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CHAPTER 1
BACKGROUND

The material to be covered in this chapter is related to the mechanisms and
components found and modeled in Li-ion batteries. This chapter will begin with a basic
view of Li-ion mechanics, including such topics as cathode and anode materials,
electrolyte composition, battery capacity as a function of time, and several mechanisms
of diffusion, transportation, and deposition present a Li-ion battery.
The other half of this chapter will focus on the basic tenants of modeling said
mechanisms and the general behavior of a Li-ion battery. Such topics are interwoven with
many of the explanations for the mechanisms themselves. Before beginning, it is prudent
to cover a very basic battery so that a reference point can be drawn. In this case, that
point is the Daniell cell. A diagram of the Daniell cell is shown below.

Figure 1.1 Daniell Cell

The Daniell cell in Figure 1.1 works off of a very simple principle, one that is
essentially the same as that which governs Li-ion batteries. In this case, the Daniell cell is
known as a primary cell due to the fact that it can only be discharged. A secondary cell
(like Li-ion rechargeable batteries) operates under the same principles in discharging, and
the reverse in charging.
In the Daniell cell there are two electrodes, one of copper and one of zinc. At the
copper electrode, known as the cathode, copper is reduced. At the zinc electrode, known
as the anode, zinc is oxidized. This reduction and oxidation or redox reaction occurs in
the presence of copper sulfate and zinc sulfate solutions which maintain free ions. When
a connection (or load) is applied between the cathode (positive terminal) and anode
(negative terminal) free electrons reduced from the zinc electrode which was oxidized to
the copper cathode which is now reduced. In order to balance the accumulation of
positive and negative charge present at both electrodes, free ions cross through the salt
bridge (electronically insulating while ionic conducting) to balance the charges. This
system of charge balancing is the basis of an electrochemical system.

1.1

Li-Ion Mechanics
In recent decades, Lithium-ion batteries have become an integral part of the

portable electronics industry. Laptops, cellular phones, and almost any other portable
electronic device imaginable, now incorporate Li-ion batteries to power them. In the field
of electric vehicles, the energy to weight ratio of the Li-ion family of batteries make them
promising alternatives to nickel-based batteries like NiMH or NiCad batteries.
Li-ion batteries were developed due to the low electro-negativity of standard
potential (-3.045 v. standard hydrogen electrode), a high specific capacity (3860mAh/g),
and a low energy density [1,2]. Originally lithium metal was used as the negative
electrode, but this led to safety and cycling issues. The “dissolution and deposition of
lithium metal led to the formation of dendrites” [3] creating short circuits within the
battery with disastrous results. Eventually the lithium metal anode was replaced by the
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graphitic carbon anode and implemented in the first Li-ion rechargeable battery released
by Sony Corporation in 1991.
Improvements in the battery structure also included the use of a transitional metal
oxide as the cathode material so lithium could be reversibly intercalated and deintercalated into the anode, forming lithiated graphite. This anode has a lower reduction
potential than that of lithium metal, with a maximum theoretical specific capacity of
372mAh/g [2], and did not exhibit any of the dendrite formation found with the lithium
metal. Figure 1.2 shows a comparison of various battery chemistries in a Ragone plot.

Figure 1.2: Comparison of Various Battery Chemistries [4]
Lithium-ion batteries are composed of three major parts: cathode, anode, and
electrolyte. Each of these materials plays an important role in the function and abilities of
a battery. By definition a battery is an electrochemical cell in which a chemical reaction
occurs, causing reduction and oxidation on the two electrodes (cathode and anode
3

respectively). The first Li-ion commercial Li-ion battery was produced by Sony in 1991
based off the work of Dr. Goodenough and made use of Bell Laboratory’s graphitic
anode designs produced in 1981 [4, 23].
Promising work continues to develop the Li-ion family of batteries including
lithium polymer, aka Li-pol, batteries and Lithium Iron Phosphate batteries. Lithium Iron
Phosphate (LiFePO4) cells show much promise in the field of electric and hybrid electric
vehicles. LiFePO4 cells are considered to have a low environmental impact, superior
thermal stability, high peak power rating, and a good shelf life in comparison to the
traditional LiCoO2 batteries [5].
Of theses advantages, the good thermal stability and high peak power rating are
the most attractive properties of the LiFePO4 cell in hybrid and electric vehicle
applications. See Table 1.1. The United States Advanced Battery Consortium outlines
standards at which all vehicles must perform, including acceleration, braking, and
operating temperature. With the thread of thermal runaway present in LiCoO2 cells in
high or low temperature ranges, the greater thermal stability of the LiFePO4 cells make
them an obvious choice [6].

4

Table 1.1: USABC Objectives for Electric Vehicles
USABC Objective
Specific
Energy
(Wh/kg)
Energy
Density
(Wh/L)
Specific Power (W/kg)
Specific
Power
(regen)
Power Density (W/L)
Recharge Time
End-of-life
Calendar life (years)
Cycle Life
Life, Urban Miles
Ultimate
Cost
(USD/kWh)
Operating
Environment (Celsius)
Continuous discharge
in 1h

Mid-term Goal

Commercialization

Long-term Goal

80

150

200

135
150

230
300

300
400

75
250
<6
20%
degradation
power and capacity
5
600 @ 80% DoD
100,000

150
460
6 (4 desired)
20% degradation of
power and capacity
10
1000 @ 80% DoD
100,000

200
600
3 to 6
20% degradation of
power and capacity
10
1000 @ 80% DoD
100,000
< 100

65 to -30

< 150 (75 desired)
20% loss at extremes
of -40

75

-

75

of

< 150

85 to -45

In order to properly understand the mechanisms in play inside an electrochemical
cell, it would be prudent to discuss what occurs during charging and discharging inside a
Li-ion battery. For instructional purposes this discussion will focus primarily on LiCoO2
cell structure since it has been studied to a greater degree. Figure 1.3 shows a generalized
picture of the LiCoO2 cell for the charging state. In the case where Li-ions are deintercalated from the cathode and intercalated in the graphitic anode, the battery is in the
state of charging.
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Figure 1.3: Li-ion battery structure [7]
Chemically, the process can be explained by looking at the half reactions
occurring at the anode and cathode.
At the anode:
6C + xLi + + e − ↔ Li x C 6

(1.1)

At the cathode:
(1.2)

LiCoO2 ↔ Li1− x CoO2 + xLi + + xe −
Making the overall cell reaction:

(1.3)

LiCoO2 + C 6 ↔ Li x −1CoO2 + Li x C 6

It is of value to note that in the case of LiFePO4 the oxidation state of the cathode
undergoes oxidation from the 2+ to 3+ valence state, as compared to the LiCoO2 cathode
which undergoes a 3+ to 4+ change in valence state as Li-ions are removed from the

6

cathode lattice upon charging of the cell. The lower oxidation state of the cathode is a
large reason why LiFePO4 cells are considered more stable [8]

1.1.1 Cathode Materials
While LiCoO2 is one of the most widely used active cathode materials employed
commercially today, LiFePO4 is slowly gaining ground for the reasons stated above.
Figure 1.X shows the lattice structures of both materials.

Figure 1.4: Comparison of Structure between LiCoO2 and LiFePO4 Cathodes [8]
The work done by Padhi et al showed that phospho-olivine structures such as
LiFePO4 could be used efficiently to provide a stable cathode material. Phospho-olivine
structures are made up of octahedral chains running linearly as shown below in Figure
1.5. This structure maps M1 to the lithium moieties while the M2 maps to the metal
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Figure 1.5: Olivine Structure [9]
Figure 1.6 shows the LiFePO4 crystalline structure. The structure of this crystal
lattice contracts along the a and b axes while the c axes expands when lithium is extracted
from the structure [9].

Figure 1.6: Crystalline Structure of LiFePO4 [9].
8

1.1.2 Anode Materials
To date, graphite carbon is the most practical anode material in Li-ion
manufacturing. Graphitic anodes are relatively safe, cycle well, and have a structure
suitable to lithium intercalation. Its structure is well suited to intercalation and deintercalation due to its perfectly layered structures, but graphitic anodes do suffer some
drawbacks. Some of the drawbacks graphitic carbon anodes suffer from include the
exfoliation and deposition of materials on the electrode surface (known as SEI) [10].
The crystalline structure of the graphitic carbon anode is constructed from a
hexagonal arrangement of carbon atoms arranged in an ABAB staking order shown in
Figure 1.7. These graphite planes are separated by an interlayer distance of 3.354Å held
together by a weak Van der Waals force (intermolecular force). Intercalation of Li-ions
occurs between layers of graphite and is aligned between hexagonal arrays where ionic
bonds are formed between the layers (see Figure 1.8).

Figure 1.7: Graphite Structure of Anode [3]
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Figure 1.8: Lithium intercalation position in graphitic anode (“overhead” view) [3]
Due to the limited theoretical capacity of 372mAh/g, several other anode
materials have been examined with varying results. Among these materials are included
silicon, tin, and other spinel group materials [11,12]. To date, silicon (Si) has attracted the
most interest due to its high specific capacity of 4200mAh/g. The major drawback in
these other materials, Si most notably is the large volume expansions and contractions in
intercalating and de-intercalating lithium. This large volume changes creates capacity
retention issues as well as possible loss of electronic contacts through constant volumetric
changes.

1.1.3 Electrolytes
Electrolytes constitute any solution that is ionically conducting yet electronically
insulating. In the case of the Daniell cell explained in the background, the electrolyte is
usually made up of free ions in solution. When discharging takes place as in the Daniell
cell, the electrons are produced by the anode and transferred (via external wire) to the
cathode. A negative charge accumulates on the cathode while a positive charge forms on
the anode. Free electrons from the electrolyte move to the electrodes, balancing charge.
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In the case of Li-ion batteries, just as in the Daniell cell, electrolyte is required to
facilitate the movement of ions from cathode to anode and vice versa. In the case of Liion batteries, a stable electrolyte usually consists of a combination of alkyl carbonates,
including organic solvents of ethylene carbonate (EC), propylene carbonate (PC),
Dimethyl carbonate (DMC), diethyl carbonate (DEC), ethyl-methyl carbonate (EMC), etc
[3, 13, 14]. The electrolyte solution must also contain an electrolyte salt (either LiPF6 or
LiClO4 to facilitate free ions.
The hallmark of a good electrolyte is in its ability to have good ionic conductivity,
low electronic permittivity, and good stability over a wide range of temperatures and
electric potentials. The various materials composing the electrolyte, which are not lithium
salts, have the ability to form protective layers (EIS layers) on a graphitic anode,
preventing further solvation of the anode material into the electrolyte. These layers are
described in further detail later in this chapter.

1.2

Capacity Loss
The loss of cell capacity over time is a major problem facing Li-ion batteries. This

loss of capacity can be observed in both continuous charge-discharge cycling as well as
in long term storage. This loss can be attributed to several mechanisms which are:
(i)

The increases in interfacial impedance resulting from the precipitation of
reduce species on the electrode surface or oxidation of the positive electrode
[3].

(ii)

The expansion in the graphite crystalline structure as a result of electrode
exfoliation which is associated with the co-intercalation of solvent species
between the graphite layers, destroying the layered structure [3].

(iii)

Temperature, which plays a critical role in the stability of SEI layers [3].

(iv)

Over charge/discharge conditioning—this is associated with accelerated
capacity loss [3].
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The capacity loss discussed in (i) is the result of oxidation and reduction on the
electrode surfaces. Consequently, Li-ions are consumed in this process, reducing the
number of available ions for use while increasing the resistance between interfaces. This
irreversible process takes place during the cycling of the cell only.
The capacity loss in (ii) was discussed in the above section regarding anodes. In
the case of silicon, the expansion and contraction of the anode during intercalation and
de-intercalation could cause loss of electrical contact. Graphitic anodes undergo a similar
expansion and relaxation of volume during charging and discharging as well, however, in
the case of graphite this can cause damage to the structure, reducing the capacity of the
layers to hold Li-ions.
The capacity loss in (iii) is also discussed in some detail in the sections below.
Temperature is perhaps one of the most crucial elements in maintaining a Li-ion battery
within safe operating guidelines. Reports issued from the United States Product Safety
Commission in 2007 called for a recall on Sony laptop batteries due to heating issues.
The increased temperature in the units caused thermal runaway conditions leading to the
possibility of fire and explosion. The recall went worldwide affecting 3.08 million
batteries [15]. Thereby temperature is known in extreme cases to cause the destruction of
the battery and in less severe cases hamper the life cycle of the battery.
The capacity loss in (iv) was observed in the work of Moss [Moss] and is well
documented.

1.3

Electrochemical Impedance Spectroscopy
Electrochemical impedance spectroscopy (EIS) is a powerful tool in investigating

the mechanisms of electrochemical reactions, measuring the dielectric and transport
properties of materials, exploring the properties of porous electrodes, and for
investigating passive surfaces [16]. This technique consists of some very important
fundamentals:
(i)

It is linear; hence the results can be interpreted in terms of Linear
Systems Theory [16].
12

(ii)

If measured over an infinite frequency range, the impedance contains
all of the information that can be gleamed from the system by linear
electrical perturbation/response techniques [16].

(iii)

The experimental efficiency (i.e. the amount of information transferred
to the observer compared to the amount produced by the experiment) is
extremely high [16].

(iv)

The validity of the data is readily determined using integral transform
techniques (Kramers-Kronig transforms) that are independent [16].

EIS had its first groundings in the timeframe of 1880-1900 through the work of
Oliver Heaviside. Heaviside’s work led to two very important mathematical transforms,
namely: s = d/dt and 1/s = ∫dt, where s is the Laplace frequency. These transformations
are the foundation of operational calculus, and thereby provide the ability to describe the
flow of currents in RLC circuits into simple algebraic equations. The ability to solve
these equations simply in the Laplace space then through transformation convert them
back into the time or temporal space led to the first emergence of EIS.
Heaviside was the first to define the terms impedance, admittance, and reactance,
and also defined operational impedance as:

Z (s) =

V (s)
I (s)

(1.4)

Where V(s) and I(s) are the Laplace transforms of the voltage and current respectively.
Through the Heaviside transformation s =jω, transforming the Laplace domain to
the Fourier domain. From this set of transforms, the impedance can be calculated in terms
of it’s real and imaginary components, and those disparate components graphed in a Bode
plot. With the tools available in operational calculus with the ability to move from one
domain to another through these transformations, a great many systems of linear circuits
can be interpreted and the desired information concerning the circuit extracted. This
ability to make those transformations and obtain a clear understanding of their resultant
impedances is the foundation of EIS.
13

In reviewing voltage and current in the frequency (Fourier) domain we can see
that the voltage E and the current I can be represented as below for a periodic AC
(sinusoidal) signal.

∆E (ω ) = ∆E

max

e

j (ωt +φ )

(1.5)

∆I = ∆I max e j (ωt +φ )
Where ω is the angular frequency and

(1.6)

φ is the phase difference between voltage and

current. The equivalent complex impedance is as follows:

Z (ω ) =

∆E
= Z '+ jZ "
∆I

(1.7)

In simple terms, the EIS response to a system is based off of the frequency
response of the system to a small sinusoidal excitation. The output of the frequency
response can then be plotted in a Bode plot (real(Z) on the abscissa and im(Z) on the
ordinate). The output can then be modeled using equivalent circuit models to describe the
behavior of the experimental data. These models can be made up of linear and non linear
circuit elements (resistors, capacitors, inductors, constant phase elements, etc) arranged in
series and parallel combinations to closely match the experimental results. The use of
equivalent circuit models may or may not fully explain the physical mechanisms present
in the experimental specimen, thus a firm understanding of the specimen should be
grasped first if the intent is to model the specimen through a physical based model.
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1.4

Double

Layer

Capacitance

and

Charge

Transfer

Resistance
To properly understand double layer capacitance, consider the electrodeelectrolyte interface of the classical Daniell cell. In one half of the reaction, copper metal
is suspended in a solution of copper sulfate. In this scenario the copper metal acts as the
electrode while the copper sulfate acts as an electrolyte composed of copper ions. At the
interface, copper cations can pass through the electrode/electrolyte interface while the
negatively charged anions (sulfate) cannot. Consequently, a charge accumulation occurs
at this interface forming an electric double layer. This double layer of parallel charges
(those absorbed into the electrode and those remaining on the surface) behaves essentially
like a capacitor, giving rise to the double layer capacitance [17].
The first work done in double layers was performed by Helmholtz in 1853. In
observing interfaces of colloid suspensions Helmholtz proposed that double layers could
be considered capacitors. Later this work was expanded to encompass electrodes,
including work done by Gouy, Chapman, and Stern. In each case the electric double layer
took on more accurate descriptions, some of which are presented below in Figure 1.9.

Figure 1.9: the (a) Helmholtz, (b) Gouy-Chapman, and (c) Stern double layer models
While Helmholtz believed that the double layer could be treated as a simple
capacitance (CH), Gouy-Chapman believed that the difference of potential across the
interface was not restricted to the surface area of the interface, but extended out into the
solution (electrolyte) in a diffusive manner creating a diffuse region capacitance (Cdiff). In
15

1924 Stern combined both Helmholtz and Gouy-Chapman’s work accurately computing
the double layer capacitance to be the summation of both CH and Cdiff yielding [3, 17]:

1
1
1
=
+
Cdl CH Cdiff

(1.8)

Charge transfer resistance is a non-ohmic resistance which defines the speed at
which a charge moves through an electrode reaction. This non-ohmic resistance is
formally defined as the differential potential with respect to the current [17]. In Ohm’s
law, this is a constant value. In terms of electrochemistry, however, this “resistance” is
the differential of current which is a function of the current itself. In terms of
electrochemical systems the charge transfer resistance can be modeled by a resistor Rct.
The charge transfer resistance between an ionic conductor (electrolyte) and an
electronic conductor (electrode) is defined (as above) as the reaction rate (or speed) of the
charge transfer reaction. This process is inherently slow [3] and can only be accelerated
when the electric potential between the electrode/electrolyte can be overcome. This
potential is termed active polarization and is the rate limiting step for charge transfer
between the electrode/electrolyte.
In understanding this charge transfer reaction, the Butler-Volmer equation and its
limiting case, the Tafel equation, must be considered. The Butler-Volmer equation
defines the dependence of electrode potential on electrical current.

  (1 − α ) ⋅ n ⋅ F

 α ⋅n⋅F

I = A ⋅ i0 ⋅ exp 
( E − Eeq ) − exp −
( E − E eq ) 
R ⋅T

 R ⋅T

 

(1.9)

Where: I is the electrode current, i0 is the exchange current density, E is the electrode
potential, Eeq is the equilibrium potential, A is the electrode surface area, T is the absolute
temperature, n is the number of electrons involved in the reaction, F is the Faraday
constant (96485.339924 C/mol), R is the universal gas constant (8.314472 J/(mol K)) and
α is the charge transfer coefficient (between 0 and 1).
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The Butler-Volmer equation is only valid when the electrode reaction is
controlled by the charge transfer at the electrode and not by the mass transfer from/to
electrode surface to/from the electrolyte. One special case of the Butler-Volmer equation
was experimentally deduced first, then theoretically justified by Tafel in 1905. The Tafel
equation occurs in the high overpotential region (i.e. E << Eeq for cathodic reaction or
E>> Eeq for anodic reaction). The Butler-Volmer equation simplifies to:

i
E − E eq = η = a + ln
 i0





(1.10)

Or similarly:

∆E 

i = nFk exp ± αF

RT 


(1.11)

Where the plus/minus sign signifies the anodic and cathodic reactions respectively, and k
is the rate constant for electrode reaction.
In the case of a negligible reverse reaction rate, when the polarization is low, the
current dependency on polarization is linear, simplifying the Tafel equation to:

i = i0

nF
∆E
RT

(1.12)

Or similarly at low current density:
(1.13)

η = i ⋅ Rct

This linear region is called the polarization resistance or (charge transfer
resistance) due to it’s similarity to Ohm’s Law. Solving for Rct in terms of the ButlerVolmer equation in the non-linear region reduces down to [Moss]:
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R
1.5

−1
ct

(I ) =

∂I I 0 nF
=
RT
∂η


 n(1 − α ) F 
 nαF 
η 
⋅ η  − (1 − α ) ⋅ exp
α ⋅ exp
RT



 RT


(1.14)

Warburg Impedance
The Warburg impedance element describes non-linear diffusion at low

frequencies. The Warburg impedance is believed to be defined in part by pore geometry
and particle shape. Work done by Kaiser et al [16] in the mid 1970’s has corresponded
pore geometries to impedance for ionic diffusion (See Fig 1.10) much work has been
done more recently in developing useful expressions [18] and applications [19] which are
to be presented below.

Figure 1.10: Pore Geometry & Corresponding Impedance Assuming Capacitive Interface
In looking towards meaningful equation(s) to define the Warburg impedance
element, three options present themselves. In conditions where the “electrolyte has a
finite [diffusion length] and is limited by a reservoir of constant concentration (ideal
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reservoir) [18]” the equation for the Warburg impedance element can be considered to
be:

Z

WI

=

 p

tanh l

D
pD



1

RT
2
cz F 2 Ae

(1.15)

In the case where the “electrolyte has a finite [diffusion length] and is limited by a
non-permeable wall (no transport of substance through the wall) [18]” the Warburg
impedance can be considered to be:

Z

WL

=

 p

coth l

D
pD



1

RT
cz F 2 Ae
2

(1.16)

In the limiting case where “[the] infinitely extended electrolyte [as diffusion
length grows to infinity], the two Warburg impedances are equal [18]” the equation
becomes:

Z

WI

= Z WL =

RT
cz F 2 Ae
2

1

(1.17)

pD

Where R is the gas pressure, T the temperature, c the concentration, F the Faradic
constant, Ae the surface area of the interface, l the length of the diffusion layer, D the
diffusion constant, and p = jω.
Of the three equations presented, only Equations 1.15 and 1.16 are of interest in
selecting the correct Warburg element. ZWI and ZWL are also known as the Finite Length
and Finite State Warburg elements respectively. The major difference in these elements
can be seen in Figure 1.11 in which it becomes evident that as the frequency becomes
very low, the FSW and FLW act as capacitors or resistors, respectively [19].
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Figure 1.11: FLW and FSW Nyquist plots
One key element in the FSW and FLW Equations 1.15 and 1.16 is the assumption
that the element is dealing with ideal pore conditions. The true Equations for 1.15 and
1.16 are presented below in Equations 1.18 and 1.19, respectively [19].
α
α
R ( jωτ ) coth( jωτ )
−

Z

FSW

=

Z

FLW

= R L ( jωτ )

(1.18)

L

−α

tanh ( jωτ )

α

(1.19)

From these equations it can be seen that when the value α = 0.5, the equations are
equivalent to Equations 1.15 and 1.16. The question now would be what is the variable

α? The variable α dates back to the 1960’s in the first work in porous electrodes. For
porous electrodes the impedance was derived in the form of [16]:

Z

1

= Re[R | Z |] 2 e jφ / 2
Pore

(1.20)

Here R is the resistance per unit length of the pore (assuming cylindrical and
perpendicular to the surface) with Z and φ being the interfacial impedance and phase
angle at a planar surface. Also it should be noted that this equation is exactly the same as
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the Fourier domain impedance expression with the exception of the inclusion of the pore
resistance R, and a halving of the phase angle. From the halving of the phase angle it can
be seen that if the pore walls are purely capacitive in nature, the phase angle will be π/4
or 45°. This phase angle directly corresponds to the value α = 0.5 with α = 0.5 providing
Equations 2.4 and 2.5 equivalency to Equations 1.15 and 1.16 [16,19].
Considering a purely capacitive pore wall is not the only factor in choosing
between FSW and FLW elements. Again referring to Figure 1.10, pore geometry also
controls the slope of the impedance element. In looking at pore geometry #1 in Figure
1.10 and its corresponding Nyquist plot, as frequency decreases, the uniform π/4 slope
gradually gives way to capacitive behavior for the FSW element. This is caused by the
frequency dependence of the penetration depth of the input AC wave. This relationship is
given as: penetration depth (PD) = (Z(ω)/R)1/2. Therefore, as the frequency decreases the
impedance increases and thereby the penetration depth increases. Due to this relationship,
at high frequencies the pore depth (L) is much larger than the penetration depth (PD)
making the pore appear to be semi-infinite (i.e. a π/4 phase angle is observed).
Conversely, at very low frequencies where the penetration depth greatly exceeds the pore
depth, the electrode surface appears to be quasi-planar, making the impedance take on the
characteristics of a capacitor [20].
In the case of the FLW, again at high frequencies the penetration depth is very
shallow leading to behavior characteristic of linear semi-infinite ionic diffusion (i.e.
phase angle of π/4). The difference between the FLW and FSW comes in the low
frequency response. As was described above in Equation 1.15, this element is limited by
the reservoir of constant concentration in the electrolyte. This leads to absorption at the
boundary of the electrode [3] and produces a purely resistive behavior under said low
frequency observations.
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1.6

Solid-Electrolyte Interface
Most if not all commercial Li-ion batteries are composed of a graphitic anode,

lithium metal oxide cathode, and an electrolyte consisting of a lithium salt in an organic
solvent. The interactions between cathode-electrolyte and electrolyte-anode create
passivating films known as the Solid-Electrolyte Interface (SEI). Depending on the
solvent composition, solvent decomposition occurs on the surface of the cathode and
especially the graphitic or carbonaceous anode during initial cycling. This layer must
adhere to the following principles [21]:
Infinitesimally small electronic conductivity in order to prevent further

(i)

consumption of the Li metal or the electron reservoir in a Li-ion carbonaceous
anode
High Li-ion conductivity in order to prevent overpotentials due to

(ii)

concentration polarization of the cell upon charge/discharge cycles
(iii)

Good adhesion to the underlying anode material

(iv)

Low solubility in the electrolyte

Additionally, Li-ion battery systems with graphitic anodes must also consider the
following features [21]:

(v)

The films produced on the carbonaceous anode, and especially on graphite,
should have SEI flexibility, the ability to “breathe” with the expansion (Li-ion
intercalation) and contraction (Li-ion deintercalation) of the anode upon
repeated cycling

(vi)

The passive film should be formed at potentials that are higher than the Liion’s intercalation potentials.
During initial cycling, Li-ions along with solvated ions reduce to form SEI

layer(s). This layer insulates the cathode and anode from corrosion from the
electrolyte. The materials composing the SEI layer consists of a complex multi-layer
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structure with varying properties made up from the soluble and insoluble products of
the electrolyte [3].
It is important to state that SEI growth is not simply a function of initial cycling.
As a cell ages, the SEI layer continues to grow. At initial cycling the SEI layer creates
a stable interface that is an electronic insulator and an ionic conductor. As the SEI
layer continues to grow over time the SEI layer begins to inhibit Li-ion tunneling,
eventually slowing the process and decreasing the cycle life. A visual representation
of SEI can be seen in Figure 1.12.

Figure 1.12: (a) Formation of SEI layer at initial cycling and (b) SEI layers after aging [3]

1.7

Equivalent Circuit Modeling
Equivalent Circuit Modeling, or ECM, is a methodology born from describing

EIS results on experimental cells. ECM can serve two purposes. It can either define the
results without describing the mechanisms of the cell, or it can detail the physical
mechanisms at work inside the cell and provide an equivalent circuit constituted from
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components that define the behavior of each mechanism. In the former case these are
referred to as analogs while the latter is referred to as physical models.
Electrical analogs have no interest in describing the processes of a cell, only its
behavior. The use of analogs is most famous in the work of Randle in 1947. In his analog
he described the impedance characteristics of a fast charge transfer reaction at a planar
electrode [16]. His model was an analog model since there was no simple equivalent
circuit to define the Warburg element’s behavior. In fact, in general, given enough
resistors, capacitors, or inductors, it is possible to obtain a good fitting with the
experimental data without explaining any physical-electrochemical processes at work in
the cell. Truly, due to the unrestrictive nature of fitting impedance data with equivalent
circuits little regard is taken in fitting these parameters, declaring the first model that fits
to be “the model” [16].
In contrast to the analog model, the physical model concerns itself not only with
making a good fit to the experimental data, but also in describing what the experimental
data means. A set of a dozen resistors and capacitors in a parallel/series combination may
fit an EIS plot very well but tell the researcher nothing of value concerning the physical
mechanisms at work. In understanding what charge transfer resistance, double layer
capacitance, Warburg impedance, and intercalation capacitance are, the simple electrical
elements that define them (with exception to the Warburg element) now have a meaning
when given a dimension.
Without a firm understanding of the mechanisms in play inside an
electrochemical cell it is possible to accurately describe its behavior through the use of
analog models. These models can range from the simple to the complex since there are no
restrictions on the number of elements in the model. A physical model can be seen as a
subset of analog models. While they fit the experimental data well and define the
behavior of the experimental cell, they offer valuable insight into the physicalelectrochemical reactions occurring within the cell. By giving significance to the circuit
elements that define these reactions; their dimensions can give insight into the processes
themselves. Often times the values of these parameters can speak important factors such
as internal resistance, and in determining what the limiting factor on cell performance is.
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When constructing a model, the determination between either an analog or physical
model will undoubtedly depend upon the purpose and scope of the model.
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CHAPTER 2
LITHIUM IRON PHOSPHATE BATTERY MODELING
2.1

Introduction
In recent decades the push for “green” energy (i.e. alternative clean energy such

as wind, solar, etc.) has gained ground in the United States of America and the world at
large. Due to “hot button” issues like global warming and carbon emission reduction,
traditional power generation materials namely coal, natural gas, and fossil fuel, are
looking to be replaced by more environmentally friendly and energy efficient
alternatives. In tandem with these developing power generation technologies, power
storage and distribution has undergone some significant development as well.
One area of energy storage and distribution that has seen significant progress is in
the field of portable power. Electrochemical storage devices have seen monumental leaps
in efficiency, weight reduction, and energy storage. Of these developing technologies, the
lithium family of batteries has become the new standard in powering portable devices.
Laptops, cellular phones, mp3 players, personal data assistants, and power tools are only
a small fraction of the available devices today that use lithium ion technologies to power
their systems.
In recent years the lithium ion battery has become the primary focus in the plug-in
electric and hybrid electric vehicle market. With the intent of reducing fossil fuel
consumption while maintaining a high energy to weight ratio, the lithium ion battery
technologies have had to grow and advance to become well suited for this market. Hybrid
vehicles like the 2010 Toyota Prius can deliver up to 27kW of power at 201.6V, requiring
large banks of batteries arranged in series/parallel circuits to provide adequate power to
meet these needs [26]. In this regard, the lithium ion batteries high theoretical power to
low weight ratio outperforms traditional nickel metal and lead acid batteries.
Batteries such as the A123 Systems Inc. 18650 lithium iron phosphate (LiFePO4)
are capable of delivering 3000W/kg of power at a nominal voltage of 3.3V [8]. A battery
using lithium iron phosphate is a very attractive candidate for EV/HEV applications for a
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variety of other reasons as well including good cyclability of up to 80% retention of
capacity after 2000 cycles as compared to traditional LiCoO2 cathode-based cells which
range between 400-1200 cycles [8, 25].
Unlike traditional lithium ion chemistries, LiFePO4 with its olivine-structure is
environmentally benign, with low cost (as compared to cobalt and nickel-based lithium
ion batteries), a large theoretical capacity of 170mAh/g, and good thermal stability [22].
All of these factors included with the high energy density to weight ratio make the
LiFePO4 chemistry a logical choice for applications that require a high energy to weight
ratio, and wider range of environmental conditions than traditional lithium chemistries
can adequately support.
Due to the incredible cost involved in designing and manufacturing electric and
hybrid-electric vehicles, a real need has been found in developing a scalable model for
performance of lithium ion cells. In conjunction with the interest in implementing
LiFePO4 batteries into EV/HEV applications, the work to be presented is a physicalbased model of the LiFePO4 battery and a set of simulations that further verify this
model.
For the purpose of developing a physical-based model, a Powerizer™ LiFePO4
cell was used. This cell was a Powerizer LFP-RCR123A cell with the following
characteristics:
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Table 2.1: LiFePO4 Specifiactions

2.2

Experimental
A pristine LiFePO4 cell was initially charged and discharged several times to

verify the cell’s capacity matched the specified capacity listed by the manufacturer using
an Arbin BT2000. Charge and discharge curvature was recorded at the C1 rate. An
example plot of the discharge curvature at the C1 rate is shown below
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Figure 2.1: Discharging cell at 450mA.
After several cycles the cell showed very little variation in charging and
discharging plots, with little variation in hysteresis. After showing the cell to be stable
and its curves predictable, the cell was discharged fully to its 0% state of charge (SOC).
Allowing the cell to rest for several hours, the cell’s open circuit potential (OCV) was
measured, and electrochemical impedance spectroscopy (EIS) was performed using a
Solartron 1250B frequency response analyzer.
EIS was performed at 0% SOC by applying a 20mV sinusoidal signal through the
cell sweeping from 20 kHz to 10 mHz. The impedance response as a function of
frequency is the output of the signal and can be seen below.
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Figure 2.2: 0% SOC Nyquist plot
After performing EIS at 0% SOC, the cell was charged to 10% SOC. The cell was
allowed to rest for several hours at room temperature before the OCV of the cell was
measured. Following the OCV measurement the cell underwent EIS under the same input
conditions as at the 0% SOC measurement and the output recorded. These steps were
repeated up to the 100% SOC. Below is the EIS results per SOC.
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Figure 2.3: EIS measurements per SOC
After examining The EIS measurements, a physical-based equivalent circuit was
constructed and validated against transient and steady-state response of the cell.

2.3

Results

2.3.1 Impedance Response Modeling
Using Schribner and Associates’ Zplot software each EIS measurement can be
modeled by an equivalent circuit model. While it is possible to represent EIS data
through a multitude of equivalent circuits, it is through a physical-based equivalent model
that any equivalent circuit has meaning. In understanding the mechanisms at work in the
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cell, the parameters governing any equivalent model should include (but not necessarily
be limited to) the simplest representations of said mechanisms [16].

The Randle’s Circuit is a good starting point when performing EIS because it
addresses some universal mechanisms in electrochemical reactions. The Randle’s Circuit
model provides for four key components, namely: Charge Transfer Resistance, Double
Layer capacitance, Warburg Diffusion, and series resistance (which include solution
resistance, contact resistance, etc.).

Figure 2.4: Randle’s Circuit (a) equivalent model and (b) Nyquist Plot [16]
The Randle’s Circuit elements consist of the components seen above. The series
resistances of the contacts, solution, and other ohmic resistances present in the cell. From
Chapter 1, the charge transfer resistance is defined as the non-ohmic resistance that
represents the ionic transfer from electrode to electrolyte and vice versa. The double layer
capacitance, also defined in Chapter 1, is the double layer charge accumulated on either
side of the electrode-electrolyte interface acting as, Helmholtz described, a capacitor.
Finally, the Warburg element was discussed in discussion in Chapter 1 as well, and
describes the slow Li-ion migration through the electrode.
While either the FSW or the FLW element would accurately model the 45° slope
portion of the EIS data recorded, the data appeared under closer inspection to behave
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more like a FLW element. To properly describe the Warburg impedance, the proposed
circuit described by D. Levi et al [19] in which a finite-length Warburg (FLW) element
was placed in series with an intercalation capacitance was applied. This capacitance
serves two purposes. First, at low frequency it provides the appropriate capacitive
behavior exhibited by the experimental data. Second, the intercalation of Li+ ions into a
graphitic anode is a physical mechanism of LiFePO4 cells, and in keeping with the nature
of this model, must be included.
The Nyquist plot of the Randle’s Circuit is shown in part (b) of Fig 2.4. It can be
seen that Randle’s Circuit is similar in nature to the EIS measurements shown in Fig 2.3
in particular the semicircular curvature and the linear slope depicted in the medium and
low frequencies respectively.
While the Randle’s Circuit does provide a solid basis for a physical-based model
for LiFePO4 EIS, the Randle’s Circuit is only a beginning. The Randle’s Circuit suffers
from several drawbacks that limit its effectiveness in describing the mechanisms and
behavior of the cell accurately. In the case of the LiFePO4 cell, the EIS data shows
positive imaginary impedance at high frequency, and a more elliptical curvature in the
medium frequency band. In fact, under closer examination, the middle-frequency band
appears to not be made up by a single semicircular curve, but in fact, several such curves
overlapping. Randle’s Circuit cannot offer a physically-based solution to these additional
mechanisms present in the LiFePO4 cell; therefore it is prudent to examine the possible
mechanisms that would result in this behavior, and to represent them in an equivalent
circuit model.
The high frequency positive imaginary impedance can be attributed to the spiral
wound nature of the LiFePO4 cell and the electrode porosity [3]. By virtue of being in the
high-frequency response band, this inductive property can be simply accounted for by
placing an inductor in series with the Randle’s Circuit. In truth, the inductor will not play
a significant role in the validation of the model in steady-state and transient response
analysis, due to the fact that the current applied through the inductor will be constant in
both charge/discharge and pulsed tests. Therefore the primary purpose in placing the
inductor into the circuit model is to better depict the physical mechanisms of the cell and
thereby matching the experimental EIS data. For the purposes of validation, the inductor
33

may have been removed from the model to reduce the number of mathematical
computations performed in simulation as will be explained later in this section.
In the case of the semielliptical nature of the middle-frequency response, the EIS
does not provide by inspection a solution to this problem. In looking into the chemical
processes of the LiFePO4 cell, it can be seen that after initial and subsequent
charge/discharge cycles, a SEI (Solid Electrolyte Interface/Interphase) layer is created.
This layer is created when the electrolyte in contact with the carbon anode is initially
cycled. This layer acts as a moderator on the cells charging/discharging rate and increases
the cell’s internal impedance. While this layer is essential to the chemistry of the cell, it is
a degenerating process over time. As the cell ages the SEI layer grows in an
inhomogeneous fashion limiting the temperature ranges the cell can operate at safely and
the rate at which the cell can charge/discharge. If exposed to a high enough temperature
the SEI layer can break down, causing the anode to “react vigorously” with the
electrolyte, thereby generating additional heat and leading to a thermal runaway effect. In
the case of extreme cold, the pores in the SEI layer that allow for a limited (and therefore
measured) reaction effectively close. When charging the cell in this condition, the lithium
metal plates onto the SEI layer leading to a possible thermal runaway condition as well.
[23, 24].
From this growth of the SEI layer, like any other interface, a series combination
of resistances and capacitances in parallel can represent the slow migration of lithium
ions through the SEI layer. For the purposes of this model, three series combinations of
resistors and capacitors in parallel provide the most accurate curvature while minimizing
the number of elements representing the ionic resistance and capacitance of each sublayer.

Figure 2.5: Equivalent circuit representation of SEI sub-layers A, B, and C.
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Lastly, as described above, the structure of the lithium ion battery consists of a
graphitic anode in which Li+ ions are intercalated into the electrode matrix. To represent
this Li+ accumulation, the intercalation capacitance can be represented by a series
capacitance to the Warburg impedance element as stated above. The physical-based
equivalent model would now appear to be as shown below.

Figure 2.6: Equivalent Circuit Model [3]
Now that a model had been determined the model had to be verified against the
EIS models and the specific values for each element were recorded for each SOC. The
recorded values are presented below in the following table. In trying to keep the model as
simple as possible while not neglecting the physical-basing of the model, the number of
multi-layer surface film RC representations was limited to three. This value was
determined through experimental means involving the tracing of the EIS model in fitting
while minimizing the number of components thereby limiting the calculations for
ZView® software to obtain a convergence.
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Table 2.2: EIS elements per SOC
SOC

100%

90% 80%

70%

60% 50%

40%

30% 20%

10%

0%

Rs( )

0.106

0.11

0.11

0.11

0.11

0.11

0.11

0.11

0.109

0.11

0.11

R1( )

0.011

0.01

0.01

0.01

0.01

0.01

0.01

0.01

0.009

0.01

0.04

C1(F)

8.412

9.72

11.2

9.59

7.62

5.05

5.12

5.77

5.825

8.08

3.92

R2( )

0.021

0.02

0.02

0.02

0.02

0.02

0.02

0.02

0.022

0.02

0.02

C2(F)

0.01

0.01

0.01

0.01

0.01

0.01

0.01

0.01

0.01

0.01

0.01

R3( )

0.015

0.02

0.02

0.02

0.02

0.02

0.02

0.03

0.025

0.02

0.05

C3(F)

0.542

0.34

0.39

0.35

0.31

0.25

0.26

0.26

0.267

0.41

0.45

Rct( )

0.025

0.03

0.03

0.03

0.03

0.27

0.03

0.03

0.028

0.03

0.03

Cdl(F)

0.053

0.04

0.05

0.05

0.05

0.04

0.04

0.04

0.046

0.05

0.09

W-R(W)

0.562

0.35

0.18

0.22

0.22

0.34

0.33

0.26

0.512

0.42

3.63

W-T

234.9

314

104

101

110

193

185

117

379.4

99.5

279

W-P

0.5

0.5

0.5

0.5

0.5

0.5

0.5

0.5

0.5

0.5

0.5

Cint( )

264

1446 728

501

600

1361 1190 2428 10767

913
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While the equivalent model shows high accuracy to the EIS data over the given
frequency range (no greater than 10% error accumulated by all elements per SOC), this
only proves the model to be accurate in AC impedance response. To verify the model
further, several mathematical operations must be performed to convert this frequency
domain AC impedance model to the time domain to be compared against the constant
current discharge and the pulsed loading response. Figure 2.7 shows several graphs of the
model’s output in frequency domain compared to the experimental results. The
comparison shows a high level of accuracy.
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Figures 2.7: Model Result Compared to Experimental Results

2.3.2 Parameter Estimation
In developing a time domain model, some considerations and constraints were
addressed. As can be seen from the EIS by SOC table presented in Table 2.2 the values
for each element vary from SOC measurement to measurement. This was not unforeseen.
As Li+ ions are de-intercalated or intercalate from or to the graphitic anode and migrate
through the electrolyte and EIS layers fluctuations in the cell’s internal impedance,
capacitance, and voltage naturally change. As the Li+ ions recombine in the cathode in the
case of discharging the cell’s potential decreases as the half reactions start to slow. As
they recombine, it becomes more and more difficult for Li+ ions to push their way into
the cathode, slowing the reactions and changing the aforementioned values. Therefore it
is logical to infer that as the cell changes SOC through charging or discharging that these
values change in some uniform (and therefore predictable) manner. In plotting each
circuit element parameter as a function of SOC (as shown below) a curve-fitting can be
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performed in Simulink’s MATLAB software, extrapolating an equation that can define
and predict the values of each element for every desired SOC.
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Figures 2.8: Example curve-fittings for equivalent circuit parameters

2.3.3 Time Domain Transformation
It is of value to note that the circuit model constructed from the modified Randle’s
Circuit is a function of the frequency domain. As discussed in the background, elements
such as the Warburg element are grounded strictly in the frequency domain and governed
by equation(s) generated using the hyperbolic tangent/cotangent of the input frequency.
Much work has been done previously [3] in defining a time domain analog for the
Warburg elements using an infinite RC ladder network based off the transmission line
model.
From previous work, it is known that the transformation of the FLW element from
frequency domain to the time domain is given by the inverse Fourier Transform of
Equation 1.15 [18]:

 k
k
F  2 tanh  1
 jω
 k2
−1

  2k
jω  =  2
  k1

 (2n − 1) 2 π 2 k 22
exp
∑
4 k1
n =1

∞

With:
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t  


(2.1)

k2 =

RT

(2.2)

2

cz F 2 Ae D

l

k1 =

D

(2.3)

k2

Since constants k1 and k2 depend on the DC component of the current flowing
through the FLW element the cell’s SOC is neglected. Because of this, the comparison of
the impulse response of the Warburg impedance with the impedance of an RC circuit
shows that the FLW impedance can be interpreted as a serial connection of an infinite
number of RC circuits. This can be seen in Equations 2.4 and 2.5, shown below where
h(t) is the impulse response of the serial connection [Lead Acid].

 1

1 / CW
= F −1 
exp(− t / RW CW )
p + 1 / RW CW
 CW



t
1
exp −
n =1 CWn
 RWn CWn
∞

h(t ) = ∑

(2.4)





(2.5)

By comparing coefficients:
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Now solving for the elements in the series:
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(2.9)

From these equations, the values of the infinite RC series elements can be
computed. Figure 2.9 shows the infinite series representation of the FLW element in the
time domain. From the equations it can be seen that the capacitor values for this infinite
series are a constant while the resistance decreases by a factor of (2n-1)2 per series
connection. Since it is processor intensive to attempt to compute an infinite series, an
efficient compromise must be made between accuracy and element number. After ten
series elements the value of Rn has reduced by a factor of 361, reducing the
parameterized maximum value of Rn to some value less than 8m . Any further addition
of RC elements to the FLW time-domain model requires more processing capability for
only a small marginal gain in accuracy. Therefore, for the purpose of modeling the cell,
ten RC elements in series were used to model the FLW contribution to the cell behavior.

Figure 2.9: Time-domain FLW model
From this model, the voltage behavior of the FLW can be determined by the
following equation:



t
Vn (t ) = i ⋅ Rn ⋅ 1 − exp −
 Rn C n



 



(2.11)

Where:
10

VW = ∑n =1Vn

(2.12)

44

The Warburg element is not the only element in the equivalent circuit model
needing to undergo a transformation into the time-domain. All other equivalent circuit
elements must undergo a transform into the time domain as well, allowing their
individual voltage contributions as a function of time to be calculated. After converting to
Warburg element into its time domain counterpart, the equivalent circuit model becomes
the model shown below.

Figure 2.10: Time domain representation of circuit model [3]
From the model shown above in Fig 2.10 each time domain element corresponds
to its frequency domain counterpart which will become the voltage contributions of the
inductor, the series resistance of all internal resistances of the cell, the SEI layer
capacitances and resistances in parallel and series, the Rct||Cdl elements in parallel, the
Warburg impedance element analog, and the intercalation capacitance capacitor (not
pictured).
Also, the open circuit voltage obtained from the EIS measurements as a function
of SOC is included in the circuit as the true voltage while not under any loading
conditions. The open circuit potential, U0, will provide a baseline voltage for the voltage
contributions of the impedance elements to act against, lowering the potential (see Figure
2.11). Also included (but not depicted) is a Vhyst voltage contribution in the pulsed current
modeling. This voltage contribution accounts for the hysteresis phenomena present in a
charging and discharging plot. This voltage contribution is not depicted in the model in
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Fig 2.10 because it is not needed in the calculation of the constant current discharge and
pulsed load validations.
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Figure: 2.11: Open Circuit Potential v. Time
Each voltage contribution to the circuit depicted in Fig 2.10 must have a
mathematical formula in which the voltage contribution as a function of time can be
calculated. Presented below is a general equation that satisfies this need.

VT = U 0 (t ) − i L Rs − ∑ V fn − L
n

−t
di L


− i L Rct − i L 1 − e Rct Cdl  − VW
dt



(2.13)

2.3.4 Model Validation
Model verification was performed in Simulink’s MATLAB numerical simulator.
Experimental data was obtained for constant current discharge under various C-rates, and
the cell’s voltage response was measured as a function of time. By applying the time
domain model achieved in Fig 2.10 and simulating that model at the experimental Crates, a simulated voltage vs. time plot was obtained and compared against the
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experimental results. Presented below is a table providing the C-rate, current, and
accuracy percentage for each validation test.
Table 2.3: Validation Results Table
Discharging Rate
1C
1/2C
3/4C
2/3C
1/3C
1/20C

Discharging Current
0.450A
0.225A
0.3375A
0.3A
0.15A
22.5mA

Max Error
13.30%
9.19%
5.37%
8.66%
12.72%
21.13%

Avg Error
1.53%
0.34%
0.55%
0.57%
0.47%
1.05%

Given below are the constant current discharge graphs. Each graph corresponds to
a discharging rate given above in Table 2.3 providing the simulated and experimental
discharge curves for inspection.
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Figure 2.12: 1C Discharge Simulation
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Figure 2.13: 0.5C Discharge Simulation
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Figure 2.14 0.75C Discharge Simulation
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Figure 2.15: 0.66C Discharge Simulation
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Figure 2.16: 0.33C Discharge Simulation
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Figure 2.17: 0.05C Discharge Simulation

From the figures presented above, it can be seen that the time domain model is
validated for constant current discharging conditions. The maximum error occurs with the
C/20 discharge rate followed closely by the 1C rate. This maximum error corresponds to
the maximum percent error in the difference between the simulated and experimental
voltages for any given discreet value of time. For all simulations, the maximum error
occurs within the last 15% SOC when the change in voltage as a function of time is
greatest. This area is of little practical concern in application due to fact that most battery
applications prevent the cell from discharging to so low a SOC.
The 1C discharge rate, as mentioned above, also suffers from a high maximum
error percentage for much the same reason. The true accuracy of the simulations can be
seen in the average error percentage. The averaged error percentage is calculated by
summing the error percentages between each discreet pair of voltage points for a given
time value, then dividing that sum by the total number of pairs. If the last 15% SOC was
ignored from this averaging, the averages would be lowered by an estimated factor of ten.
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The reason why the 1C discharge rate average error is so high is due to the fact that the
sampling size for error calculation is smaller than any other discharge set (720 values as
compared to C/20’s 14381 samples) adding more weight to the higher error values found
in the 0-15% SOC region. The high average error for the C/20 rate is obvious by
inspection, however this poorer validation is due to the extremely low current and
therefore extremely long discharge time. By stretching the model along the time axis,
small discrepancies or errors in the accuracy of the component values calculated begin to
make a noticeable difference in the model.
Now the model must be validated for pulsed loading conditions. Below is the
input current signal as a function of time. This pulsed loading input provides for charging
and discharging of the battery with several intensities, however it is prudent to point out
that the net charging and discharging is equal to zero, thereby unaffecting the overall
SOC of the battery. This was chosen intentionally to simplify the programming variables
involved in the simulations; however, the model is robust enough to have been
implemented in any manner of charge/discharge conditions.
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Figure 2.18: Pulsed Current v. Time
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Figure 2.18 shows the pulsed current conditions that will provide the input to the
simulation and experiment. The input current charges/discharges the cell in one second
intervals with a one second rest between pulse sets. The cell rests first before being
discharged at the 1C and 2C rates, respectively, then charging the cell at the 1C and 2C
rates before restarting the cycle.
Several modifications to the makeup of the simulation had to be made to account
for hysteresis (i.e. Vhyst) in the charging portions of the pulse and in the initial state of the
battery had to be factored in. The initial state of the battery is important for several
reasons. Namely, the initial state of charge of the battery provides the simulation with the
correct initial voltage under loading conditions and increases the accuracy of the
simulation to accurately model the pulsed response behavior. The initial state of the
battery is estimated by Coulomb counting of the cell during the experimental pulsed
loading test, providing an estimation that is accurate to within 5%.
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Figure 2.19: Pulsed Load Response at 100% SOC

52

50

3.5
Simulated
Experimental

3.4
3.3

Voltage (V)

3.2
3.1
3
2.9
2.8
2.7

0

5

10

15
20
Time (sec)

25

30

35

Figure 2.20: Pulsed load response near 20% SOC
From the pulsed loading condition simulations it can be seen that the time-domain
model is validated within 5.5% maximum error. This error is mostly found in the high
current sections of the pulse (i.e. at 0.9A or the 2C rate). From this fact it can be inferred
that as the battery undergoes higher pulsing currents, other limiting factors cause
underperformance in the cell which are not factored into this model. These factors could
range from a non-linear increase in internal resistance as a fact of high current, or could
be related to the limiting of active pore sites on the electrode/electrolyte interface due to
slower diffusion rates. Whatever the limiting factor, this model does not adequately
compensate for the 2C pulses as it should, thereby reducing its effectiveness when
modeling the cell outside the cell’s prescribed operating environment. Conversely the
model does provide high accuracy in predicting the voltage within the battery’s
prescribed discharging currents. The average error across the entire simulation supports
this claim showing an average error no greater than 0.64%. Table 2.4 presents this data
below.
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Table 2.4 Error of Pulsed Loading Simulations
Pulse Data
Pulse 1
Pulse 2

SOC
SOC = 100%
SOC ≤ 20%

Maximum Error
3.58%
5.50%

Average Error
0.23%
0.64%

2.3.5 Model Simplifications
From the Model and the equations used, the model can be simplified greatly by
focusing upon several key issues. First, many of the model parameter estimation
components can be simplified from equations to constants. In most instances, the
parameter estimations seen in Figure 2.8 have a slope on the order of the 10-3 making
only a difference of 1 unit (Ohm, Farad, or Henry) per every thousand points. While in
larger discharging cycles like 0.05C this value simplification may become more
detrimental to the accuracy, the model the number of calculations saved in modeling the
0.05C rate would be approximately 840,000.
In constant current discharging, each component part was graphed as a function of
voltage v. time. This is given below in Figure 2.21 and Figure 2.22. In the Figure 2.21 it
can see that the dominating contributions to the shape of the model’s discharge are
largely contributed by the Warburg Impedance element. The intercalation capacitance
voltage also plays a key role in the initial discharging profile as can be seen expanded in
Figure 2.22.
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Figure 2.21: Major Element Voltage Contribution v. SOC
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Figure 2.22: Initial Dependency of Major Voltage Contributions v. SOC
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In the pulsed loading conditions, the same stresses on the Warburg element are
also present. The Warburg element defines the shape of the model’s simulation, while the
other major contributing elements only seem to follow the input in shape. This can be
seen in Figure 2.23.
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Figure 2.23: Pulsed Response Major Voltage Contributions v. Time
In both cases the Warburg element seems to define the model’s output most
closely to that of the experimental data. This would seem to show that what the Warburg
element defines is the limiting or controlling factor in the cell’s behavior. In this case, the
ionic diffusion through the electrode appears to be the limiting or controlling factor in the
cell’s performance provided that the model is sufficiently accurate to the physical
mechanisms of the cell.

2.4

Conclusion
In developing a frequency domain equivalent circuit from EIS measurements

taken on a LiFePO4 cell, a physical based model was developed to adequately model the
experimental data and to explain the various electrochemical mechanisms at work inside
56

the cell. From this frequency domain model, a time domain model was created to
simulate the constant current and pulsed loading conditions experimentally obtained from
the cell. Comparing the experimental and the simulated data showed the model to be
highly accurate over the majority of the simulation with large error percentages occurring
only at the extreme end of the SOC where the cell’s loading voltage drops very quickly.
This model was validated against the experimental results in both domains and
from the model’s original design simplifications could be made to decrease computing
requirements while keeping a similar level of accuracy. The majority of the model’s basis
is rooted in the Warburg element. The Warburg element is the dominating factor in
controlling or limiting the simulation’s shape, and therefore is likely the limiting factor in
the cell’s experimental performance.
Overall the model is generally well suited towards prediction of the experimental
results. Additional external factors not used in the model like the hysteresis effect of the
charge/discharge cycling had to be accounted for and included into the simulations. The
model maintained high accuracy over the recommended operating restrictions highlighted
by the manufacturer, and the process involved in developing the model has been founded
upon the firm foundation of other researchers, collected over the past several decades. In
general the model is robust and, from the points enumerated above, valid to a high degree
of accuracy.
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APPENDIX
Simulation of LiFePO4 Battery using Simple and Complex Electric
Circuit Models
(a)

Michael Greenleaf*(a), Mark H. Weatherspoon(a), E. Eric Kalu(b), and Jim P. Zheng(a)
Department of Electrical and Computer Engineering and (b) Department of Chemical and Biomedical
Engineering, FAMU-FSU College of Engineering, Tallahassee, FL 32312

I

battery. It is rated between 400mAh and 450mAh
with a 3.2V nominal voltage,3.6 charging voltage,
and 2.0V cut-off voltage. The manufacturer also
specifies that the internal resistance of the battery is
≤400m at 1 kHz. To establish a baseline for
comparison the battery was charged and discharged
completely using an Arbin battery test system
recording the discharge curvature of the cell under a
1C rate.

n recent years the lithium metal batteries have
developed into dependable high-performance
energy solutions in a wide variety of
applications ranging from personal laptop
computers and cellular phones to grid battery
backup. For LiFePO4 batteries this is especially
true as the performance characteristics of this
lithium metal battery are expanded and improved.
While advancements in cathode, anode, electrolyte
and separator materials are made, little work has
been done in developing a scalable model to
characterize this technology. In developing both a
complex physical-based model and a simple model
for the LiFePO4 the performance of said cell can
be tracked, monitored, and more importantly,
predicted.

L

3.5
Discharge curve at 1C
3

Voltage (V)

2.5

I. Introduction

2

1.5

1

iFePO4 batteries have been in existence since
1997 through the work of Padhi et al and showed
promise early on due to its material abundance, low
cost, low environmental impact, high temperature
tolerance and theoretical capacity of 170mAh/g[1].
Much work has been done in optimizing the cathode,
electrolyte and anode materials to yield excellent
results[2,4,5]. In contrast, little work has been done
in developing an accurate, physical-based model for
LiFePO4 behavior. Most “models” are based from
Electrochemical Impedance Spectroscopy (EIS) and
used to fit the data obtained [3]. It is easy to build
several vastly different models to describe the same
data, so it is therefore important to define a model
based upon the physical properties of the cell [3,6]. In
doing so correctly it may then be possible to simplify
that model while maintaining precision allowing it to
be more useful to other fields. In this work, different
EIS measurements were taken at uniform states of
charge (SOC) and from a developed physical-based
model a LiFePO4 battery was accurately described
for steady-state conditions[6].
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Figure 1: Discharge curve of LiFePO4 cell

Through the Arbin the discharge capacity
was determined to be approximately 430mAh at this
discharge rate.
In order to develop a physical-based model
that is capable of describing the behavior of a
LiFePO4 cell it is necessary to view the EIS data for
the cell under varying SOC. To accomplish this, the
capacity was divided into 10 equal portions and 11
EIS measurements would be taken, matching the
SOC from 100% to 0%[6].
For this experiment the battery is modeled at
the 1C rate for simplicity’s sake.
This measurement was accomplished by
discharging the battery by a constant current until
43mAh had been discharged from the cell. Then the
cell was allowed to rest for several hours before EIS
was performed on a Solatron from 2000 kHz to 0.1
Hz with an AC voltage of 20mV. The OCV of the
battery was recorded along with the EIS

II. Experimental
The LiFePO4 battery modeled in this simulation was
a Powerizer™ LFP-RCR123A rechargeable LiFePO4
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measurement for each step. This process was
repeated from 100% SOC to 0% SOC.

Once the model has been accurately described for
each state of charge, each element will be plotted vs.
SOC and then fitted by a continuous equation. Each
equation will be used to calculate the voltage drop vs.
time of the cell from measured OCV and then each
voltage drop will be superimposed upon the OCV to
arrive at an accurate model. This model will then be
simulated and compared against the discharge curve
acquired at the beginning of the experiment to
validate the model.

III. Results

E

IS analysis of each element in Figure 2 gave the
following values of for the equivalent circuit
model in Table 1. These values were accurately
computed with <10% error. Each element was then
plotted vs. SOC and from that plot using Simulink’s
MATLAB™ fitting equations were derived.
Examples of this can be seen in example Figure 4.
For most circuit elements, the change over SOC was
small and for the most part linear, so a linear equation
was fitted to them simplifying the model.

Figure 2: EIS per SOC
Once the EIS had been completed Zplot™
software was used to develop an equivalent circuit
model. This circuit model was previously expanded
upon by Dr. Pedro Moss of FSU and can be seen in
Figure 3. The model draws its circuit elements from
physical interactions in the battery where L is the
inductance due to the spiral wound nature of the
battery, Rs is the ohmic resistance of the battery, Rn
and Cn describe the slow migration of Li+ ions
through Solid Electrolyte Interphase (SEI) layers, Rct
and Cdl represent the faradic charge transfer
resistance and double-layer capacitance of the
electrodes, respectively, Z(ω) (Finite Length
Warburg Impedance) represents the solid-state
diffusion of Li+, and Cint represents the accumulation
of Li+ within the electrode matrix (intercalation
capacitance)[3,7].
The model described is straightforward in
the elements used to constitute the model with the
exception of the Warburg element. To better
understand the effect of the Warburg element in the
frequency domain, the equation describing it has
been provided below [8].

Z (ω ) = RW

coth( jωTW )
jωTW
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Figure 4: R1 vs. SOC
When deriving a fitting equation for the
OCV, a linear fit would not provide a good fit for the
data. Because the voltage of a battery drops quickly
at first, then linearly decreases slowly, before finally
dropping quickly to cut-off voltage, the best
approximation for this behavior was found to be an
equation similar to the Butler-Volmer equation. This
equation can be expressed in terms of:

(1)

U ( SOC ) = −aeb ( SOC ) + ce− d ( SOC )

Figure 3: Battery Model in Frequency Domain
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W-R
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0.224

0.216
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0.329
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0.512
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Table 1: Equivalent Circuit Element Values
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Figure 6: Equivalent Time Domain Model
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In Figure 6 VT is the net voltage obtained
by subtracting the voltage drops VW, Voigt, Vctdl, VRs,
and the voltage drop due to the intercalation
capacitance VCint (not shown in Figure 6). The Voigt
element (Equation 3) is the voltage drop due to a
series combination of Cn||Rn in the time domain. Vctdl
(Equation 4) is the voltage drop due to the parallel
combination of Rct and Cdl. VCint is the voltage drop
due to the intercalation capacitance. VRs (Equation 5)
is equal to the voltage drop across the resistor Rs,
while Vw (Equations 6a-6e) is equal to the
approximation of the voltage drop across a finite
length RC network representing the Warburg element
[6].
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Figure 5: U(SOC) vs. Voltage
From Figure 5 it can be seen that Equation 2
models the OCV as a function of SOC very well.
By finding equations for all the elements in
Table 1 and by modeling the OCV according to
Equation 2 the model shown in Figure 3 can be
converted from a frequency domain model to the
time domain. The equivalent time domain model can
be seen in Figure 6.

n

Voigt = ∑ RniL (1 − e − t /( Rn C n ) )

(3)

n =1
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Vctdl = Rct iL (1 − e −t /( Rct C dl ) )

(4)

VRs = Rs iL

(5)

WR
WT

(6b)

8k1
(2n − 1) 2 π 2
k
= 12
k2

0.9

(6c)

RWn =
CWn

0.8
Warburg
Series
Rct/Cdl
Cint

0.7

(6d)

0.6
Voltage Drop (V)

k2 =

It is difficult to see from Figure 7 which
components make a larger impact on the simulation.
Figure 8 shows each of the voltage drops (Equations
3-7) as a function of SOC.

(6a)

k1 = WR

n

VW = ∑ RWniL (1 − e − t /( RWn CWn ) )

0.5
0.4
0.3

(6e)

0.2

n =1

0.1

VC int = Rs iL (1 − e

− t /( R S C int )

)

(7)

0

Applying all these equations, into Equation
8 a continuous function can be created that can
accurately describe the battery’s discharge curvature
as a function of SOC [6].

0

500

1000

1500

2000
2500
Time (sec)

3000

3500

4000

0.055
0.05
0.045
0.04
Voltage Drop (V)

VT = U ( SOC ) − VRs − Vctdl − VVoight − VW − VC int (8)

IV. Discussion

B

y applying the analysis discussed in the
Experimental Section of this paper several
results are worth discussing. Firstly, for the 1C rate of
discharge, the simulation accurately matched the
discharge curvature of the LiFePO4 battery. This is of
twofold importance—it not only validates the
physical-based model described above, but it shows
that battery behavior can be modeled and predicted
accurately with minimal data. Figure 7 shows a
comparison between the simulated results and the
measured discharge curve.
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It is apparent from this plot that of the four
major components, the Rct||Cdl and the Rs voltage
drops are nearly constant. Also, it can be seen that
Cint only affects the curvature between 85-100%
SOC. To simplify the model, Rs, Rct, and Cdl could
me approximately described by constants without a
great loss of accuracy to the model. More research
remains in simplifying the model beyond this point,
but the major factors in determining this model
appear to be the equations for the Warburg element
and OCV.
In looking deeper into the Warburg element,
the controlling factor appears to be in the RW element.
Varying the equation for the RW element greatly
affects the overall curvature of VW which in turn
directly affects VT. The difficulty in properly fitting
the RW element was resolved when instead of solely
modeling it using a linear equation, an exponential
term was added. The resulting formula is provided in
Equation 9 and the corresponding fitting is provided
in Figure 10.
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Figures 8 and 9: Equivalent Model Components and
Related Voltage Drops
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Figure 7: Comparing OCV, Simulated Results, and
Measured (True) Results
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RW ( x) = ae + cx + d
bx

accurate physical-based model. This was
accomplished by taking a total of only 11
measurements over one cycle of the battery.
It can be seen from the results that several of
the equivalent circuit components can be simplified
further into constant values for at least the 1C rate.
While not confirmed at present through comparison,
this should be the case for all discharge rates both
steady and transient states.
In future work both steady and transient
states of discharge will be recorded and compared to
simulated results to determine further validity of this
model. Also, the affect of temperature and internal
pressure will also be investigated to determine what
role they play in battery behavior simulation.

(10)

x is the SOC
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2
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Figure 10: Fitting RW. R2 value = 0.944
In contrast, the Warburg T value, while varying
greatly from state to state, makes almost no
appreciable difference in the outcome of VW until the
fitted values of TW vastly grow beyond the measured
values.
To try to get a perspective on the accuracy
of the simulation an error calculation was needed to
be done. Due to the fact that the plots of both the
measured and simulated results are plotted discretely
over different uniform periods, the simplest way to
see how close the two plots are was to perform
numerical analysis, namely the trapezoidal rule. In
performing this analysis, the percent error was found
to be 0.84%.
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