physical and chemical
conditions, which cause degradation of the battery performance. It is
essential that we sense and avoid when these critical mechanisms are
triggered through proper battery management. Currently, the battery
state of health (SOH) is estimated by determining capacity (cyclable
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Fig. 1. (a) The schematic drawing of the inner working of a Li-ion battery. (b) The experimental setup, and (c) the voltage and expansion result of an LFP cell vs. state

of charge (SOC) at a low c-rate.

energy) and cell resistance (power capability). This capacity is defined
by the coulombs (=Amperes*time) that can be provided by a battery
while operating within an acceptable voltage range. Many studies are
concerned with estimating the battery's capacity without the need for a
full discharge [2]. These methods estimate capacity by measuring vol-
tage, current, and temperature. However, voltage limits alone may not
be adequate for managing a battery safely since the limits may come
from the anode SOH during charging and the cathode SOH during
discharging. For example, irreversible lithium plating, which usually
happens at low temperatures or during fast charging, causes Loss of
Lithium Inventory (LLI) [3] and reduction of the battery's over all
available capacity. The propensity of lithium plating is directly con-
nected to the lithiation state of graphite at the end of a charge. Lithium
plating is also a major safety risk as it may lead to an internal short
circuit resulting in fire or even an explosion. Hence, this is also a safety
limit coming from the anode SOH that needs to be considered. There
are a number of studies that identify aging mechanisms using an un-
derlying model with voltage and current measurements [4-7]. How-
ever, it has been shown that these aging mechanisms are only weakly
detectable using terminal voltage-based estimation [8,9].

Another interesting and important type of battery response is the
mechanical response. Batteries expand during charging and contract
while discharging. For example, Fig. 1 (c) shows the expansion of a cell
with lithium iron phosphate (LFP) chemistry during discharge at low C-
rates. This expansion can be characterized either as a strain or stress. It
has been shown that these stress/strain measurements can also be used
for estimating the available capacity of the battery [10,11]. Although
the idea of using stress/strain measurements to identify aging me-
chanisms, such as lithium plating [12], has been proposed, questions
remain on the usefulness of this measurement. For example, given the
fundamental relationship between voltage and strain [13], does this
stress/strain give additional information about the battery's state of
health that is not available in voltage?. Furthermore, is using stress/
strain beneficial, given limits on data availability and sensor noise, for
observability of the aging mechanisms?

The goal here is to explore the fundamental benefits of in-
corporating cell expansion measurements for estimating eSOH under
noisy signals and limited data range. In this paper, the individual
electrode capacity and utilization window are proposed as parameters
related to eSOH. Furthermore, the relationship between these para-
meters and aging mechanisms are considered together. It is necessary to
understand the usefulness of expansion before considering other diffi-
culties associated with instrumenting cells in a pack. Hence, the model
is developed using several simplifying assumptions; namely, that the
effects of temperature and hysteresis on voltage and expansion are
omitted. In addition, to have a better connection to the underlying
physics, fundamental electrode potential and expansion functions have
been developed and included in the model. The methodology for
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identifiability analysis is based on the Fisher information matrix that
yields the Cramer-Rao bound for the estimation of eSOH parameters.
Finally, the results for voltage only and voltage plus expansion mea-
surements are obtained and compared.

The paper is organized as follows; Section 2 describes the experi-
mental method. Section 3 introduces eSOH parameters and their con-
nection to the aging mechanisms, the model for the voltage, and ex-
pansion of a cell. Section 4 introduces the physics-based electrode
potential and particle level expansion. Section 5 presents the estimation
problem, identifiability analysis methodology, and the virtual model of
an LFP cell. Section 6 discusses the identifiability of parameters con-
cerning the measurements. Section 7 summarizes the contributions.

2. Experimental method

The details of the pouch cell (A123) used in this work is shown in
Table 3. The chemistry of the pouch cell was graphite/LFP. The ex-
perimental setup is shown in Fig. 1(b). The fixture was designed such
that the top and bottom plates are fixed in place while the middle plate
is free moving. To avoid the non-uniformities in the expansion, the
fixture applied a small pressure on the pouch cell, by using compression
springs. The applied pressure was around one psi given the spring
constant and displacement. Also, the spring constants were much lower
than the modulus of the cell [14]. Hence, the free movement of the
middle plate with the addition of these springs allowed for more uni-
form free expansion of the pouch cell. The expansion was measured
using a displacement sensor (Keyence, Japan) mounted on the top
plate. The dynamic testing was carried using a battery cycler (Biologic,
France). The temperature was measured using a K-type thermocouple
(Omega, USA) place on the surface of the battery.

The fixture was installed inside a climate chamber with the tem-
perature set to 25°C. Then the cell was cycled 10 times at C/3 between
2.5V and 3.6 V to ensure the repeatability of the expansion data. The
cell was charged with a constant current (CC) from the fully discharged
state at a low rate (C/20) to 3.6V, followed by a constant voltage (CV)
period until the current dropped below C/40, followed by a pause of
3 h. Then, the cell was discharged to 2.5V at the same constant current.
The cycle was repeated three times, and the measurements from the last
cycle were reported.

3. Model development
3.1. Battery fundamentals

In a typical Li-ion battery, the porous electrodes consist of active
material, in the form of particles, and a polymeric binder. The elec-

trodes are attached to current collectors. Furthermore, the separator is a
porous polymer, and the cell is filled up with the electrolyte.
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In the discharging process lithium ions oxidized at the positive
electrode (cathode) and reduced at the negative electrode (anode). The
term cathode and anode is the electrode where oxidation and reduction
happens, respectively. However, this takes place reversely while char-
ging; the positive electrode is the anode, and the negative electrode is
the cathode. Therefore, to avoid confusion in this paper, the terms
negative and positive electrode are used.

For a Li-ion battery with graphite as the negative electrode and li-
thium iron phosphate (metal oxide) as the positive electrode, while the
cell is charging or discharging the following chemical reactions take
place at the negative and positive electrodes, respectively

d
LiyC¢ = xLi* + xe~ + C6

c
d
LiyFePO, + (1 — y)Li* + (1 — y)e~ = LiFePO,,
c

where the forward direction indicates the discharging reactions and the
backward direction indicates the charging reactions. This process is
depicted in Fig. 1(a) with the red (blue) arrow denoting the charging
(discharging) and expansion (contraction) of the lattice structure. The
stoichiometric state x and y represent the degree of lithiation of each
electrode. For example, the fully lithiated state of the graphite is x = 1
for Li,Cg; i.e., one lithium atom per six carbon atoms.

3.2. Aging mechanisms and eSOH

To maximize the usage without inducing further degradation, esti-
mating the type of degradation and state of health of the individual
electrodes is required. There are a number of important degradation
mechanisms for lithium-ion batteries. Solid Electrolyte Interphase (SEI)
growth and lithium plating consume the reversible lithium during cy-
cling leading to capacity fade. Other important mechanisms are struc-
tural disordering, metal dissolution, the loss of electrical contact, par-
ticle cracking, and blockage of active materials by the resistive surface
film all leading to active material of the electrode becoming unavailable
for insertion and extraction of lithium, and ultimately capacity

Fig. 2. (a) The half-cell potential of the positive electrode. (b) The Open Circuit
Voltage (OCV) of a graphite/LFP cell at two states of life; fresh (blue) and aged
(red), and (c) the negative electrode with corresponding utilization window at
fresh (f) and aged (a) states. The simulated degradation correspond to 28%
negative electrode capacity loss which corresponds to only 5% capacity fade for
aged state of cell (middle) but forces the utilization window of the negative
electrode deeply in the dangerous zone of lithium plating (bottom). (For in-
terpretation of the references to colour in this figure legend, the reader is re-
ferred to the Web version of this article.)
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reduction [6,9].

Due to a complex inter-correlations of these degradation mechan-
isms, it is extremely challenging to develop a diagnostic algorithm to
capture all of them in the cell. However, it is possible to separate the
effects of the mechanisms into two general modes of Loss of Lithium
Inventory (LLI) and Loss of Active Material (LAM) at the positive and
negative electrodes. Dubarry et al. [3], further categorized LAM under
the consideration of the lithiated or delithiated state of LAM i.e.
LAMjipg, LAMgepr, LAM)ing, and LAMgeng. Furthermore, LLI is also di-
vided into two subcategories during; (1) charging in the negative
electrode, and (2) discharging in the positive electrode. As a result of
these aging mechanisms the utilization window and available capacity
of each electrode changes. Hence, identifying the changes in individual
electrode capacity and the associated shift of utilization window is
important and informs the Battery Management System (BMS) about
the aging mechanisms and electrode-specific constraints.

The importance of eSOH estimation is clarified in Fig. 2, using a
simulated aging scenario for a graphite/LFP cell. The aging scenario
corresponds to LAM4eng mode, and the methodology presented in Ref.
[3] is followed when producing this figure. In this mode, the negative
electrode capacity is reduced by a significant amount, which is shown
by the scaling of the negative potential denoted by purple arrows. At
fresh and aged states, the cell operates between the same voltage limits
defined as the safe range. However, for the aged state, the utilization of
graphite electrode has shifted (denoted by a green arrow) to the dan-
gerous region of low potential which increases the risk of lithium
plating (marked by a dashed red area at the bottom of graphite half-cell
potential). Furthermore, it is also evident that the shift of negative
electrode operation window to a low potential is obscured in the
terminal voltage. In contrast, Fig. 3 shows the effects of the same aging
mechanism for the expansion of a single cell, where it suggests an ob-
servable change in the expansion of the fresh and aged cell.

In the following sections, the lithiation state of each electrode
(utilization window) and the amount of available active material in
each electrode (individual capacity) are introduced as eSOH para-
meters, using OCV and expansion. Furthermore, the equations con-
necting these parameters and aging mechanisms are discussed.

Fig. 3. (a) The half-cell expansion of the positive electrode. (b) The expansion
of a graphite/LFP cell at two states of life; fresh (blue) and aged (red), and (c)
the negative electrode with corresponding utilization window at fresh (f) and
aged (a) states. The simulated degradation corresponds to 28% negative elec-
trode capacity loss which corresponds to 5% capacity fade for the aged state of
the cell. The figure suggests an observable change in the expansion of the fresh
and aged cell. (For interpretation of the references to colour in this figure le-
gend, the reader is referred to the Web version of this article.)
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3.2.1. Open Circuit Voltage (OCV)

The OCV is the terminal voltage of a cell with no current flow,
which can be written as the electrical potential difference between the
positive and the negative electrodes. Let the potentials of the positive
and negative electrode, measured against lithium, as a function of y and
x, be denoted by (U,) and (Uy,), respectively. Then, while the cell is at an
electrical equilibrium (no current is drawn and the voltage is at steady
state), the terminal voltage of the cell is equal to Open Circuit Voltage
(OCV) and satisfies the following

OCV (z) = Up(y) — U, (), @

where z is the depth of discharge (DOD) of the cell (z =1 — SOC) and
x, y are the stoichiometric state of negative and positive electrodes, re-
ceptively.

To prevent rapid cell degradation or power depletion, x and y are
not necessarily from O to 1 for practical cells. Hence, the term utilization
window is introduced for each electrode to represent the actual stoi-
chiometric range used in each electrode. The utilization window is
defined using the voltage limits specified for the battery, hence

Up(.Vo) = Uu(x0) = Vuins 2

3)

where 100 and 0 subscripts denote the lithiation state of electrodes at
two voltage limits V4, and V,,;,, respectively.

Furthermore, the stoichiometric state of each electrode, (x, y) sa-
tisfies the following relationship

Q _ Y=Y _

c Yo = Y100

Up(V]oo) - Un(xloo) = Vmax-

X100 — X

Z =
4
where Q is the coulomb counting from the charged state and C denotes
the maximum capacity of the cell. With respect to the amount of
available active material in each electrode the following equality holds

C =G0 — Y100) = Cn(xaoo — Xo), (5)

where C, and C, denote the capacity of the positive and negative
electrode in Amp-hours, respectively. These capacities correspond to
the amount of active material in each electrode. Using Eq. (5), and Eq.
(4) results in the following

s
X100 — Xo

Q Y = Y100 Xigo — X
=== = C, .
Tt "C ®)
Then, the individual stoichiometric states can be written as
Q
= + =, X=X — —.
Y = Y100 C 100 c, @

therefore, the half-cell potentials can be written as the function of the
coulomb counting Q with the individual electrode parameters
(%100s V100> Cns Cp)

L) = Up()’loo + c%)’

Un) = Uy (30 - 2), ®

Finally, Eq. (1) can be written as

_ Q_ _Q
ocV = UP(Yloo + Cp) U, (XIOO c, ) ©

The eSOH parameters are utilization window at charged state and
capacity, (xi00, Cy) and (349, Cp), for negative and positive electrode,
respectively.

3.2.2. Cell expansion

At any given moment in time, the thickness of the cell is the sum of
thicknesses of its components. Similar to open circuit potential, the
thickness of the electrodes can also be measured as a function of
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stoichiometric state at the open circuit state. Therefore, the thickness of
the cell can be written as

te = n[t,) + ()] + 12, (10)

where t,(x) and t,(y) are functions denoting the thickness of the ne-
gative and the positive electrode, n, is the number of parallel cells
stacked on top of each other in the battery, and ¢ is the total thickness
of inactive components (i.e. current collectors, separator, etc.), which in
the case of free expansion is assumed to be constant.

The porous electrode, in addition to the active material, has em-
bedded binder polymer, furthermore, the electrode is glued to the
current collector whereas it has free movement on the separator side.
This makes the process of going from particle to electrode expansion
complicated. To simplify this process it is assumed first that because of
the large electrode length to thickness ratio and high stiffness, the
electrode only expands in the through-plane direction. Second, the
changes in electrode thickness come only from the active material and
contribution of binder and other add-ons are not considered. Following
the results from Ref. [15] with the same set of assumptions, an ample
estimate of the electrode expansion can be calculated by

At = §iti°A%'. (11D

where subscript i is either p or n for respected electrode, ¢ is the volume
fraction of active material in the electrode, t° is the initial thickness of
the electrode. Furthermore, (A7) and (A7}) denote the changes in
volume at particle level as a volumetric strain. The volumetric strain is
a function of the stoichiometric state y for the positive electrode and x
for the negative electrode.

Using Eq. (11), the thickness of the battery can be written as

te=n. [+ EA7,008 + 1+ §,A7,00)t5] + 1, (12)

where t0 and tg are the thickness of the negative and the positive
electrode at the fully discharged state of the cell.

Following the same procedures of the previous section, the stoi-
chiometric states (x, y) are substituted using Eq. (7). As a result, the
equation for thickness is

t. = n, [(1 + EPA"/;,[ywO + C%)]t‘? + (1 + an'}’/;[(xwo - C%))t,?}

+ 10, 13)

Often it is more practical to measure the expansion using a dis-
placement sensor rather than the total thickness of the battery.
Therefore, it is also necessary to define an initial set point to calculate
the expansion. In application, batteries rarely go to the fully discharged
state, hence for convenience the expansion is assumed to be measured
with respect to the fully charged state. Hence the expansion is written
as

At = t]% — ¢, 14
where 1% is thickness of the battery at fully charged state.
Finally, using Eq. (13) the cell expansion is as follows
At =n. | | A7 Dy0) — A +2 £t0
¢ = Ne V100 p[ Y100 c,))Pr
oy 9 0

+ | A7 0 (a00) — A7 n| %00 — o &t |

" (15)

where the first term inside each parenthesis is coming from the thick-
ness of the cell at the fully charged state.

3.2.3. Aging mechanisms diagnostics

With eSOH parameters defined in the previous sections, it is now
possible to introduce the equations describing the amount of different
aging mechanisms. The percentage amount of LAM in each electrode, is



P. Mohtat, et al.

the reduction in available individual electrode capacity (C,, C,) and its
given by

a

C
LAM,, %= |1 — 2| x 100,
y4 Cz)’

LAM,, %= (1 - C—f) x 100,
G

n

(16)

where the superscript f and a denote the fresh and aged state, respec-
tively. Note that the LAM here is the overall amount of LAM of lithia-
tion and delitiation. The amount of intercalated lithium in the electrode
at any SOC is given by the following

3600
= T(yCP + xCy),

ni;

a7

where F is the Faraday constant. It is straight-forward to show that the
above amount is constant, assuming lithium conservation,

a0, a0)e (, 80),

F c, G
where AQ denotes discharging in Amp-hours. Hence, the n;; can be
calculated with respect to fully charged state

_ 3600
F

3600
S 0Gy + 3G,

18

n; 100Cp + %100 Cn)-

19)
Finally, the LLI is defined as the percentage reduction in the above
amount

f

ng;
LLI %= |1 - =X | x 100,
nr;

(20)

where the superscript f and a denote the fresh and aged state, respec-
tively. LLI here denotes the total loss of lithium.

4. Materials with phase transitions

In this section, fundamental models of electrode potential (U,, Uy),
and particle level expansion (A7, A77) are presented. The potential
is represented by approximations of the thermodynamic equilibrium
potentials of the porous electrodes [16]. Furthermore, the expansion is
represented by associating the expansion to the changes in lattice
parameters during charge/discharge. In section 5, it will be shown
that the sensitivity matrix of OCV and expansion to the parameters is
related to the slope of each electrode potential and expansion. In the
following, the connection between these slopes and the phase transi-
tions of electrode material is explained for the graphite/LFP chem-
istry.

4.1. A fundamental model of the potential

A number of materials used as insertion electrode in Li-ion cells
undergo different phase transitions during lithium (de)intercalation,
and the potential displays several plateaus with fast changes between
them, which results in the so-called “staircase” voltage curve [17]. The
plateaus correspond to the coexistence of Li-rich and Li-poor regions,
where the two phases do not mix, hence the material phase separate into
the two regions. Furthermore, the steps between the plateaus denote
the boundary in which the phase transition completes.

In this study, a cell consisting of a graphite electrode and lithium
iron phosphate (LFP) electrode is considered. Both of these materials
display the phase separating characteristic; LFP with one vast plateau
and graphite with several plateaus.

Positive electrode: Lithium iron phosphate is a cathode material
gaining popularity due to its safety, low cost and relatively high rate
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Fig. 4. (a) The potential (solid-line) of Li,FePO, [20] and its piecewise linear
approximation (dashed-line). Furthermore, the potential at y = 0.5 is denoted
by V9, and plateau section is bounded by (y~, y*). (b) The potential (solid-line)
of LiyCe [19] and its piecewise linear approximation (dashed-line).

capability and long cycle life [18]. It has a vast voltage plateau which
corresponds to a strong tendency of the material to phase separate.

A simple thermodynamical model of a phase separating material is
the regular solution of particles and vacancies [16]. The equation de-
scribing the chemical potential is

Yy
1—-y ’

where Q is the regular solution interaction parameter, kz is the Boltz-
mann's constant, and T is the absolute temperature. Then the open
circuit potential, U,, measured against lithium metal as reference po-
tential is simply,

where V? is standard potential, and e is the charge of an electron. This
equation also shows that U,(0.5) = V. For Q>2kT the material is
phase separating and the chemical potential is non-monotonic. How-
ever, the actual voltage measurement is monotonic with a large flat
section called the miscibility region, which is bounded by (y~, y*). This
voltage behavior has been modeled using a multiple particle approach,
which also models the voltage hysteresis of LFP. For further discussion
on this subject the reader is referred to Refs. [16,21]. The values of the
bound can be find by setting the chemical potential to zero. Fig. 4(a)
shows the potential response and the concentrations bounding the
plateau for LFP. Here the two phases are FePO, and LiFePO,.

Inspired by the above model, a piecewise linear approximation of
the potential of two phase materials (e.g. LFP) is developed. The steps
are as follows:

Q
u@) = E(O.S -y + kBTln( @1

+ 26505 - I‘B—Tln(i
2e e

U, =v°
b —

(22)

1 The potential at the center of the plateau region, V', is identified
(Table 1).

2 The concentrations bounding the plateau (y~, y*) are chosen em-
pirically (Fig. 4(a)).

3 A line is constructed on the plateau intersecting with V0 in the
(y—, y*) region.

4 Asecond line is constructed for the initial potential drop using the
starting point of data, (U, ¥) = (Unax, 0) (voltage range), and point
y~ of the plateau line.
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Table 1
The different phase coexistences with their plateau potential and approximate
range for graphite [19] and LFP [20].

Electrode material Phase coexistence X, y range Vo (v)
LFP
FePO4 & LiFePOy 0<y<10 3.45
Graphite (C)
Dilute 1 & Stage 4 0<x<013 0.2
Stage 4 & Stage 3 013 <x <024 -
Stage 3 & Stage 2 024 <x <05 0.12
Stage 2 & Stage 1 05<x<10 0.09

5 A third line is constructed for the end potential drop using the
ending point of data, (U,, ¥) = (Unin,» 1) (voltage range), and point
y* of the plateau line.

Using this methodology and data from Ref. [20], the following po-
tential function is obtained

—20.99y + 4.5 y < 0.05
U [V]=1-7x10"%y — 0.5) + 3.45 0.05<y < 0.97
— 31.66y + 34.16 0.97 < y. (23)

In this function the plateau boundary is (y—, y*) = (0.05, 0.97),
midpoint potential is V°=345[V], and potential range is
(Unins Upax) = (2.5, 4.5)[V]. The piecewise linear approximation and
data from Ref. [20] are depicted in Fig. 4(a).

Negative electrode: The graphite is used extensively as anode mate-
rial. It undergoes several phase transitions in its potential response
[22]. In graphite, Li intercalates between graphene planes but prefers to
populate isolated layers. Each phase correspond to a different filling
order of lithium atoms between graphene layers called a stage. The
stage number, n, is the number of graphene layers between layers of
lithium atoms with every n* layer Li-rich, and the other layers Li poor.

The stages are as follows: At the very low concentrations of lithium
(x < 0.04), the lithium atoms are randomly distributed in the graphite,
and there is no apparent structure, this stage is called a dilute stage 1.
As the concentration increases a more structured phase, stage 4, begins
to take shape. The plateau at 200 mV corresponds to dilute stage 1 and
stage 4 phase transition. Next is the formation of stage 3, the transition
from stage 4 to 3 happens in (0.13 < x < 0.24). Unlike others the phase
transitions between these stages seem to be continuous, indicating a
random mix of these two phases, hence there is no plateau corre-
sponding to this phase transition. The next plateau at 120 mV corre-
sponds to stage 3 and stage 2 phase transition. Finally is the develop-
ment of the densest structure, stage 1, which is one layer of graphene
between layers of lithium atoms. The plateau at 90 mV corresponds to
stage 2 and stage 1 phase transition.

A summary of different phase transitions of graphite as well as the
LFP is presented in Table 1, the potential of each plateau is also re-
ported. A similar procedure to LFP is used to get a piecewise linear
representation of the potential response of the graphite. The con-
centrations bounding the plateaus are indicated in Fig. 4(b). Further-
more, the potential range is (Upin, Unax) = (0, 0.5) [V]. As indicated in
Table 1, the stage 4 to 3 transition does not produce a plateau [19],
therefore, is approximated with a line. Using this methodology and
potential data for graphite from Ref. [19], the function used for ap-
proximating the potential is

— 7.46x + 0.5 x < 0.04

— 0.008(x — 0.085) + 0.20 0.04 < x < 0.13

— 0.71x + 0.2931 013 <x<024

—0.005(x — 0.37) + 0.12  0.24 < x < 0.50

— 0.94x + 0.5893 0.50 < x < 0.53

—0.005(x — 0.74) + 0.09 0.53 < x < 0.95
- 1.77x + 1.77 0.95 < x.

U, () [V] =

(24)
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Fig. 5. (a) The crystal structure of LiCs (stage 1) with AaA stacking. The li-
thium atoms (represented by purple circles) are at the fictitious layer, a,
midway the graphene layers [25]. (b) The crystal structure of LiFePO,. The
tetrahedra represent PO,., and the octahedra represent FeOs [26]. (For inter-
pretation of the references to colour in this figure legend, the reader is referred
to the Web version of this article.)

The potential response of graphite and the piecewise linear ap-
proximation are depicted in Fig. 4(b).

4.2. A model for lattice volume changes

The intercalation of Li inside the electrode material induces di-
mension changes and internal stress generation of the electrode.
Depending on the electrode material the volume changes could be as
significant as 300% from the delithiated state [23], as in silicon. This
expansion stems from the changes in lattice parameters and structure of
the electrode while the concentration of Li increases in the electrode.
Battery expansions can be measured either as thickness changes (free
expansion) or as force (constrained expansion). Furthermore, it has
been shown that using the expansion measurement helps in a number of
scenarios relating to the state of charge and state of health estimation
[10,24].

In order to model the expansion of the cell, it is possible to utilize
the changes in the lattice structure. Graphite consists of layers of gra-
phene in a hexagonal structure, and Li intercalates in the spaces be-
tween the layers. The distance between the layers is denoted by d, and
the distance between the center of adjacent hexagons is denoted by a. In
Fig. 5(a), the crystal structure of lithiated graphite is depicted. The
unite lattice volume is a rhombohedron. Table 2 shows the edge length
of the unit cell and average d-spacing for different phases of graphite.
The changes in the volume are calculated using these values and in-
cluded in Table 2. The changes of lattice parameters are anisotropic
since the expansion of d is greater than a. However, at the particle level,
the layers are orientated randomly. Hence the electrode material can be
assumed to be isotropic. Thus, it is possible to utilize the changes in
lattice parameters to calculate the volume changes in the particle.

The data reported in Table 2 are for the pure phases and between
these states, the material is a mixture of two phases. Hence, it can be
assumed that expansion evolves linearly between the two pure phases.
This linear behavior is also observed in the experiment (see Fig. 1(c)).
Using this assumption one can derive a piecewise linear function based
on the available lattice data points. Hence, the function for volume
changes of graphite is

16.96x x <013
16.91(x — 0.3) + 2.20 0.13 <x < 0.24

8.13(x — 0.2) + 4.06 0.24 < x < 0.50
13.76(x — 0.5) + 6.18 0.5 < x.

A7 () [%] =

(25)

Similar steps can also be carried out for LFP to go from lattice ex-
pansion to particle expansion. The unit lattice volume for LFP is a
rectangular cuboid. In Fig. 5(b), the crystal structure of LFP is depicted.
The volume change is calculated with respect to the fully lithiated state
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Table 2
Unit cell lattice parameters, unit cell volume, and percentage changes in volume for different phases of graphite and LFP [19,25,26].
Material Phase Structure X,y Unit lattice parameters A) Unit lattice volume (. AS) A7 (%)
LFP a b c 7" = abc
LiFePO4 orthorhombic 1.00 10.33 6.01 4.69 291.2 0
FePOy orthorhombic 0.00 9.810 5.79 4.78 271.5 —6.76
Graphite J3a d . 3J3d2
7= Td
C hexagonal 0 4.239 3.35 52.13 0
Stage 4 hexagonal 0.13 4.254 3.40 53.28 2.20
Stage 3 hexagonal 0.24 4.255 3.46 54.25 4.06
Stage 2 hexagonal 0.50 4.262 3.51 55.35 6.18
Stage 1 hexagonal 1.00 4.289 3.70 58.94 13.06

Fig. 6. The piecewise linear approximation functions for volume changes of
particle for (a) LFP and (b) graphite along with the data from Table 2.

and is shown in Table 2. The piecewise linear function for volume
changes of LFP is

A7) [%] = —6.76(1 — ). (26)

The piecewise linear functions for the volume changes of the gra-
phite and LFP are depicted in Fig. 6.

5. Parameter identification

In this section, a methodology to estimate the eSOH parameters,
based on voltage and expansion measurements, is presented.
Furthermore, the identifiability analysis for the parameters are dis-
cussed and to carry out the identifiability analysis, a virtual model
based on piecewise linear functions is introduced.

5.1. Estimation problem

The parameters, 8 = [Xi00, Y190, Cn» Cpl, related to electrode specific
SOH can be estimated by solving the following problem using mea-
surements at coulomb counting Q;, terminal voltage at rest OCV;, and
cell expansion at rest At

N
min 37 [1Y (6, @) = %P P)

i=1
subject to, Up (V100) — Ui (%100) = Vinas

oCcv (6, Q)

where Y (6, Q) = [ At (6, Q)

], and vector of measurements is

N ocy; . L .
Y = [ At ']. It is assumed that the cell operation is constrained be-
ci

tween the same cell voltage limits in its lifetime. The voltage limits
define the capacity and the utilization window of the cell (see Egs. (2),
and (3)). With a partial discharge scenario, the capacity of the cell is
also unknown. Therefore, to focus the estimation on the eSOH para-
meters, the capacity is not included in the above formulation. Hence,
only the maximum voltage limit is used in the estimation problem.
Nevertheless, after finding 0, the capacity of the cell, C, can be esti-
mated by solving the minimum voltage constraint equation given by

C C
Vinin = Up(ymo + C'p) - Un(xloo - a),

where Q in Eq. (9) is substituted with C.

27)

5.2. Identifiability analysis

The identifiability analysis can be explored by means of Fisher
Information Matrix (FIM), and the Cramer-Rao bound (CRB) matrix,
which gives the lower bound on the error covariance matrix of an un-
biased estimate of a nonrandom parameter vector. Problem (P) has an
equality constraint related to the maximum voltage of the cell.
Therefore, here a methodology based on [27] is introduced, which in-
corporates the equality constraints in the calculation of the CRB.

It is assumed that the measurements can be modeled as

Y=Y() +e¢ (28)

where ¢ is an additive measurement error, which can include mea-
surement noise and model mismatch. In the context of a least squares
estimation problem, assuming a zero mean Gaussian vector with the
covariance matrix, E, for ¢, the FIM can be written as [28].

S = STES, (29)
where S = 9Y/00 is the local sensitivity matrix calculated at true 6 = 6"
If FIM is nonsingular, the .#}" is the unconstrained CRB for the error
covariance matrix of 6.

Since the problem statement (P) has a constraint, following proce-
dure is used to determine the constrained CRB [27]. Let the constraints
be defined as follows

f@)=o,

where it is assumed that f is locally differentiable. Define ¢ as an or-
thogonal matrix (¢7¢@ = I), which forms an orthonormal basis for the
nullspace of the gradient of the constraints. That is

O, ,_
A

(30)

0. (31)

If ¢".7; ¢ is nonsingular, then the constrained problem is identifi-
able, moreover, the error covariance, ¥ matrix i.e. constrained CRB is
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> O(0" I O) . (32)
Furthermore,
diag[Z], (33)

where o is the standard parameter error. Furthermore, the standard
error is normalized with respect to the parameters true value to give a
percentage error as following:

Error (%) = %o X 100.
6 (€2)]
5.3. Slopes of electrode potential and expansion

Under the assumption that the noise is zero-mean Gaussian and
independent, E can be written as

E, O
E =
k.

where E, = diag[oZ] and E; = diag[o?
matrix, S, can be written as

(35)

]. Furthermore, the sensitivity

s = | 5@
5:(6") (36)
where Sy = aisvls , S = aA[°Is

For the optimization problem (P) in this study, the sensitivity of
OCV (Eq. (9)) with respect to xjoy corresponds to the first column of
Sy (8"). At measurement, Q;, corresponding to stoichiometric state, x;
(Eq. (7)), this entry is as follows

aocV;
9100

_ docy; ax;

U,
- axi

axl- ’

9100 (37)

which is the slope of the negative electrode potential. The second
E

EOCV = ;VIP which is the slope of the

positive electrode potential. The thlrd and fourth column are calculated

similarly. Then, the sensitivity matrix assuming N measurements with

Q1, ...,Qn charge levels can be written as
_%Un Y _dhQ _ Y&
ox1 ay ox1 c2 oy C}
Sy (") = : : :
_%Un U _ dUpQn _ SUon
XN dyy oxN Cp N C} (38)

For the case of voltage only measurements, if all the measurements
are from a single slope the first and second columns in the sensitivity
matrix in Eq. (38) become linearly dependent due to the same values of
entries for all measurements. Thus, the sensitivity matrix is rank defi-
cient and the problem is unidentifiable. Hence, at minimum the mea-
surements have to be taken from regions with different slopes.

The sensitivity of expansion (Eq. (15)) to xq is as follows

M g OBy, _ 9y O
axi00  <om M\ dxi00 %100 dx;  8x100
,
_ 100 _ 9A7n
= W"(V 2 ) (39)
8A Y . .
where y1%0 = seion lioo? and w, = n.£,t_ are substituted for brevity. The
AL, A7
second column of S;(6) is computed as ; <=y (g’ 00 . —__P ) where
eIy
4100 — 7P| . and wp = nc€,to. The thlrd and fourth column are cal-
dy100 Y100’ P

culated similarly. Then, the sensitivity matrix can be written as
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Table 3

The parameters used in the virtual model for identifiability demonstration.
Pouch cell
Nominal capacity 20.5 Ah
Operating voltage 2.5-3.6V

Graphite LFP

Electrode thickness ¢ (um) 43 [29] 70 [30]
Active material volume ration § 0.63 [29] 0.42 [30]
Electrode potential U; (V) Eq. (24) Eq. (23)
Particle volume expansion A7 (%) Eq. (25) Eq. (26)
Fitted parameters
X100 Y100 Cy (Ah) Cp (Ah)
0.741 0.038 27.85 21.65

Fig. 7. (a) The model of potential and expansion of LFP, and (c) graphite. (b)
The fitting results of OCV and expansion along with the data.

FING OAY PING OAY
W, (yloo _ n) gloo 97py _ w, n% o p%
ox1 a1 Cf %] Cp
516" = : :
w (yloo _ 5A"/h> w é—loo _9ABY . eAYa QN s X%
n XN p BN " axn 2 P oyy cg
(40)

Therefore the identifiability of the parameters in the estimation
problem depends on the number of rate changes in electrode potential/
expansion included in the measurement.

5.4. Graphite/LFP cell model

The eSOH parameters are fitted to the full range of voltage and ex-
pansion data. The fitting results are reported in Table 3. Furthermore,



P. Mohtat, et al.

Journal of Power Sources 427 (2019) 101-111

Fig. 8. Parameter error of (a) x;00 (b) y,49 (¢) C, (d) C, calculated for different data windows starting from fully charge and ending at DOD, plotted for the case of
voltage only and the case of voltage plus expansion measurements. The results show that the estimation error decreases substantially with the addition of expansion

measurements compare to the case of voltage only measurements.

the data and the fitting result are shown in Fig. 7, which also shows the
relationship between electrode potential/expansion and the cell vol-
tage/expansion. In this figure, the expansion is normalized with respect
to maximum expansion to show the characteristic behavior of a re-
presentative cell in the battery. Based on the fitting result, a virtual
model is constructed to study the identifiability of the parameters under
a variety of data availability scenarios, such as a limited number of
measurements, and identifiability under voltage and voltage plus ex-
pansion measurements. The virtual model uses the piecewise linear
functions introduced in Section 4.

6. Results and discussion

In this section, the result of identifiability analysis for eSOH para-
meters is presented and discussed. The analysis is done using the data
generated by the virtual model. The limited data scenarios include a
case of voltage measurements alone and a case of voltage plus expan-
sion measurements, both with data available only in certain SOC win-
dows. The data window is defined as follows: it is assumed that there is
one measurement opportunity at every 1% change in SOC, starting from
the fully charged state. With each addition of the measurements, the
standard error of the parameters is calculated. The size of the data
window is denoted by the depth of discharge (DOD). Given that the
method so far relies on the open circuit state, for transportation ap-
plications, the data can accumulate every time there is an open circuit
opportunity, for instance, at every key-on with ample rest time before
it. Also, at very low c-rate such as level 1 charging.

The results of the standard parameter error versus the DOD (data
window) are shown in Fig. 8. This result is obtained using o, = 10 mV
and o; = 5um measurement error. The goal is to show the relative
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observability of the two scenarios of voltage alone and voltage plus
expansion measurements. For this paper, the data window starts from
the fully charged state. It is straight-forward to apply the same analysis
for a data window starting at a lower SOC for voltage. However, since
the expansion is defined with respect to the fully charged state (see Eq.
(14)) and to be able to compare the two scenarios, only the data win-
dows starting from the fully charged state are considered.

6.1. Connection to phase transitions

The results indicate that as the measurements move to a higher
DOD, the estimation error decreases for all the parameters. This re-
duction happens in stages, which corresponds to the phase transitions
in the material. For example, for the parameter o, the estimation
error decreases as the graphite is transitioning from stage 1 to stage 4
(Tables 1 and 2). Each error reduction corresponds to the ending of a
plateau (phase coexistence), which is indicated by bounding stoichio-
metric states (x;, x;,x3) in the figure. For example, the first error
reduction (x ~ 0.5) corresponds to slope changes in both voltage and
expansion. Furthermore, for the parameter C,, in case of voltage alone
measurement, the estimation error remains at a constant value until
almost 98% DOD, which corresponds to the stoichiometric state (y*+)
bounding the plateau in LFP.

As shown in Egs. (38), and (40), the identifiability of the parameters
depends on rate changes of electrode voltage/expansion, which is re-
lated to phase transition in the material. Therefore, it is deduced that
having data at phase transitions provides better identifiability of the
individual electrode parameters. The error goes down as the electrodes
go through the phase transitions. It is noted that the results agree with
the long-established method, Differential Voltage Analysis (DVA),
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which depends on terminal voltage data across phase transitions to
compute the shifts of the peak locations in the dV/dQ curve [31].
Furthermore, the results indicate that the parameters are un-
observable at low DOD regions. However, in practice, compared to the
simple model used in this study, there are more non-linearities near the
low DODs which results in better-conditioned sensitivity matrices.
Hence, the observability of the parameters should enhance in practice.

6.2. Observability of the different parameters

Recall that the problem (P) includes an equality constraint (max-
imum voltage limit) which intrinsically couples the error estimates of
parameters X;o0 and y,,,. Using the Taylor series expansion of the vol-
tage constraint about the true solution the following equation is ob-
tained

50,

K =

lyi00 = Ox o X100° 41)

Comparing the voltage only measurements results of xjoo with y,, it
is evident that the error for X is larger than y,,. The reason for this
disparity in estimating x4 and y;,, can be explained using Eq. (41). It is
apparent that % at flat region of U, is smaller than % which is at the
higher derivative region of Uj,. Since the estimation error of x;o0 and y;,,
are proportional through Eq. (41), it stands to reason that x;qy has larger
estimation error than y,,.

The parameter error of C, and C, can also be explained by the same
analysis of the sensitivity matrix. The parameter error of C, and C, are
related to the third and fourth column of the sensitivity matrix in Eq.
(38). For C, to have a lower parameter error the window should include
at least one of the asymptotes of U, function i.e. at least two different
slopes. Thus, the reason parameter error of C, is small near the edges of
fully discharged states. The same analysis is also true for C,,. As the U,
function is almost flat until high DODs.

6.3. Observability with the addition of expansion

From the results in Fig. 8, it can be seen that with the addition of
expansion measurement the estimation error decreases for all the
parameters. This reduction is more significant for the negative electrode
parameters (Xjo0, C,) than the positive electrode parameters (4, Cp).
The reasons are that in the case of graphite/LFP cell; first, the slopes of
A7/, functions are a magnitude larger than the slopes of U, func-
tions. Second, graphite has several rate changes while expanding,
whereas LFP expands at a constant rate. As a result, the expansion is
more sensitive to a change in parameters compare to voltage, especially
in the middle SOC region (see Fig. 2). Hence, in this chemistry, the
expansion measurement is more beneficial for the negative electrode
than the positive electrode.

Finally, a threshold of 5% is selected as an acceptable amount of
estimation error for the parameters. Using this criterion, it is evident
that by having the expansion measurements the estimation is feasible at
about 30% DOD. Hence, there is no need to have data near fully dis-
charged states, which is important since battery packs are rarely dis-
charged fully in automotive applications. Therefore, it is concluded that
in order to have better confidence levels in the presence of noise and
limited data, having the expansion measurement is necessary for esti-
mating eSOH parameters.

7. Conclusion

The fundamental benefit of using cell expansion measurement for
estimating electrode-specific SOH parameters, which correspond to the
individual electrode capacity and the utilization window, was pre-
sented. First of all, to provide a measure of the identifiability of in-
dividual electrode parameters concerning the measurement noise, the
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standard error of the parameters was calculated by the constrained
Cramer-Rao Bound. Furthermore, to make the analysis simpler and
intuitive, the electrodes potential/expansion were approximated by the
piecewise linear functions under the consideration of the phase tran-
sitions of materials.

The results of the lower bound of the estimation error of the in-
dividual electrode parameters using the constrained CRB formulation
were compared for two scenarios of voltage measurement alone and
voltage plus expansion measurements. The sensitivity matrix depends
on the slope of the OCV and expansion curves. It was shown for the
voltage only case that the measurements should be taken at a wider
range of SOC spanning at least two phase transitions, in order to make
all the parameters identifiable. However, the addition of expansion
measurements made the parameters identifiable for shallower depth of
discharges. As a result, for material like LFP with flat voltage response
at middle SOC regions the estimation of the individual electrode
parameters is feasible by including the expansion measurements.

The analysis here was based on a set of simplifying assumptions.
The goal was to study the usefulness of the expansion measurements
under limited data and the presence of noise. The conclusion is that
having this additional information is not only beneficial, but it could be
even necessary for better eSOH estimation techniques. In future works,
the estimation of eSOH parameters with data collected from fresh and
aged cells, effects of temperature, hysteresis, and the dynamics of the
battery under nonzero current profile needs to be considered.
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