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Abstract

This thesis investigates the physics-based modeling and active control schemes of the
lithium-ion battery rate-of-degradation (ROD) for EV applications. An integrated methodology is
proposed. It models battery electro-thermal responses during drive cycles, and analyzes different
drive cycle current properties’ effect on battery ROD during drive cycles. Also, it simplifies the
complicated lithium-ion battery ROD model to a reduced-order model suitable to dynamically
estimate battery ROD during drive cycles, and develops the active degradation control

methodology via controlling the ROD for lithium-ion batteries.

A power-commanded lithium-ion battery electro-thermal model combining a recurrent
neural network (RNN) electrical model with a lumped thermal model is developed to model battery
electrical-thermal responses. Current properties associated with drive cycles such as current rate,
the current RMS value, the presence of regeneration and their interactions with the temperature
are experimentally analyzed. A reduced-order battery ROD model without partial differential
equations (PDE) with accurate exchange current estimations is developed. Active degradation
control schemes during drive cycles via controlling the ROD are developed, incorporating the
proposed models and emphasizing on manipulating the aging factors associated with the drive
cycle current properties. Trade-off between the degradation reduction and battery performance
compromise is addressed and an adjustable ROD-limit boundary is proposed to help achieve better
balances. The ROD control system is also integrated with conventional battery state estimation

systems to extend the overall battery management system capability.

This research lays a foundation for applying active degradation control based on ROD
control for lithium-ion batteries during drive cycles. This work can be valuable for EV applications

for extending the battery life while maximizing the battery performance.
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Introduction

This section provides research background and motivation, an overview of the research, a

summary of the research contributions, and a chapter-by-chapter list of the content included.
Background and Motivation

Lithium-ion batteries are an improvement in power and energy density compared to lead-
acid, nickel-cadmium, and nickel-metal hydride cells. Among various applications, electric
vehicles (EV) are one of the domains relying heavily on the Li-ion battery technologies. For the

EV application, battery durability has been significantly emphasized and needs improvements.

Conventionally, both statistical and physics-based approaches have been investigated to
model and predict lithium-ion battery aging performances pretty well while each has had
limitations. The research in modeling lithium-ion battery aging process has led to investigations
of degradation control schemes. Passive control schemes focusing on modifying battery materials
have been investigated. Meanwhile, active control schemes have been focusing on balancing the

temperature distribution and the electrical loading among cells in the battery pack.

The importance of battery rate-of-degradation (ROD) has been recognized in few research
studies, and some work has been done to model the rate-of-degradation of batteries during
operation. The results have been mostly focusing on optimizing charging trajectories and

identifying suitable current rates for a constant-rate discharging process.

As the batteries on an EV undergo much more dynamic operations, an active cell-level
degradation control that operates in real-time can be valuable and supplemental to existing
technologies for better utilizing the batteries on the vehicle. Since the derivative of the controlled
quantity is the starting point of a control system, such an active control requires a real-time battery
ROD estimation technique. With the powertrain, drivetrain, and battery pack designs finalized, a
smart battery operating strategy such as a region-based control scheme based on the real-time ROD

estimation can simultaneously maximize the battery performance and reduce battery degradation.



Research Overview

The goal of this research is to develop methodologies for active degradation control of Li-
ion batteries. The integration of different battery models and algorithms of both control and
monitoring battery internal states is the fundamental part of this research. As the electic vehicle is
the targeted application, the research starts with identifying different drive cycle properties that
affect the rate-of-degradation (ROD) of Li-ion batteries. A combination of careful experimental
deisgn and statistical analysis is used for evaluating different aging factors associated with less
well-understood battery loading profiles, namely the drive cycle. Specifically, current RMS value,

regeneration, temperature, and their interactions are evaluated with rigorous analysis.

Both electical and thermal models that are suitable for modeling batteries during drive
cycles are developed. Machine learning techniques such as the recurrent neural networks (RNN),
gated recurrent units (GRU), and deep feature selection (DFS) are integrated to formulate a
compact battery electical model suitable for different drive cycles at different temperatures. A
lumped thermal model based on the thermal equivalent circuit is developed for simulating battery

dynamic thermal responses.

Moreover, a real-time ROD model of the battery that can dynamically estimate battery
ROD during a drive cycle is proposed. The model takes advantages of both physics-based battery
degradation modeling and the data-based parameter identification techniques, producing an
accurate and computationally efficient model result. The proposed model is also evaluated for

different Li-ion batteries and different temperature conditions.

A region-based Li-ion battery degradation control via dynamic ROD manipulations is
subsequently proposed taking advantages of the real-time ROD model, which identifies vulnerable
operating regions a battery suffers more degradation and then caps the battery with an acceptable
level of ROD by limiting the loading current (power). As the region-based degradation control

requires several pieces of information on the battery status, previously developed models such as



the electical model and the thermal model are integrated together to form a system. Dynamically

controlling the degradation of the battery during drive cycles can then be achieved methologically.

The research also considers practical issues such as the implementation limitations. A
temperature-dependent adjusting ROD threshold is proposed in order to achieve better balance
between the degradation reduction and the battery output performance limitation. Such a dynamic
threshold is established considering different driving scenarios such as highway and city drives, as
well as different ambient temperature conditions. In addition, another impelementation issue
regarding the integration capability of the proposed ROD control algorithm with the more
conventional battery state estimation algorithms is invesitgated. An interactive algorithm system
combining the ROD control algorithm with both SOC and SOP estimation algorithms is developed

and evaluated through the simulation.
Research Contributions

The primary contribution of this research is an integrated methodology that controls battery
degradation over dynamic drive cycles by manipulating the ROD. The proposed methodology lays
a foundation for designing systems to dynamically control the degradation of EV batteries during

driving, improving the durability of the EV batteries.

This research establishes the importance of the ROD variable for the batteries, develops
and evaluates a reduced-order rate-of-degradation model for lithium-ion batteries. Such model is
constructed with a physics-based approach, incorporating the electrochemical processes and the
battery aging mechanism such as the solid-electrolyte-interphase (SEI) layer growth. This work
simplifies the complex battery electrochemical model to meet the fast computation requirement

for potential real-time implementation.

Moreover, the proposed reduced-order rate-of-degradation model has the capability for
controls. Potential candidate control variables are identified, which can be manipulated to

dynamically change the ROD of the batteries. A ROD-optimized battery current (power) shielding



control method is developed which, during a drive cycle, dynamically identifies “violations” of
battery ROD bounds, and shields the current and power load of the battery to conform to these
limits. The ROD control law is evaluated via aging experiments and shown to effectively reduce

battery degradation during drive cycles.

This work also acknowledges the trade-offs between the degradation reduction from ROD
control and the battery performance compromises. Analysis on the trade-off under different driving
scenarios and temperature conditions is conducted. Potential ROD limit adjustments based on
operating conditions are proposed to achieve more desirable and practical balance between the two

parties in the trade-off.

Furthermore, the integration of the ROD control algorithms with the conventional battery
state estimation algorithms is investigated. An integrated algorithm system is proposed to combine
different algorithms together. The resulting system has an interactive nature and can extend

ROD/SOC/SOP monitoring and control capabilities to a wide range of operating conditions.

In addition, this research extends previous analyses of battery aging factors, and
investigates the aging effects of properties that are “unique” to drive cycles such as the current
RMS value, the existence of regeneration, as well as their interactions with the temperature. An
effective factorial design of experiment and a rigorous statistical analysis procedure are developed

and utilized to analyze the effects of the interested factors on battery aging.

Finally, this work addresses the lack of suitable battery electro-thermal modeling for drive
cycle simulations. A power-commanded electro-thermal battery model is developed and evaluated
to effectively simulate battery electrical and thermal responses during drive cycles, extended from
conventional current-commanded battery models. Machine learning techniques such as recurrent
neural networks (RNN) are incorporated to support the modeling of the relevant battery nonlinear
electrical processes, while a lumped battery thermal model is cross-coupled with the electrical

model.



Summary of Chapters

Chapter 1 reviews the state-of-the-art of modern lithium-ion battery technologies. Li-ion
battery electrochemistry is first reviewed. Then, both electrical and thermal modeling are
discussed. Li-ion battery internal state estimation techniques are reviewed as well. In addition,
topics regarding li-ion battery degradation including aging mechanisms, aging modeling, and both

passive and active degradation control schemes are covered.

Chapter 2 discusses the development of a battery electro-thermal model for drive cycle

simulations, incorporating RNN electrical model using with a lumped battery thermal model.

Chapter 3 investigates the aging effects of factors associated with drive cycles. A factorial
design of experiment and a rigorous statistical analysis procedure are proposed to evaluate these

factors. Both individual effects and interaction effects are analyzed.
Chapter 4 focuses on the development of a reduced-order battery ROD model. The

resulting model can estimate battery ROD in real-time with the capability for active ROD control.

Chapter 5 proposes an active ROD control method via dynamic battery current (power)
shielding. An integrated active ROD control methodology is then developed to enable battery

degradation reduction of the lithium-ion batteries during drive cycles.

Chapter 6 analyzes the trade-off between battery degradation control and performance
compromises. An adjustable ROD-limit boundary selection procedure is proposed to help achieve

better balance between the control and the performance limitation at different conditions.

Chapter 7 proposes an integrated system combining ROD control algorithms with state

estimation algorithms. It enhances battery managing capability over a wide operating range.

Chapter 8 presents the conclusions, contributions, and suggested future work.



Chapter 1 State-of-the-Art Review

1.1 Battery Introduction

One of the critical challenges today is to secure an energy supply that is sustainable and
inexpensive. An energy storage system (ESS) is a critical piece for most methods intending to
reduce or eliminate the need for fossil fuel consumption; examples include hybrid/electric vehicles,
fuel cell technology, and biofuel synthesis. Of all the various technologies utilized for energy
storage, perhaps the most ubiquitous is the battery. A battery is said to store energy
electrochemically [2], by utilizing faradaic reactions in which electrons are either taken from or

donated to a host atom, changing its oxidation state.

In general, batteries can be categorized as either primary or secondary. Primary batteries
are non-rechargeable and are commonly found in consumer electronic products. Common primary
batteries include zinc-carbon, zinc-alkaline-MnO2, zinc-air, and lithium batteries. Secondary
batteries are distinguished by their ability to recharge. Examples include lead-acid, Nickel-
Cadmium (NiCd), Nickel-Metal Hydride (NiMH), and Lithium-ion (Li-ion) batteries. For
vehicular applications, secondary batteries are the preferred candidates for a power source or load-
leveling devices. The energy density and power density, as well as cost, are crucial factors for

determining their suitability for an application [1].

Many commercial secondary batteries are manufactured as a series of cells packaged in a
container [3]. A cell is defined as the primary electrochemical unit, while a battery is defined as
two or more cells connected in series or parallel configurations to achieve specified operating
voltage or current ratings. Since this configuration does not provide access to the internal anode
and cathode terminals of each cell in the series string, it is difficult to determine much about the
electrochemical status of individual cells from the available battery terminal measurements of

voltage and current.



An electrochemical cell most likely contains the following essential components: anode,
cathode, electrolyte, and separator [2]. An electrode can be thought of as the interface between an
electrically conducting phase and an ionic conducting phase, through which charge is transferred
during operation. Electrodes are classified as either a cathode or an anode. In electrochemical
processes, an anode is an electrode where the oxidation reaction occurs, meaning that it releases
electrons to the external circuit. A cathode is correspondingly the location where the reduction
occurs, collecting the electrons from the anode through the external circuit. For a battery cell, the
positive electrode is a cathode during discharge and an anode during charge, while the negative
electrode is an anode during discharge and a cathode during charge. In the literature, however, the
convention is to adopt the terminal name designations that are appropriate during the discharge
operation. The electrolyte is the medium that conducts the ions between the cathode and anode of

a cell. A separator is electrically insulating, yet permeable to ions, preventing the two electrodes

from shorting together.

1.2 Comparison of Li-ion Cells to Other Secondary Batteries

Li-ion batteries are an improvement in power and energy density compared to lead- acid,
nickel cadmium, and nickel metal hydride cells. They offer a higher cell voltage than any of the
other technologies as well, with a nominal voltage of 3.7V. Fig. 1.1 shows the increased energy

density of Li-ion cells over previous technologies regarding both weight and volume.
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Fig. 1.1: Comparison of energy density in modern secondary batteries [4]



The increased energy density allows for extended operating times in modern digital
products, such as cellular phones and laptops. It also allows for more efficient hybrid and electric
vehicles, since the weight of a high-energy and high-power battery pack is much lower than what
would be possible using previous technologies. In this thesis, Lithium-ion batteries are the primary

research focus.

1.3 Lithium-ion Battery Chemistries

Since Lithium-ion batteries have become the most popular type of electrical power supply
in today’s electronic devices, as well as in electric vehicle applications, it is essential to understand

and characterize the physics and electrochemistry in these cells.
Terminology

Battery technology includes some terms that are unique, and it is helpful to explain some

of the most common terms here for those who may not be familiar with them.

Amp-hours (Ah) or milliamp-hours (mAh) — This unit is used as a measure of the amount

of electric charge transferred into or out of a cell.

C or C-rate — The current corresponding to the manufacturer specified cell capacity. A
cell with a 2Ah capacity would have a C-rate of 2A. This is often used as a basis for defining

current.

Capacity — Battery capacity is most often specified in Ahs. For example, a 18650 Lithium-
ion battery may be specified as 3.7V, 2.9Ah. This means the battery can source 2.9A for 1 hour if
it is fully charged. The actual capacity of a cell may vary from the manufacturer’s specified value

and will decrease with time and cycling.
Cycle — Typically, a complete discharge and a complete charge are called “one cycle”.

State-of-Charge (SOC) — An estimation of the amount of charge remaining in the cell.



It is expressed as a percent of the cell’s capacity, where 100% is a fully charged cell.
1.3.1 Lithium-ion Battery Structure and Electrode Material

Lithium-ion batteries are characterized by the chemistry of lithium-ion flow. One Lithium-
ion cell usually consists of the following components: two current collectors that conduct
electrons; positive and negative electrodes, where two half-reactions happen; electrolyte as the
medium for lithium-ion transfer; a permeable membrane separator in between to prevent short
circuits; and the solid-electrolyte-interphase (SEI) formed between the electrolyte and the anode
material. Typically, lithium ions (Li") transfer from the anode to the cathode during discharge, and
back to the anode during charging. The cathode material of Lithium-ion batteries commonly is
composed of LixMOy, where M can be Nickel, Manganese, Cobalt, or their mixtures [5]. On the
other hand, the anode material commonly is graphite or other carbonaceous materials. Lithium
ions are intercalated in the graphite structure during charging and are released during discharge in
a highly reversible process [5]. A typical Lithium-ion cell structure and its intercalation process,
characterized by Li* ion insertion or de-insertion at the carbon anode, are shown in Fig. 1.2 and
Fig. 1.3.
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Fig. 1.2: Conceptual diagram of a Li-ion cell [6]
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Negative Electrode

Fig. 1.3: Carbon planes in anode allow Li+ ions to intercalate between them [7]

Lithium-ion cells for commercial purposes can be in a cylindrical or prismatic package for
higher capacity, with a pressure release valve built in for safety concerns. Another option is to
stack electrodes, separators, and seal inside a thin plastic laminated foil. This type of cell is called

a pouch cell. Examples of different packaging are shown below in Fig. 1.4.
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(c) Pouch Cell
Fig. 1.4: Examples of common battery packaging. From [8].

Typically for a Lithium-ion cell, the two half-reactions are described as the following,
where “Me” is short for “Metal” and can be different for different types of Lithium-ion batteries.
Cathode: LiMeO2 <> LixMeO2 + (1 —x) LiT + (1 —x) e
Anode: (1-X)Li* + (1-x)e™ + C < Li1xC
1.3.2 Electrochemical Process in Lithium-ion Cells

Since potential is an important electrochemical variable in the batteries, exploring the
physical meaning of this variable in detail is needed. Several electrochemical mechanisms in

Lithium-ion cells explained below are established by potential difference.
1.3.3.1 Thermodynamics and Nernst’s Equation

Thermodynamics, strictly speaking, encompass only systems at equilibrium [9]. Therefore,
it is a prerequisite for the system to have reversibility. A system is said to be thermodynamically
reversible if an infinitesimal reversal in a driving force causes direction reversal. Similarly, a
chemically reversible system describes a system that reverses its direction of reaction when
reversing the DC current polarity. A chemically irreversible system cannot be thermodynamically

reversible, while a chemically reversible one may or may not be thermodynamically reversible [9].

In a thermodynamically reversible system, as a Lithium-ion cell, Nernst’s equation

describes the connection between electrode potential, E, and the concentrations of participants in
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the electrode process.

RT Co

g0, R =0
E=E" + nFInCR (1.1)

E is the electrode potential in [V], EO is the standard potential of the electrode in [V]. R is

the universal gas constant of 8.314 in ol K] , T is the temperature in [K], n is the stoichiometric

I

. : , . C :
number of electrons in the reaction, F is the Faraday constant of 96485.337 in [m_ol] , CO is the

. . . .mol . : , . _mol
concentration of the oxidant in [W] , and CR is the concentration of the oxidant in [ﬁ] . The

electrode process is described in ((1.2) below, where O is the oxidant and R is the reductant.
O+ne R (1.2)
Now, the potential of a Lithium-ion cell or a cell in general, with the two electrodes and

electrolyte, is:

Ecell = Ecathode - Eanode (1.3)

Table 1.1, shown below, tabulates various standard electrode potentials of interest.
1.3.3.2 Electrode Kinetic Overpotential and the Butler-Volmer Equation

For a battery cell, electrode reactions are characterized by interfacial charge-transfer
dynamics, and the reaction rate is a function of potential [9]. To quantitatively relate the electrode
kinetics observations with electrode potential and concentration, it is necessary to establish a

potential dependent law for such a phenomenon.

In the theory of interfacial kinetics, mass transfer is considered not a limiting factor,
meaning there is a low current and an efficiently stirred electrolyte [9]. In 1905, Tafel showed an
exponential relationship between the current and the overpotential in the following form known as
the Tafel equation:

n=a+ b log(i) (1.4)
This equation has frequently been the valid basis for successful models of electrode

dynamics.
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Table 1.1: Standard electrode potentials for various reactions of interest [87]

Reaction (Roman numeral Standard Potential (V)
superscript indicates oxidation state) vs. HyH® Remarks
Fz+26 ©2F 287  Strongly Crudizmg
Co®* +e” = Co®* +1.81
FbVO, + 4HY + 507" + 2e” = PhUSO, +2H,0 <169  Lead-Acid Battery Positive Electrode [5]

Pb** +2e” « P +1.67

+163  Water disinfection with Chlorine (3)

+151

+136  Water disinfection with Chlorine (b)

<123 Acidic (pH 0) Water Oxidation

<123 Production of Electralytic MnO,

+0.79

+0.77

+0.62 Mercury Sulfate Reference Electrode

Positive Electrode for Nickel-Metal Hydnde and

0T, - Jar -
Ni'00H + H,0 + &7 = Ni'(0H), + OF A Coduium Batieries
0, +2H,0 + 4e™ = 40H™ +0.40  Alkaline (pH 14) Water Oxidation
Holcl,+2e” < 2Hg" + 201 +0.27  Saturated Calomel Reference Electrode
Ag'cl+e™ = Ag®+Cl™ +0.22 Silver-Chloride Reference Electrode
Ti** + e & T 0.00
IHY 4267 S H, 20  Reference, Acidic Water Reduction
Fe** +3¢7 = Fe” 0.04
P + 267 = PB° 013
Ni?* + 267 < Ni® 023
Co*t + 267w 0" 028
PB'S0, + 2¢” = PB® + 50}~ 036  Lead-Acid Battery Negative Electrode
T + o7 T 037
cd** +2e” = cd” 0.40
crit 4o < or?t 041
Fe?t +2¢7 < Fe” 0.4
Zn*t +2e” + Zn” 0.76
cd"(0H); +2e” = £d" + 200~ -0.81 Mickel-Cadminm Battery Megative Electrode
M HO e ME + OH- og3  NickelMenl Hydride Bartery Negative
“ Electrode [3]
2H;0 + 28" < H; + 20H™ 083 Alkaline (pH 14) Water Reduction
Crt +2e” < or® 091
Mn*t + 267 < Mn" 117
Ti?* +2¢7 < Ti° -1.63
APY 436 = cd” -1.66
Mgt + 267 = Mg® 136
Na*+e” & Na" 271
Ca®* + 26~ + Ca” 287
Et+e” o KO 293
Lit+e =L 305  Strongly Reducing

To better associate with the reversibility of electrode process, an advanced equation
describing the electrode kinetics was discovered and named after John Alfred Valentine Butler and

Max Volmer [10][11]. The known Butler-Volmer equation, in equilibrium conditions, is:

= ofexp(-am) - exp((L- o)) 15

ig is called the exchange current, which is the limiting current when the oxidation and
reduction reach equilibrium. 7 is called the overpotential, which drives the current and thus battery
dynamics. a is the charge transfer coefficient. As a dimensionless parameter between zero and one,
it measures the symmetry of the oxidation and reduction reactions. When a = 0.5, these two

reactions are symmetric.

Exchange current and charge transfer coefficients, as the two critical parameters in Butler-

Volmer equation, show their effects on the plots that describe the relationship between terminal
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current and overpotential. Fig. 1.5 shows the effect of the exchange current on the Butler-Volmer

equation, while Fig. 1.6 shows the effect of the charge transfer coefficient [9].
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Fig. 1.6: Butler-Volmer equation with diff. transfer coefficients (1unA, 298K)[9]

It is noted that the Butler-Volmer equation describes the steady-state behavior of the
electrode. If the battery is not in steady-state, the voltage across the electrodes is also governed by
the transient response of the double-layer capacitance. Such phenomenon refers to a charge
separation that occurs at the interface between the electrode and the electrolyte, where the electrode

surface attracts ions of the opposite sign as in the electrolyte [1].
1.3.3.3 Mass Transfer of lons

Mass transfer describes the movement of ions in the solution from one location to the other.

It usually is considered in three types of modes.

1. Migration - Movement of charged species caused by potential gradients in a bulk solution.
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2. Diffusion - Movement of species caused by concentration gradients.
3. Convection - Stirring of the hydrodynamic transport.

For linear mass transfer, the Nernst-Planck equation describes the mass transfer in an

electrode as the following, where each term describes one of the three modes:

Ji(x) = -Dia%i,EX) - %Dicig%((& + Civ(X) (1.6)

2
Ji(x) is the flux of species I in at a distance x from the surface. Dj is the diffusivity in [%]

oCj

. i . 0p(X) . . . ) .
xS the concentration gradient at x, and %{2 is the electric potential gradient at x. zj is the

: . : . : .. .Ccm
charge of the species, and Cj is the concentration of the species. v(x) is the velocity [?] of the

element.

If the electrolyte is assumed to be plentiful and the stirring at the electrode is assumed to
be inefficient, ((1.6) reduces to only the second term, which is the diffusion term. Therefore, the
rate of mass transfer is proportional to the diffusion term. Suppose at x > &0, the concentration of

the species is the same as the bulk solution concentration, Ci". In this case, the species

concentration profile is described below in Fig. 1.7, based on a linear concentration gradient.

CH

Gi

Ci(x=0)

Fig. 1.7: Example species concentration profile (diffusion only)

In this case, the current is related to the concentration profile as:
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nFA mI(CI -Ci(XZO)) (1-7)

A is the surface area of the electrode in [cm?], and mj is the mass transfer coefficient in

has the unit [T_—7] , which is the unit of the reaction rate. It is also clear that the

51 nFA S cm2]

maximum mass transfer rate occurs at the position x=0, and the current reaches the limited value.
When considering the diffusion effect into the Butler-Volmer equation, a more realistic

version of it can be deducted, which considers the ion concentration at the interface between the

electrode and the electrolyte of both the cathode and the anode.

0 Cr(x=0
D el - % Xp((L-a)Em)] (L8)

i = o[

In ((1.8), O and R represent oxidation and reduction.

1.4  Lithium-ion Battery Electrical Modeling

This section discusses several types of approaches in the literature modeling lithium-ion
battery electrical responses. When such model is intended for online, vehicular applications, it is
needed to be computationally manageable for onboard computing. Alternatively, for applications
associated with battery material development or manufacturing, much more complicated models

are needed to include the various physical aspects of the battery.

For these two application domains, two general categories of lithium-ion battery electrical

models are listed:

1. Electrical equivalent circuit models: a category of less-complex models that captures
the relationship between battery terminal voltage and current via the electrical circuit

network.

2. Physics-based model: a set of complex models trying to reconstruct the physical

structure of the battery and simulate the electrochemical process inside the battery.
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1.4.1 Battery Electrical Equivalent Circuit

Several different equivalent circuits have been developed to describe the electrical response
of a lithium-ion cell. The different components within an equivalent circuit related to different
physical aspects of the cell, including the electrode impedance, electrolyte impedance, solid-state
diffusion, and charge transfer process. Both a full-order equivalent circuit and reduced-order
equivalent circuits have been proposed in the literature and utilized widely in different
applications. Detailed explanations and illustrations of the equivalent circuit models could be
found in [12] -[16]. These models applied to most lithium-ion cells because they had the same

basic components.

In the full-order equivalent circuit model, different physical aspects of a lithium-ion cell

have been represented by different electrical components as shown in Fig. 1.8.
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Fig. 1.8: Full-order electrical equivalent circuit for a lithium-ion cell

The electrolyte solution had a relatively constant resistance, Re| , which increased slightly,

when the electrolyte was consumed during undesired side reactions [12]. At high frequencies, at
or above several kilohertz, the electrical response of the cell has been dominated by inductive
effects. This impedance has been usually neglected because it has been found to contain no useful
data about the cell and might not be included in equivalent circuit models. At lower frequencies,
SEl resistance and capacitance dominated [12]. Since the SEI layer separated the positive Li+ ions
from the negatively charged solution ions and appears to be a double-layer capacitor, a parallel RC

component have been used to model the combined effect of SEI resistance and capacitance. At
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medium frequency, another parallel RC component have been used to model the slower charge
transfer process occurring at the interface between the SEI and the graphite anode [86]. At low
frequencies, a Warburg impedance element has been used to represent the Li+ ions diffusion in
the graphite [12][13].

Fig. 1.8 shows all the elements described above except the inductance due to its
insignificance in understanding cell behavior. This full-order equivalent circuit offered the most
effective and direct representation relating to the physical process in the lithium-ion cell [13]. It

included all the impedances that a Li* ion would have encountered as it moved through the cell.

Moreover, to simplify the electrical equivalent circuit model, reduced-order models that
capture the most noteworthy features have been proposed [18]. Fig. 1.9 below shows a simplified
equivalent circuit, where L represents the inductance, Rg represents solution resistance,

Zelectrode and parallel RC components represent the combination of the charge-transfer

resistance, double layer capacitance, and Warburg impedance.

Hcr 2

E z electrode L

W

Fig. 1.9: Reduced-order electrical equivalent circuit for a lithium-ion cell [18]

Cn‘t.?

The above reduced-order model can be further simplified to Fig. 1.10 below, where the
parallel RC component combines the effects of all the RC parallel combinations in the full model
and Rq includes the resistance of the electrolyte, current collectors, battery terminals and internal

connections. Also, the inductance has been neglected for its mere effect as ultra-high frequencies.

A different equivalent circuit approach was introduced in [17], and the equivalent circuitry
is shown in Fig. 1.11. In this model, it adopted the idea of the previous approaches that separated
the network into different elements. The most significant difference was that the linear RC

component representing charge transfer process was replaced by a nonlinear component. “LPF”
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represents “low-pass filter” and V(i) is the steady-state response of the charge transfer process

following the inversion of the Butler-VVolmer equation. (1.9) shows the modeling equation for this

nonlinear component, where b1 and a; are parameters for the low-pass filter and Ig is the exchange

current parameter, predetermined by experiments.

Cd
| L
Rn | ]
AN —
— A\ —
Rct

Fig. 1.10: Minimal-order equivalent circuit [19]

This model recognized that the characteristics of the voltage drop due to charge transfer
has been nonlinear with respect to the current, while the traditional equivalent circuits inherited
linearity between the charge transfer voltage drop and the current. Under the assumption of
reaction symmetry, the Butler-Volmer equation could be inverted to the form calculating the
overpotential using the current as the input. The overpotential calculated was the steady-state

response of the charge transfer voltage drop.
LPE(Var(l)) = —2—sinh (-0 1.9
BV 71+ ayqt 2lo (1.9)
This model has been shown to have better performance for large current and/or low-
temperature conditions, where the traditional RC components have been shown to suffer
inaccuracy. This improvement was especially beneficial for battery state estimation areas, which

will be further discussed in later sections.
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Fig. 1.11: Nonlinear battery model incorporating Butler-Volmer electrode equation

Overall, equivalent circuit models have been formulated in different ways. However, they
all shared similar background knowledge that such models have been using different electrical
circuit components to represent different physical domains of the battery cell. Such models have
been widely utilized in electric vehicle applications for its simplicity and onboard implementation
suitability.

1.4.2 Physics-based Model Developed by Doyle et.al

The Newman model considered the cell structure in Fig. 1.12 and was based on the

galvanostatic charging and discharging behavior.

lithium foil composite
anode cathode

polymer
electrolyte

ds Oc |
L
x=0

Fig. 1.12: One-dimensional lithium cell structure in Newman model [22]

A list of the symbols, subscripts, and superscripts from [22] is introduced in the following

table.



Table 1.2: List of symbols, subscripts, and superscripts used in Newman Model
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Symbol Interpretation Unit
a specific interfacial area m*
. mol
C the concentration of the electrolyte e
. mol
Co the concentration of polymer solvent m
. _ mol
Ci the concentration of species i e
. . , mol
Cr maximum concentration in solid )
o mol
Cs concentration in solid F
c : o mol
max maximum concentration in polymer =
0 i - mol
c initial concentration in the polymer W
D.D the diffusion coefficient of electrolyte in the polymer and of lithium in the solid mz
1S matrix s
f activity coefficient /
C
F Faraday’s constant = 96487 a
A
[ the current density —
m
. ) A
I exchange current density W
- . A
| superficial current density =
. . mol
In pore wall flux of lithium ions —
sm
m4
ko the reaction rate constant at cathode/polymer interface mol s
mS
k the anodic reaction rate constant -

al
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Ky the cathodic reaction rate constant m?s
Kij the frictional coefficient ﬁ
n number of electrons transferred in the electrode reaction /
N; molar flux in x direction of species i smrzlz
r distance normal to the surface of the cathode material m
R universal gas constant = 8.3143 )

mol K
Rs the radius of cathode material m
Si the stochiometric coefficient of species i in the electrode reaction /
t time S
{0 transference n_umber _(fraction of total electric_current_ that anions_ anc_i cations carry /
in passing through an electrolytic solution) of species i
T temperature K
u utilization of intercalation material /
u open-circuit potential Vv
Vi the velocity of species i %
X distance from the anode m
Zj charge number of species i /
o transfer coefficient between 0 to 1, as in the Butler-Volmer equation /
B activity coefficient correction /
) dimensionless current density /
ds thickness of the separator m
d¢ the thickness of the composite cathode m
€ the porosity of the electrode /
C activity coefficient correction S
n the surface potential Vv
Op site concentration in the polymer /
O site concentration in solid matrix /
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K the conductivity of the electrolyte %
v dimensionless exchange current density /
Vi, V number of cations and anions into which a mole of electrolyte dissociates /
c the conductivity of the solid matrix J
mol
T dimensionless time /
Vj electrochemical potential of species i Vv
i) electrical potential Vv
Subscript Interpretation
c the cathode
r the reference state
S solid state
T maximum concentration in intercalation material
1 the solid matrix
2 solution phase

Superscript

Interpretation

0

solvent, or initial condition

0

the standard cell potential

In the model presented in [22], it was noted that secondary mechanisms such as film

formation and volume change were not included. Therefore, this original physics-based model was

not used to evaluate aging characteristics of a battery cell. However, this model has served as a

foundation to developing physics-based equations that could model the primary reactions of the

electrochemical process inside a battery. Many equations presented in [22] have been consistently

used later for developing physics-based models of specific batteries for specific applications, as

well as for developing battery degradation models.

In [22], at the lithium anode, which has been replaced by graphite in modern batteries, x

was set to be 0 and the charge transfer reaction, i.e., primary reaction, followed the Butler-VVolmer

equation and was summarized in (1.10).
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.. ns1F ns1F
1= |01[9Xp('0la1 RT ) - exp(acl RT )]

Ns1 = D1 -0y - Ug (1.10)

lo1 = F(kal)ad( kcl)owll(C - Cmax)owl(c)oLall

In addition, the flux and concentration of flowing species and the potential at the boundary
were assumed to be continuous. Since the composite cathode included both the solid active
particles, and the polymer/salt electrolyte and the fraction of each component was assumed as
known, the two phases were assumed as superimposed, and the material balance of the lithium on

the cathode was described with the following partial differential equation in (1.11).

ip Vt.0(c) , din(- t+9)
Z+V+F V4

8% = V(eD(c)Vc) -

(1.11)
. -Si_.
ajn = E VIZ

Jn in (1.11) is the pore wall flux of lithium ions across the interface.

Moreover, due to the composite nature of the cathode, the consequent length of the ions’
traveling length required modification. The coefficients for modification were assumed as known
and shown in (1.12).

Keff = kel ; Defr = Dl (1.12)

Furthermore, assuming the active cathode particles were spherical geometrically, and the
transport of the lithium was only in the form of diffusion, the material balance partial differential

equation has been described as in (1.13).

aCs 6205 &

D3+ 20 (1.13)

In (1.13), r is the direction normal to the spherical surface. When considering the
(de)insertion process in the cathode, kinetic expressions based on the Butler-Volmer equation is

the following.
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o onta aaF ocns1F
I = Fky(Cmax-C)*c*[csexp(g(n-U)) - (C1 - Cs)exp(—r7 —(n-U))]

n=d10- 0 (1.14)

RT
U=U%- U + ?(BCS +0)

The model equations in [22] have been used to simulate the physical phenomena in the
example system, including a lithium anode, polymer electrolyte, and a composite cathode. It also

simulated the charging/discharging behavior of such system.

The model developed by Doyle et al. has been also called the pseudo-two-dimensional
(P2D) model, and as mentioned has been the most used by researchers. There have been several
other transformations of this model, some of which were reduced-order, and some were extended
versions [29]. Namely, they have included models such as single-particle model (SPM), multi-

physics model, and molecular/atomistic model.

Fig. 1.13 shows a plot comparing model accuracy (predictability) and complexity (CPU
time) for different types of cell-level physics-based models. It has been shown that the model
developed by Doyle et al. had an average accuracy and complexity. Single-particle model, which
simplified mass transport phenomena and neglected concentration and potential effects in the
solution phase, was a reduced model from the P2D model. Multi-physics models usually have been
extended from modeling electrochemical process to other domains such as battery’s thermal
behavior or mechanical behavior, such as the P3D stack/Thermal Model and P2D + Stress-strain

listed in Fig. 1.13 [29].

These physics-based models have provided plenty of insights for researchers to analyze
and optimize lithium-ion batteries in many ways. Many issues have been addressed from these

models, including [29]:
1. Identification of base transport and kinetic parameters

2. Capacity fade modeling (continuous or discontinuous)
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3. ldentification of unknown mechanisms

4. Improved life by changing operating conditions

5. Improved life by changing material properties

6. Improved energy density by manipulating design parameters

7. Improved energy density by changing operating protocols

8. Electrolyte design for improved performance

9. State estimation in packs

10. Model predictive control that incorporates real-time estimation of State-of-Charge
(SOC) and State-of-Health (SOH)

11. Improved protocols for optimum formation times

h MD, KMC, etc
P2D +Population b
e

P2D +Stress- “TE-¢ Fr

strain
P3D stack/ i

Porous Thermal Model ..~ s
Electrode P2D T T T T :

Single e
Particle " L_ﬁl

Model

CPU time

Empiricall‘ AN
Models

Predictability

Fig. 1.13: Predictability and complexity plots for different cell-level models

1.5 Lithium-ion Battery Thermal Modeling

Besides significant efforts for lithium-ion battery electrical modeling, another key area
regarding modeling has been the lithium-ion battery thermal modeling. Temperature has been

identified as one of the dominant factors affecting battery performance, durability, and safety [20].
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While the surface temperature of a battery can be directly measured by several types of thermal
sensors, the internal temperature of a battery can be difficult to measure for in-situ applications.
Inserting thermal sensors into the battery is limited by the space inside the battery, and usually
requires specialized manufacturing such as drilling holes into the battery. This may lead to further

safety concerns and therefore is not used for commercial applications.

However, it is essential to have access to the internal temperature information since the
internal temperature of the battery has been shown to be significantly higher than the surface
temperature even under regular operating conditions [24]. Relying only on the surface temperature
measurement could lead to underestimation of potential thermal runaway situations, and methods
to estimate the internal battery temperature are necessary. The following three types of approaches

have been the primary methods for battery thermal modeling from a holistic point of view:

1. Impedance-based methods.

2. Electrochemical-thermal modeling.

3. Finite element analysis.

15.1 Impedance-based Battery Internal Temperature Estimation

The electrical equivalent circuit shown in the previous section showed that a lithium-ion
battery can be analyzed like other electronics via an impedance spectrum. It has been shown that
temperature is an important factor to consider when estimating the parameters from the equivalent

circuit model. The solution resistance, as well as the resistance of both the current collectors and

terminals, can be affected by the temperature [20]. Such relationship has been explained by an

Arrhenius equation [27] based on the activation energy, Eg, at a given SOC, and a pre-factor, Ao,
in (1.15).
It should be noted that the surface film resistance and charge transfer resistance are

temperature-dependent as well, following a similar Arrhenius relationship.
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1 E
R Agexp(=T) (1.15)

As the temperature “T” in (1.15) is more accurate to be interpreted as the internal
temperature of the battery instead of the surface temperature, a measured solution resistance can
be used to estimate the internal temperature. Such resistance can be characterized through
electrochemical impedance spectroscopy, and with post data processing, the internal temperature
of the battery can be estimated. In Fig. 1.14, an exemplary plot from [28] has shown the

“exponential” relationship between the solution resistance, a.k.a series resistance Rg, and the

temperature for a lithium-ion cell.
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Fig. 1.14: Temperature-dependent solution (series) resistance plot

1.5.1.1 Electrochemical Impedance Spectroscopy (EIS)

The equivalent circuit models describe the impedance characteristics of lithium-ion cells
when excited with a range of frequencies. An impedance spectrum contains a wealth of
information about a cell’s condition. The spectral data have been used to estimate various
parameters in an equivalent circuit model [18], showing various aging and degradation effects
throughout the cell’s lifetime.

Impedance spectroscopy can be performed across a wide range of frequencies, and the
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impedance spectrum exhibits different behavior at different frequencies. The battery is stimulated
with a sinusoidal alternating current of a defined frequency and amplitude. The resulting voltage
answer is measured. With voltage and current known the system's impedance can be easily
calculated for the specific frequency. The cell will appear capacitive at low frequencies but will
appear inductive at a relatively high frequency (>1kHz typically). The impedance can be typically
separated into real and imaginary components and plotted with the real impedance on the x-

axis, and the negative imaginary component plotted on the y-axis as shown in Fig. 1.15.
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dif fusion
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Fig. 1.15: EIS spectrum with full-order circuit model relationship

Fig. 1.15 shows a typical impedance spectrum for a lithium-ion cell, where the two
semicircles represented the RC circuits. The high-frequency portion of the spectrum has not been
shown here since the inductive behavior of such lithium-ion cell is insignificant as explained

before.

The resistance of the surface film corresponds to the width of the large semicircle. The film
capacitance is found using the frequency at the peak of the semicircle as shown in Fig. 1.16 below.
Similar estimations can be done with respect to the smaller semicircle. These estimations are

sensitive to measurement errors since they are based on single-point measurements.
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Fig. 1.16: Resistance and capacitance calculation from impedance spectrum [93]

In addition, due to the capacitive nature of the double-layer capacitance inside the battery,
SOC has been shown as another important factor that shifted the spectrum. An example from [25]
showed the spectra of a pristine NCA cell at -10°C at different SOC in Fig. 1.17. SOC undoubtedly
played a significant role especially in characterizing the surface film impedance. The changing

SOC during charge transfer process was responsible for the changes in both the resistive and

capacitive behaviors.
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Fig. 1.17: EIS spectrum of a pristine NCA cell at -10°C with varying SOC
1.5.1.2 Internal Temperature Estimation Using the EIS Spectrum

Since both temperature and SOC affect the EIS spectrum, the SOC effect needs to be either
isolated or decoupled from the temperature effect to have an accurate internal temperature

estimation. Different approaches have been used in literature to find an EIS related signal that had
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very weak SOC dependency while the temperature dependency was strong enough. [23], [25] and
[26] identified three different signals that could be extracted from the EIS spectrum, containing
strong temperature dependency and weak/no SOC dependency. While there might be other useful
signals, these three signals are shown here as examples since the essential method is based on the

Arrhenius equation introduced previously.

In [23], the authors identified that at 40Hz, the EIS spectrum had almost no SOC
dependency at a given temperature, as shown in Fig. 1.18. The authors further transformed the
impedance spectrum into a bode plot and find that the phase-shift value at 40Hz could be used as

the signal associated with the temperature.
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Fig. 1.18: Impedance of a tested battery at 16°C with varying SOC

Considering the small SOC effect at 40Hz, the authors took an average of three phase
values at 20%, 50%, and 80% and plot the averaged values versus different temperature conditions.
As shown in Fig. 1.19, an Arrhenius relationship can be fitted, and the small error bars validate
the weak SOC effect. After formulating a model based on the fitted line, the internal temperature

of the battery can be estimated from a fast impedance measurement at 40Hz.

A similar approach could be found in [25], where the authors found that the intercept

frequency (phase lag is zero) had a strong relationship with the temperature. As shown in Fig. 1.20,
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the frequencies with 0 phase shift are temperature dependent. Since the interested frequency range
was high, the SOC effect was minimal. Fig. 1.21 shows the temperature dependency of such
frequency and an Arrhenius relationship can be seen, while the SOC effect is minimal. Based on

this plot, the internal temperature can be then inversely found based on the impedance bode plot.

2 40 0 10 2 3 40 % e 70
Temperature / °C
Fig. 1.19: Averaged phase shift at 40Hz of the tested battery vs. temperature
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Fig. 1.20: Impedance bode plots of the tested battery at different temperatures
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Fig. 1.21: Intercept frequency vs. temperature for the tested battery

The approach in [26] focused on the impedance spectrum at the very high-frequency range

where the SOC effect is small. The 10.3kHz impedance is then identified as the signal of interest.

Fig. 1.22 shows the Arrhenius relationship between the real part of the impedance at 10.3kHz and

the temperature, as the SOC effect is shown to be small.
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Fig. 1.22: Real part of impedance at 10.3kHz vs. temperature

Other signals have been also identified and investigated for their temperature dependencies

in the literature. However, the overall method stays similar, and the temperature relationship has

been identified following the Arrhenius equation. Such types of approach require extensive offline

characterizations, and the resulted relationship cannot be extended to other batteries. Also, the

internal temperature estimation is offline as well, requiring separate impedance measurements and

data processing.
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1.5.2 Electrochemical Thermal Modeling

The physics-based approach has been another way to estimate battery internal temperature.
This type of approach, when the model is computationally light, can be used online since the
electrochemical process generates heat inside the battery, and the internal temperature distribution

can be calculated given a known physical structure of the battery.

There are two difficulties when formulating such electrochemical thermal models. One is
the calculation method used for heat generation, and the other is the identification of various

physical parameters both in the electrochemical domain and in the thermal domain.
1.5.2.1 Lithium-ion Battery Internal Heat Generation

There are three main heat sources inside the battery: interfacial kinetics, species transport,
and ohmic heating from the movement of charged particles. In [30], several different methods
calculating overall heat generation inside a battery were discussed. (1.16) provides a detailed
expression for battery heat generation based on energy balance, where the first term is the battery
electrical power produced, the second term is a combination of producible reversible work and
entropic heat, and the third term is the heat generated from mixing.

dUI avg

q=-1V- ST 57

d ij : :
+ Zﬁ[JVjZiCinTZa%ln _YJT)de] (1.16)

d
LN 2= _J_
+ 3 2il(AH;j - RT dTInYavg u) ]

The heat generation calculation has been approached by integrating local heat generation
and can be divided into different electrodes. (1.17) is another form of the heat generation
calculation based on energy balance excluding the entropic heat effects. (1.18) is an area
differential form of (1.17). In (1.18), it shows that variables such as overpotential 1,

solid/electrolyte phase potential ¢ are included, and this means that a physics-based thermal model
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is highly coupled with the physics-based electrochemical models introduced in the previous

section.
q = -y(C@inUnidv) - IV (1.17)

" d d
-q = i(Ma+ Ads) +J(@inmc - il% - iz%)dx (1.18)

A simplified form of (1.16) has been commonly used, in which the phase change and
mixing effects have been neglected. Such a simplified calculation method is shown in (1.19),
where U is the open-circuit voltage, OCV. The first term the heat generation due to overpotential

and the second term is the entropic effect.

q=1(U-V)- |(TZ—[TJ) (1.19)

Using (1.19) relies on the characterization of the entropic term, especially the change of
OCV with respect to temperature at different SOC stages, a.k.a. entropic coefficient. In [31], the
authors provided two methods to characterize the entropic coefficient. Based on (1.20), the
entropic coefficient could be either calculated by fitting the slope of OCV vs. Temperature at
varying SOC, or by measuring the reversible heat generation Qyey. Using “gradient heat flux sensor
(GHFS)”, Qreyv between charging and discharging could be measured. In Fig. 1.58, a typical plot

of entropic coefficient vs. SOC is shown.

From the plot one could find that at high SOC, the entropic coefficient was greater than 0
while at low SOC, it was less than 0. Also, the entropic coefficient did not have a clear trend
against varying SOC, and therefore extrapolation was needed to calculate the coefficient at any

SOC that was not characterized.

. _0U _ NFQrev (1.20)
AS =nFar =T
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Fig. 1.23: Entropic coeff. vs. SOC for the tested battery using different methods
With fitted entropic coefficients with respect to SOC, the heat generation can be calculated.
Different electrochemical thermal models have utilized (1.19) either in the exact form or a slightly-
modified form to calculate the heat generation, with the help of the electrochemical models

estimating battery terminal voltage.
1.5.2.2 Thermal Model Formulation

As shown in the previous section, the basis for battery thermal modeling was to calculate
the internal heat generation accurately, and this required either accurate battery electrode potential
modeling in the porous electrode models or accurate battery terminal voltage modeling in the
lumped parameter models. Especially when electrode potentials are needed for the heat generation
calculation, physics-based electrochemical models introduced in 1.4.2 are needed and therefore
coupled with the thermal model. In fact, these two types of models are cross-coupled since the
internal temperature estimated by the thermal model can be further fed back in the electrochemical

models, i.e., in the Butler-VVolmer electrode kinetics equation.

There has been extensive research conducted coupling the electrochemical model and the
thermal model. Different degrees of model complexity have been chosen to formulate either model

to achieve a balance between accuracy and overall model complexity.

In [33], the P2D lithium-ion battery electrochemical model was extended by adding the
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thermal effects. The total reaction heat generation Qyxn, the total reversible heat generation Qyey,
and the total ohmic heat generation Qonm Were all included to model the thermal effect given by
the energy balance equation in (1.21). Qxn is the heat generation by overpotential, Qyey is the heat

generation due to entropy change, and Qonm is calculated as in (1.22). The boundary conditions

for this thermal model followed convection shown in (1.23) and (1.24).

PCp%_I = X% + Qrxn + Qrev + Qohm (1.21)

Qotm = e A + ke 7 + (1.1 2 (122
-x%xzo =h(T, - T) (1.23)

-KZ_le:Lp+|_S+Ln =h(T - To) (1.24)

In Fig. 1.24, the battery surface temperature progression during discharge is shown with
different constant discharge current rates. The simulations were performed in the COMSOL
environment, showing the capability of coupling thermal model with the existing electrochemical

model.

In [32], the authors formulated the electrochemical model using a reformulation of the
existing complex porous electrode pseudo three-dimensional (P3D) model. The thermal model
developed was a 2D model with carefully-structured boundary conditions, ensuring its convenient
coupling with the electrochemical model. The authors utilized Chebyshev-based orthogonal
collocation and several other numerical methods to reformulate the P3D model (RFM), and
compared both the electrochemical model results and thermal model results with a previously-
developed P2D model in the COMSOL simulation environment, as shown in Fig. 1.25. The RFM

had similar model accuracy compared to the P2D model but took much less time to simulate.
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Fig. 1.24: Battery surface temperature simulation results during discharge with various rates
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Fig. 1.25: Results comparison between RFM and P2D models

In [34], the electrochemical model selected was the single-particle model, a reduced-order
model from the P2D model. The thermal model coupled was also reduced by neglecting the ohmic
heat generation term. The simplification was acceptable since heat generation due to overpotential
activation and entropy change accounted for most of the heat generated. By simplifying both the
electrochemical and thermal models, the model complexity and computational requirement were
both reduced. It is shown in Fig. 1.26, the accuracy of the thermal model based on the single-

particle model did not deteriorate compared to that based on the porous electrode model.

A similar coupled electrochemical-thermal model has been extended to model lithium-ion



39

battery packs in EV applications [35]. Under different drive cycle profiles, the modeled battery
surface temperature was compared with the measured temperature and shows good accuracy, as

shown in Fig. 1.27.
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Fig. 1.26: Cell temperature estimation comparison between SP and PP models (1C discharge)
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Fig. 1.27: Cell surface temperature model results under different drive cycles

However, [31] - [35] all assumed the core temperature of the battery was the same as the
surface temperature and did not consider the temperature distribution inside the battery because of

the heat flux flowing from the inner center of the battery to the battery surface.

Considering the physical structure of a battery, [24] developed a lumped-parameter thermal
model for a cylindrical battery. In order to validate the thermal model, a customized thermal

sensing setup was made, and a thermocouple was inserted into the battery, as shown in Fig. 1.28.
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Thermal circuits were formulated to show the thermal loop inside the battery. In Fig. 1.29, both a

detailed thermal equivalent circuit and a simplified thermal equivalent circuit are shown.
(a)

Surface-mounted
thermocouple

ﬁ/ Thermocouple

! /| inserted inside
i the battery

S

Fig. 1.28: Battery with inserted and surface mounted thermocouples

Fig. 1.29: (a) Complete battery thermal circuit; (b) Simplified battery thermal circuit

The heat generation calculation in [24] included both the overpotential term and entropy
term, while instead of using a separate electrochemical model to estimate the battery voltage, the
measured battery voltage was used, with a sampling frequency at 100 Hz. Based on the equivalent
thermal circuit, the core temperature of the battery was estimated and compared with the measured
temperature data with the current/voltage data collected after a consecutive-pulse test. The model

showed good accuracy with less than 1°C error, shown in Fig. 1.30.
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Fig. 1.30: Battery core temperature estimation result and error

Moreover, a coupled electro-thermal model was developed in [37] with the lumped model.
The electrical model used for battery voltage estimation was a 2RC model, and the thermal model
was formed similarly to the simplified thermal circuit in Fig. 1.29 (b). Thermocouples were placed
on the battery surface and inside the battery to validate the model. After characterizing all the
parameters of both the electrical equivalent circuit and the equivalent thermal circuit, medium-
dynamic cycles were performed on the test battery to validate the model. Estimated battery voltage
from the electrical model was fed into the thermal model to estimate both the surface temperature

and core temperature. In Fig. 1.31, the current profile, SOC profile, and the FFT of the current are

shown for the validation experiment.
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Fig. 1.31: Tested cycle profiles (Current, SOC, Current FFT)

Validation results for the electro-thermal model are shown in Fig. 1.32, yielding good
agreements with the measured voltage data and measured surface/core temperature data. It shows
that with carefully-characterized parameters, electrical equivalent circuit model can provide
accurate voltage estimations as accurate as the electrochemical models. Also, the estimated voltage

can be further fed into the thermal model for internal battery temperature estimation.
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Fig. 1.32: Electro-thermal model results compared to measured data

1.5.3 Battery Thermal Model Using FEA Methods
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Another thermal modeling approach is through finite-element analysis using specific
software. This type of modeling has been offline and usually provides steady-state results. These
results can be further analyzed to understand battery thermal limits and optimize battery thermal

management strategies or battery material selection.

Since FEA is not the focus of this thesis, it will not be discussed in detail. An example from
[36] showed the steady-state temperature distribution across the battery physical structure after a

high current cycle, shown in Fig. 1.33.
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Fig. 1.33: FEA result of the temperature distribution after a high current discharge

The biggest advantage of the FEA approach is the access to the temperature distribution in
the battery, while the other modeling approaches only provide a lumped single-point temperature
estimation. On the other hand, the disadvantages using FEA include 1) its long simulation time,

and 2) its limit for offline simulations.

1.6  Lithium-ion Battery State Estimation

As the lithium-ion batteries are widely used for various applications, monitoring battery
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internal states’ status becomes crucial for adjusting the controls of the load dynamically to
optimize the usage. Several battery internal states have received the highest attention, including
state-of-charge (SOC), state-of-power (SOP), state-of-energy (SOE), and state-of-health (SOH).
The biggest difficulty is the fact that there has been no direct measurement of these internal states,
and therefore different modeling, estimation, and statistical analysis techniques are required and
have been investigated extensively in the literature. Among these internal states, SOC, SOP, and
SOE can be categorized as the short-term states since they change much more often than the long-
term state SOH. Since these short-term states are not of high relevance to this thesis, the associated

estimation techniques will not be discussed extensively.
1.6.1 State-of-Charge (SOC) Estimation
One of the most studied metrics in a battery management system (BMS) is the SOC. For
an EV application, the keen interest on the SOC metric is due to the perceived utility of the SOC
in predicting the remaining battery use time/vehicle mileage until depletion. SOC estimation

techniques in the literature have been divided into four main categories:

1. Coulomb counting

N

Voltage-based methods

w

Impedance-based methods

B

Empirical data-driven methods
1.6.1.1 Coulomb Counting

The most direct method to estimate SOC is coulomb counting. Assuming a fixed amount
of charge, Qtotal, IS available after the battery is fully charged, the SOC can be calculated as in

(1.25).

soc = etal = Qout 0 (1.25)
Qtotal

However, one difficulty for characterizing Qiotal iS that different discharge current
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magnitudes would result in different available charges before the battery voltage crosses the lower
voltage safety limit. Therefore, even though the theoretical total available charge is usually fixed

for a battery, in an application scenario it needs to be somewhat modified to avoid overestimating

SOC. One can refer to [39] for an example using the Peukert modification to calculate Qiotal.

A couple of other issues regarding coulomb counting included 1) current sensor error, and
2) imperfect coulomb efficiency during charge [40]. Methods to reset the coulomb counter and

prior information about coulomb efficiency may be needed to mitigate these two issues.
1.6.1.2 Voltage-based Methods

The most common methods used to estimate SOC has been estimating the OCV of the
battery and correlating the OCV to the SOC value since the OCV-SOC relationship is based on
thermodynamics and can be treated as fixed. The preparation for such methods requires an
experimentally determined OCV vs. SOC curve, recording the OCV of the battery after resting the
battery for a couple of hours at different SOC. After the formulation of the curve, while the battery
is under loading, various methods involving observers and/or filters have been developed to
estimate the OCV based on the measured battery terminal voltage, loading current, and/or
temperature. Subsequently, the SOC is estimated by looking up the corresponding OCV on the

predetermined curve.

The standard methodology sequence is first to formulate a battery through either ECM or
electrochemical approaches, then record measurements at every sample instant and estimate the
state by the developed analysis method at that sampling instant. The most commonly used filter
approach is the Kalman Filter (KF). The KF can be divided into both the Linear KF and the
Extended Kalman Filter (EKF), suitable respectively for linear state space models and nonlinear
state space model. [41] contained the computation sequence using the KF at any sampling instant,
including a “predict” step and a “correct” step. Such sequence was the same for both linear and

nonlinear KFs. In Fig. 1.34, the flowchart including the matrix calculation for an EKF is shown.
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(1) Compute the Kalman gain

K, = PyHI(H P HT + VR VIY
(2) Update estimate with measurement z;

%, = 3+ K (z,-h(3},0))
(3) Update the error covariance

P, = (I-K,H)P,

Fig. 1.34: Flowchart for a nonlinear Kalman Filter at any sampling instant

Based on this flowchart, G.L Plett has developed the voltage-based KF approach for

lithium-ion battery state estimation [42], which laid the foundation for almost every subsequent

state estimation method development using the KF. ECM was used, and a sample result of the

SOC estimation is shown in Fig. 1.35.

In the literature of recent battery SOC estimation research, the KF has been commonly

used, despite minor changes regarding the filter structure and the battery model are made. There

have been also few cases where Particle Filter is proven to be effective.

For example, in [43], an estimation method for SOC using the Particle Filter was

developed, where unlike the KF, the noise was no longer assumed to be Gaussian. The performance

of both the SOC and SOH estimations is shown in Fig. 1.36 with a photovoltaic current profile as

for a grid application. The SOC estimation was accurate compared to the reference measured and

calculated by coulomb counting.
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Fig. 1.35: Drive cycle current profile & SOC estimation using the particle filter
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Fig. 1.36: SOC/SOH estimation results using a Particle Filter

On the other hand, SOC estimation technique based on observers have been investigated.
Formulating the battery model with a state-space modeling approach provides opportunities to
apply modern control methods such as sliding mode observers and nonlinear observers for state

gstimations.

For example, in [44], a sliding mode observer was connected to a 2RC battery ECM. The
adaptive switching gain sliding mode observer (ASGSMO) system is shown in Fig. 1.37, and a

good SOC estimation result is shown in Fig. 1.38 for a suburban drive cycle.

BECM
n " I Parameters extraction
—| Defined discharge current profiles ’—’ (al, a2, a3, ad, b1, b2, b3) i
I . On-line
ASGSMO

Estimated voltages Vt, Voc, Vpe and Vpe
It Adaptive switching gains

LiPB

Ah counting module True Estimated
SoC SocC

Fig. 1.37: Flowchart using ASGSMO for SOC estimation
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Fig. 1.38: SOC estimation performance during a suburban drive cycle

Alternatively, nonlinear observers can be constructed based on either ECM or
electrochemical models. In [45], the authors developed the SOC estimation method using
nonlinear observers based on a 1RC ECM. In Fig. 1.39, it shows a comparison of the SOC
estimation performance using an EKF, a sliding mode observer (SMO), and a nonlinear observer
(NLO), where the NLO shows similar performance as the EKF and better performance than the

SMO.

As mentioned, the state space model can be constructed based on either an ECM or an
electrochemical model. When constructing using the electrochemical model, the complexity is
significantly increased. In [46] for example, a nonlinear SOC observer was developed based on a
P2D electrochemical model. Both the state space model and the observer structure became much
more complicated than those in [45]. However, the observer could not only provide SOC
estimation, but also estimate other electrochemical states such as concentrations. This
improvement provided deeper insight into the process inside the battery than using the ECM. The
SOC estimation result is shown in Fig. 1.40 for an AUDC drive cycle, in which a good agreement

between estimation and reference was achieved barring a rather slow initial convergence.
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Fig. 1.39: Flowchart for a nonlinear Kalman Filter at any sampling instant
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Fig. 1.40: SOC estimation performance using a NLO with an electrochemical model

1.6.1.3 Impedance-based Methods
For various types of batteries, impedance-based methods have been proposed to estimate
SOC. The background of this method has been to measure the impedance spectra at different SOCs
beforehand, and later correlate the measurements with the SOC values as determined by the

coulomb counting method. Several parameters have been proposed as candidates for the SOC
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indicators. These included the high-frequency resistance, the resonant frequency, and the voltage

relaxation time constant [47] [48] [49][50].

There are a couple of disadvantages for the impedance-based SOC estimation methods.
The first one is that measuring impedance at different frequencies requires specific EIS apparatus,
and the battery needs to be at no load condition. This limits such a method to be performed offline
and thus is less appealing compared to the dynamic estimation using voltage-based methods.
Another disadvantage is that the impedance measurements could be polluted by factors other than
SOC, such as temperature and aging. This leads to an inaccurate estimation of the SOC and

therefore undesirable for many applications.
1.6.1.4 Data-driven Methods

While filter approaches are more common for SOC estimation, data-driven methods such
as neural networks have been used to represent a complicated state transition process that a
battery’s SOC represents. This genre of methods first constructs the structure by selecting suitable
input variables, as in time series. Such variables include battery terminal voltage, load current,
temperature, and/or SOC value from the previous sample instant. The output is usually the SOC
value of the next sample instant. By gathering voltage, current, temperature data, as well as the
calculated SOC values based on Coulomb-counting for a wide range of different experiments, the
neural network is then trained, leading to the convergence of all the hyperparameters inside the
complex network. After the training, with the hyperparameters fixed, the ANN then predicts the

SOC for the next sample instant from the inputs.

In the literature, artificial neural networks (ANN) with different structures have been
developed for SOC estimation of different battery types. One example of an estimator for SOC
using a recurrent neural network (RNN) structure could be found in [58]. The network structure is

shown in Fig. 1.41.
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Fig. 1.41: RNN structure for predicting Li-ion cell SOC

After the successful training of the RNN shown above, the validation results of SOC

estimation, as well as the estimation error, is shown in Fig. 1.42, achieving good estimation

accuracy.
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Fig. 1.42: SOC estimation validation results and the error

A similar structure was used for the case of lead-acid batteries, where both battery voltage

and SOC are outputs [59]. Compared to [58], more layers were introduced, so the ANN was multi-

layered, commonly seen for Al deep learning. Also, each layer contained more neurons, trying to

compensate for the more complex electrochemical process inside the lead-acid battery. The multi-

layer structure is shown in Fig. 1.43.
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Fig. 1.43: RNN structure for predicting lead-acid battery voltage and SOC

Other research in the literature proposed several other neural-network-related approaches
for battery SOC estimation. [60] proposed a method to predict the end of discharge of lithium-ion
batteries using a combination of the particle filter and the neural network with radial basis
functions instead of the conventional sigmoid basis functions. Fig. 1.44 shows the estimation

performance of this proposed method.
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Fig. 1.44: Remaining time to discharge estimation

In [61], a neuro-controller was also included in the proposed structure together with an
ANN-based battery system model. In Fig. 1.45, the combined structure is shown, while the ANN-
based battery system model predicted battery voltage and self-tuned the parameters based on the
measured data, and the neural-controller helped predict the SOC. Both battery voltage and SOC

were accurately estimated, as shown in Fig. 1.46.
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Other ANN-based models were also developed to consider the effect of battery aging. One

can refer to [62] for details.
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Fig. 3. Adaptive online SOC determination model.

Fig. 1.45: Combined ANN-based battery model and neuro-controller
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Fig. 1.46: Voltage and SOC estimation results compared to measured data
1.6.2 State-of-Power/Energy (SOP/E) Estimation

For a battery to fulfill its tasks, it not only requires the battery to have sufficient stored
charge, but also requires the battery to have enough power capability and remaining energy to
sustain the operation. SOP and SOE estimations become important for power applications such as
in automobile industry, where an EV is built to have desirable range, as well as good power ratings.
On the other hand, SOE is directly correlated to the remaining range of an EV. With the fast

development of the EV industry, an accurate SOE estimation gradually becomes more important.

1.6.2.1 SOP Characterization and Estimation

Two metrics characterize battery power capability: state-of-function (SOF) and state-of-

power (SOP). SOF was first introduced in [64], and since then, various definitions of SOF have
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been proposed [63] [64] [65], which have been all related to the battery power capability. The SOF
represents a binary yes/no answer to the question whether the battery can fulfill its task, while the

SOP is a signal representing how much power is available. The SOF and SOP are defined as the

following.
1 if Vimin = Viimit
SOF={ . (1:26)
0 if Vimin < Viimit
Viimit(Vocv = Viimi
. limit( OEV limit) (1.27)

Vmin is the minimum voltage reached when the battery is under load, Vimit is the low
voltage limit specified by the battery manufacturer, and R is the steady state resistance of the
battery under the linear circuit model assumption. The definitions in (1.26) and (1.27) are for the
discharging limit, while the charging version can be derived similarly. The HPPC test proposed by
the FreedomCAR consortium has been the most straightforward short-term power capability tool
[92]. By observing the voltage drop during the fixed-time current pulse at various SOC, the

resistance and OCV for the associated condition can be used to help predict power performance.

Moreover, there has been some research investigating different estimation methods for

battery SOP during operation. The approaches have been divided into two categories [66]:
1. Methods based on adaptive characteristic maps (CM)
2. Methods based on ECMs

The methods based on CMs require extensive experimental characterizations, generating a
look-up table of static interdependences between battery power capability and various battery
parameters and states. Such parameters and states include SOC, temperature, duration of the power
pulse, required power, and battery voltage. Such characterization tests include HPPC tests and EIS

tests.

The biggest advantage of using CMs is its simple implementation and clear characteristics.

However, such methods suffer from their uncertainty of the battery’s previous history as well as
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the potential lack of recognition of other parameters. An example lookup table is shown in Fig.
1.47, showing the dependency between the available power on battery current, SOC, and

temperature, for the tested battery.

& 8 o B8 8
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Fig. 1.47: Dependence of available battery power on battery current, SOC, and temperature

The other category of methods based on ECMs can be divided into: 1) Kalman filter based
methods, 2) least-square-based methods, and 3) other adaptive filters and observer methods.
Kalman filter based methods are the most commonly used methods. At any sampling instant, the
Kalman filter provides estimations of the states in the ECM. Based on the parameters and estimated
states of the ECM, one can calculate the possible minimum voltage the battery could reach, or the
potential maximum loading current the battery could have at the next sample instant. This
estimated voltage can then be compared with the voltage limit and determine whether the battery’s
power capability reaches the limit. Alternatively, one can calculate the maximum possible current

given the battery voltage limit.

In [68], a 1RC ECM was used, and the Kalman filter was applied to estimate OCV and the
resistance of the battery at any sampling instant. The estimated maximum current or minimum
current at next sample instant depending on charging or discharging was then calculated. In Fig.
1.48, it shows the charge/discharge current limit, and the associated charge/discharge power limit

during a FUDC drive cycle.
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Fig. 1.48: Estimated current limit and SOP during a drive cycle

A similar approach using 1RC ECM could be found in [68], and another approach applying
the Kalman filter on a differently structured ECM was shown in [69]. A nonlinear Butler-Volmer
(BV) circuit element is used to replace the RC component in the ECM. The resulting SOP
estimation was more temperature compatible and smoother regarding noise compared to using RC
ECM. The comparison is shown in Fig. 1.49 and the BV model resulted in more accurate and

stable SOP estimation, especially at low temperatures. This was because the battery resistance

shows high nonlinearity at low temperatures.
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1.6.2.2 SOE Estimation Methods

Unlike SOC estimation, SOE estimation recently started to draw research attention due to
the fast growth of the EV industry. There has not been much research done to investigate SOE
estimation techniques. As the SOE estimators are intended mostly for onboard implementations,
it requires a fast computation speed while maintaining acceptable reliability. Like the SOC
definition, SOE is defined as in (1.28), where Ey is the nominal battery energy. However, the
integral of power suffers from errors from both the current sensor and the voltage sensor, and Ey
can be different under different power loading conditions. Thus, other approaches to estimating

SOE have been investigated.

f: P(t)dt

SOE(t) = SOE(to) + OE—N (1.28)

Like SOP estimation methods, SOE estimation methods can be categorized into two types:

1) methods based on the characteristic maps (CM), and 2) methods based on filters.

In [70], a look-up table containing the remaining energy with respect to different starting
SOE and the operating discharge power was constructed based on experiments, as shown in Fig.
1.50. Though this look-up table was only valid for 25°C, it was validated to be effective estimating

SOE during a pure-discharge dynamic cycle at 25°C, shown in Fig. 1.51.

Another look-up table based SOE estimation could be found in [71], where experiments
helped construct graphs of the total available energy in terms of SOC and discharge current rates,

as shown in Fig. 1.52 and Fig. 1.53.



Fig. 1.50: Look-up table of rem. energy vs. initial energy and discharge power at 25°C

Fig. 1.51: Comparison between look-up table estimated SOE and cumulative calculated SOE
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Fig. 1.53: Look-up table of avail. energy vs. discharge current rates at different temperatures

Based on the correlation plots, a back-propagated neural network (BPNN) was constructed
linking voltage, current, and temperature to remaining energy (SOE). The BPNN structure is

shown in Fig. 1.54, and Fig. 1.55 shows a good agreement between the estimated SOE from the

trained BPNN and the measured SOE using accumulation of power.
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Fig. 1.54: BPNN structure for the SOE estimation
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Fig. 1.55: SOE estimation performance based on the BPNN
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On the other hand, another category of SOE estimation has been based on filter-based

methods. Different types of filters could be found in [67], [72], and [73]. In [67], an unscented KF

was applied based on the 1RC ECM model and the SOE estimation error of such model was kept

under 1% under the FUDS drive cycle, as shown in Fig. 1.56 and Fig. 1.57.
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Fig. 1.56: FUDC current profile and SOE estimation at diff. temperatures
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Fig. 1.57: ECM voltage model error and SOE estimation error at 10°C

An approach using central-difference Kalman filter (CDKF) could be found in [72], while

[73] used Particle filter approach. The SOE estimation performances in both cases were shown to

be effective. One can refer to the papers for details.

1.7  Lithium-ion Battery Aging Mechanism

As the Lithium-ion battery is widely used in the modern electronics area, as well as the

power source for electric vehicles and energy storage, its durability has been significantly

emphasized to improve productivity. Therefore, its aging mechanisms are worthy of extensive

review and investigation.
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Both the cathode and anode of a lithium-ion battery experience aging, and the mechanisms
can be different from each other [74]. In addition, electrolyte influences the aging at both

electrodes and ages itself mainly at the interface between itself and electrodes.
1.7.1 Aging of Carbonaceous Anodes

Though anode materials like lithium storage metals and alloys have recently been found
increased attention, a much more complete understanding of anode aging has been accomplished
with graphite-based cells [75]. In general, the aging effects are influenced by the different
chemistry and the nature of the specific cell components for different Lithium-ion batteries.
However, the physical theory behind dominant aging mechanisms of graphite anodes is similar
and will be discussed. It is pointed out that changes of the electrode at the electrolyte interface
and in the electrolyte, of the active material, and of the composite electrode including the current
collector, active materials, conductive additives, binders, or porosity, can be the sources of anode
aging with time and use [74]. Among these three different regions of sources, changes at the

electrode/electrolyte interface are believed to be the primary source of aging at the anode.
1.7.1.1 SEI Formation, Function, and Relation to Aging

During the first cycles of a lithium-ion battery, electrolyte decomposition occurs together
with irreversible consumption of lithium ions at the electrode/electrolyte interface as the electrode
is in the charged state. The decomposition results in the build-up of “protective layers” that cover
the electrode’s surface. At specific graphite surface sites, where intercalation/deintercalation
occurs between lithium ions and graphite structure, the layers there are called the solid-electrolyte-
interphase, SEI. SEI layers protect reduction of the electrolyte compounds and corrosion of the
charged electrode by approximately allowing lithium cations and electrons, but not other
electrolyte components, to permeate into the graphite structure [74]. However, throughout the
entire battery life, some charged and neutral species still diffuse through the SEI layer and these

result in irreversible charge capacities and self-discharge reactions. As a result, corrosion happens
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at the anode, and the electrolyte decomposes, causing electrolyte loss, SEI layer growth, and
battery capacity loss. As summarized in [74], SEI layer formations occur during the first few cycles
to protect the battery anodes. However, SEI conversion, stabilization, and growth occur during the

entire life of Lithium-ion battery usage, during which aging phenomenon happens.
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Fig. 1.58: Graphical demonstration of aging mechanisms at anode/electrolyte interface

Moreover, SEI thermal behavior plays an essential role when operating temperature affects
cell properties like power fade and impedance rise [76]-[77]. It is shown that SEI layer breaks
down or dissolves at a higher rate-of-degradations at elevated temperatures, while the
reconstruction of the damaged SEI layer produces inorganic components, reducing ionic
conductivity of the SEI layer for lithium [74]. A graphical illustration of the aging mechanism at

the anode/electrolyte interface is shown in Fig. 1.58:

1.7.1.2 Changes of the Active Material and the Composite Electrode

Besides the important aging mechanism happening at the SEI layer, minor aging effects
occur within the bulk of the active material, as well as the composite electrode. The changes within
the active materials mostly result in structural cracking or damage on the graphite. Examples
include graphite exfoliation and graphite particle cracking, because of solvent co-intercalation,

electrolyte reduction, or gas evolution inside graphite [78]. The aging effect within the composite
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electrode mainly is due to contact loss between carbon particles resulting from the volume changes
of the active material, and thus mechanical disintegration within the composite electrode.
Moreover, internal cell pressure and current collector corrosive both play a role in aging as well
[79] - [84].

In summary, Table 1.3 summarizes the aging mechanisms at the carbonaceous anode
describing causes, effects, and influences. It is shown in Table 1.3 that SEI layer growth appears
in most of the aging causes. Therefore, insight may be provided by a quantitatively model of the
aging mechanisms of a Lithium-ion battery, especially its anode aging, SEI layer thickness can be

a possible measure to take most of the aging causes into account.
Table 1.3: Lithium-ion battery anode aging — causes, effects, and influences [74]

Cause Effect Leads to Reduced by Enhanced by

Electrolyte decomposition Loss of lithinm Capaciry fade Stable SEI (additives) High temperatures
(— SEI) (Continmous side Impedance rise Power fade Rate decreases with time High SOC (low potential)
reaction at low rate)

Solvent co-intercalation, gas Loss of active material Capacity fade Stable SEI (additives) Orvercharge
evolution and subsequent (zraphite exfoliation)
cracking formation in Loss of lithium Carbon pre-freatment
particles

Decrease of accessible surface Impedance rise Power fade Stable SEI (additives) High temperatures
area due to contimous SEI High SOC (low potential)
srowth

Changes in porosity due to Impedance rise Power fade External pressure High cycling rate
volume changes, SEI Overpotentials Stable SEI (additives) High SOC (low potential)

formation and growth

Contact loss of active material Loss of active material Capacity fade External pressure High cycling rate
particles due to volume High DOD
changes during cycling
Decomposition of binder Loss of lithinum Capacity fade Proper binder choice High SOC (low potential)
Loss of mechanical High temperatures
stability
Current collector corrosion Overpotentials Power fade Current collector pre-treatment (7)  Overdischarge
Impedance rise Low SOC (high potential)
Inhomogeneous Enhances other
distribution of current and ageing
potential mechanisms
Metallic lithivm plating and Loss of lithium (Loss of Capacity fade Narrow potential window Low temperature
subsequent electrolyte electrolyte) (power fade) High cycling rates
decomposition by mefallic Li Poor cell balance
Geometric misfits

1.7.2 Aging of Lithium Metal Oxide Cathodes

Cathode materials affect Lithium-ion battery performance and calendar life significantly.

Lithium manganese oxides (LiMn204), lithium nickel cobalt mixed oxides (LI(NiCo)O>), and
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lithium cobalt oxide (LiC0O2) have been the most common cathode materials for Lithium-ion cells
[74]. Since the different aging mechanisms at the cathodes highly depend on the materials, some
basic aging mechanisms are summarized in this section.
Usually, the chemical reaction of the cell cathodes is described as following:
LiMeOy <> LixMeO2 + (1 - x) Lit+ (1 —x) e
As the insertion/extraction of lithium ions occurs during the reaction, several changes may
happen on the cathode that affect the lifetime of a lithium-ion cell. As stated in [74], there could
be aging of active material, degradation or changes of electrode components, oxidation of
electrolyte components and surface film formation, and even interaction of aging products with
the negative electrode. These different effects were found to occur simultaneously and cause cell
capacity fading in three ways [74]:
1. Structural changes during cycling
2. Chemical decomposition/dissolution reaction
3. Surface film modification
A comprehensive schematic overview is shown in Fig. 1.59 to describe aging mechanisms
for lithium-ion cell cathodes.
It is noted that though cathode aging mechanisms are difficult to quantitatively model due
to the following reasons:
1. Cathode materials vary based on cell type and therefore surface film components are
undetermined.

2. Structural damage could happen randomly in terms of both time and position and therefore

be difficult to physically model and quantitatively calculated.
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1.8 Lithium-ion Battery Degradation Metrics

To quantitatively represent the current aging state of any lithium-ion cell and improve
lifetime predictions, two primary degradation metrics, capacity and resistance, have been found

and evaluated to be appropriate.
1.8.1 Capacity and Capacity Loss as an Indicator of Degradation

Capacity loss is the most fundamental measurement of cell degradation. The capacity of a
cell is the number of amp-hours it can provide when taken from a fully charged state to a fully
discharged state at a specified discharge rate [92]. Capacity is a relatively easy battery
characteristic to measure and is often used as a benchmark for when a battery is no longer useful
as an energy storage device for an application. Often, the lifetime of a cell is specified as the
number of cycles until the capacity drops to 80% of its original value, but this threshold varies

based on the application.

The amp-hours amount required to charge a cell entirely is always higher than the available
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amount to be fully discharged due to different loss mechanisms. The difference is dependent on
the rate of discharge. The high discharge rate of 1C or more makes the cell reach the discharge
cut-off voltage prematurely due to the higher voltage drop across the cell internal impedance. As
a result, the cell shows significantly lower apparent capacity and could be misleading. Therefore,
when measuring capacity to indicate cell health state, it is necessary to compare the amp-hours
discharged with the same discharge rate and temperature, to be able to predict the capacity under

similar conditions.
1.8.2 Measuring Capacity

The capacity of a cell is theoretically a definite and measurable quantity. However,
temperature and discharge rate significantly affect the apparent capacity. As a result, the real
capacity is impossible to measure. Using very low currents will provide the best estimation of the
actual capacity, since the effect of the internal impedance will be negligible at very low currents

such as C/20, and temperature changes are small in such cases.

Practically, an entire charge-discharge cycle is performed at a controlled current rate and
constant temperature to measure cell capacity repetitively. However, performing a complete cycle
with a low discharge current rate is not desirable in most applications due to its time-consuming

nature. Therefore, other methods to estimate the capacity may be used.
1.8.3 Impedance as an Indicator of Degradation

Since direct capacity measurement is undesirable, it has been found that cell impedance
can be another useful metric to represent cell degradation states. It has been found that, for the
specific cells under investigation, the 1kHz impedance of the cell has a strong correlation to the
capacity and can be used to predict cell capacity [88]. For other cells, this frequency can be
different, but it always corresponds to the frequency in which the impedance of the cell is entirely

real, denoted as Rg in the following sections. This method does not require measuring capacity,

but instead uses the cell impedance at a specific frequency to represent cell degradation state. Fig.
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1.60 below shows the comparison between the 1kHz impedance and cell capacity during the cell

cycling.
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Fig. 1.60: Relationship between 1kHz impedance and cell capacity

Estimating the values of the different components in the model can be challenging. The
solution resistance, Rg , is approximately the impedance where the spectrum crosses the real axis
at high frequencies [19]. In addition, since EIS is based on a single frequency signal injection FFT
methodology, impedance responses at different frequencies are measured individually. To
characterize the degradation of a lithium-ion cell, Rg is measured since it is highly correlated to the
capacity [88]. Therefore, a limited spectrum form of EIS is sufficient if it contains the two
consecutive impedance points across the real axis. This adjustment could significantly improve the
sampling rate of measuring battery resistance. A complete EIS spectrum takes typically about 10
minutes to finish, whereas two frequency responses at around 1 kHz would only take seconds to

measure.
1.8.4 Impedance Spectrum Variations During Aging Process

Impedance characteristics of a cell change through cycling or storage and can be used to
quantify the amount of degradation within the cell. Since the cell capacity fades over aging process,
and there is a negative correlation between cell capacity and cell impedance, the real component

of impedance increases, and the semicircles become larger over time [5]. Changes in parameter
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estimates in the equivalent circuit after cycling can be used to identify what specific parts of
the cell experienced degradation. Fig. 1.61 shows a typical cell impedance spectrum shifting as

the cell experiences aging.
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Fig. 1.61: The shifting aging cell impedance spectrums [5]

It is also noted that there are several effects, such as state-of-charge (SOC) and temperature,
affecting cell impedance spectrum intrinsically. As a cell is being discharged, SOC of the cell
decreases, and cell impedance in low-frequency regions increases in both real and imaginary
components, while high-frequency impedances show slight changes. The high-frequency
impedance is dominated by inductance, which is almost entirely a characteristic of the cell
geometry and cables, and thus would not be expected to change [21]. The series resistance
corresponding to the electrode and solution resistance does not change as a function of SOC either.
The concentration of the solution ions remains constant as a function of SOC; therefore, its
resistance is not expected to change [21]. Fig. 1.62 shows the impedance spectrums of a typical
lithium-ion cell at different SOC. It is shown that the low-frequency impedances show much more

significant variations than that of the high-frequency impedances.
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Fig. 1.62: Impedance spectrum variations at different SOC [94]

Since factors such as SOC and temperature affect the impedance spectrum, it would be
more appropriate to perform impedance spectroscopy on a cell at the same SOC and temperature,
if one wants to compare the spectrum shift through the aging process. The impedance spectrums

would be incomparable if the other potential variables were not fixed.

1.9 Lithium-ion Battery Offline SOH (Degradation) Modeling Approaches

Since battery aging could lead to undesirable failure or even chemical pollution, the
capability to predict the aging performance of batteries has been widely investigated. There have
been a few classes of methods that are discussed in the literature. The most-used two types of

approaches are:
1. Statistical approach: Empirical fitting of aging metrics based on aging data

2. Physics-based approach: Constructing physics-based model to include secondary

reactions responsible for aging
Both approaches have respective advantages and disadvantages. Since this thesis focuses

on physics-based modeling, the statistical approach will be shortly introduced, and more emphasis

will be put into introducing physics-based approach.
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1.9.1 Statistical Methods for Aging Prediction

Statistical approaches relate the quantities of interests, such as SOC and temperature, with
other measured quantities, such as resistance and capacity, to describe battery aging performance.

This type of approach usually includes the following three steps [90][95][96]:

1. Operating batteries under specified test conditions. Test conditions are experimentally
designed based on the relationship interested, e.g., effects of SOC and temperature on

aging performance.

2. Periodic measurements of battery aging performance metrics, i.e., capacity and

resistance.

3. Using statistical methods such as curve-fitting and parameter estimation to analyze the
data. Fitted models could be used to predict battery performance in the future with

similar conditions.

A few examples of statistical approaches for aging performance predictions will be

introduced next to better explain both the advantages and the disadvantages of such approach.

In [95], Hochgraf et al. investigated the effect of cycling dynamics on lithium-ion cell
degradation. A total of six cells were studied, two repetitive cells for each of three different cycling
dynamics conditions. The three drive conditions included baseline dynamics, reduced dynamics,
and calendar storage. Fig. 1.63 shows that the reduced dynamics drive cycle could have had a
slower degradation compared to that of baseline dynamics. It is noted that in this study, resistances
were normalized and measured consistently at 50% SOC, and the temperature was kept at 400C.

These fixed conditions ensured the comparability of the results under different conditions.
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Fig. 1.63: Average normalized resistance at 50% SOC vs. time [95]

In another study, Ecker et al. investigated the effects of both calendar storage conditions
and cycling conditions on cell aging performance [90]. Based on their data, they concluded that
the storage conditions affect their cell degradation more significantly than cycling conditions. They
further developed a life prediction model for different storage conditions, which presented a
quantitative relationship between cell impedance and both the SOC of cells and the temperature
during calendar storage. Fig. 1.64 shows some of their results that lead to the observation on the

significant effect of storage conditions.
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Fig. 1.64: Resistance growth under different storage and cycling conditions [90]

As discussed before, temperature plays a vital role in influencing battery aging. Thomas et
al. presented a method to predict battery life with a statistical model based on the accelerated aging

process [96]. A statistical model was constructed based on cell resistance data with respect to both
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temperature and time. Such fitted model further helped predict cell resistance in the future at room
temperatures. Fig. 1.65 shows the resistance data and fitted curves under their experiments with

respect to different temperatures.
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Fig. 1.65: Resistance and fitted curves vs. time under different temperatures [96]

In summary, statistical approaches remain a powerful tool to analyze battery aging
performance. It bypasses the extreme difficulties regarding complex battery electrochemical
process modeling and high uncertainty on physical parameters involved in such process. It also
utilizes mathematical and statistical computation methods to better analyze the data and concludes
accurate and comprehensive results. It is usually oriented to specifically investigate cell aging
performance with respect to interested variables, which had been proven significant to aging
characteristics. As a result, it has a drawback that such approaches require specifically designed
experiments for specific conditions. One set of experiments could only help investigate one
specific variable. This feature also limits the capability of the statistical approach for prediction,

because any prediction will be constrained by the variable investigated previously.
1.9.2 Physics-based Approaches for Battery Aging Prediction
Physics-based modeling on the electrochemical process happening inside a battery has

recently become an attractive research area. It helps relate theoretical electrochemical phenomena,

such as diffusion and charge transfer with terminal characteristics measurements, such as voltage
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and current. Doyle, Fuller, and Newman first published their work on developing a physics-based
model for the battery electrochemical process in 1993 [22]. Other physics-based models that may
focus on other applications have been developed using this original model as the starting point.
Moreover, physics-based models to describe battery degradation are extensively investigated as a
critical extension of Doyle, Fuller, and Newman’s work. In the following, the derivation of

Newman model is summarized using the original notation.

Since Newman’s battery model published, extensive works have been done to improve
battery performance simulation techniques. As lithium-ion cells become the most popular battery
used in electric vehicles (EV) and hybrid EV applications nowadays, aging of lithium-ion cells
becomes more of a concern. As a result, there has been a need for developing lifetime prediction
methods for lithium-ion cells. Physics-based models based on a physical description of the aging

phenomena are a significant part of these methods.

Physics-based models usually are divided into two groups. One is called as
“phenomenological”, where aging sources are described with several governing equations and
interact directly with other model features. The other group uses mathematical models based on
pristine cells, and some of the model parameters are updated through separate experimental
relationships or statistical curve-fitting [97]. Between the two groups, phenomenological physics-
based models describe the battery aging characteristics more comprehensively, yet have a more
complex structure. The real battery system is too complicated to be analyzed thoroughly, and some
aging sources like structural degradation of active materials are challenging to model. As a result,

most physics-based models focus on a single aging source [97].

Before summarizing the work has been done on modeling lithium-ion battery aging, a list
of the symbols, subscripts, and superscripts for the rest of this section is introduced in the following

table.
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Table 1.4: List of symbols and subscripts used in [22][97][98][99][100]
Symbol Interpretation Unit
a interfacial area per unit volume em-1
Aanode anode area cm?
- . mol
Ceq equilibrium solvent molar concentration 3
m
mol
CLi lithium concentration in the carbon electrode 3
m
— - mol
CLi_max maximum lithium concentration in the carbon electrode 3
m
o mol
Cp product molar concentration in the SEI phase 3
m
mol
Cs concentration in solid 3
m
D the diffusion coefficient of electrolyte in the polymer and m_2
s of lithium in the solid matrix S
. . A
i the current density )
m
) A
Io exchange current density _2
m
C
F Faraday’s constant = 96487 a
) ) ) ) A
J1 local current density for intercalation reaction _2
m
) ) ) A
Js the current density of the solvent reduction reaction _2
m
k the proportionality constant /
Ko the rate constant for solvent reduction ms’t
L SEI thickness m
M, the molecular weight of the newly formed surface film kg mol
number of electrons transferred in the electrode reaction /
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the initial number of moles of lithium available for

No cycling mol
N moles of lithium lost mol
Qs capacity loss Cm?
R universal gas constant = 8.3143 )
mol K
Rp the resistance of the film products Qm?
Rfiim film resistance at the electrode/electrolyte interface Qm?
t time S
T temperature K
T, total parasitic reaction time S
U open-circuit potential V
\Y the terminal voltage \Y/
X fractional capacity loss /
X SEI electronic conductance mho
Z, stoichiometric coefficient of Li in P /
o anodic and cathodic transfer coefficients /
A a constant in the similarity solution /
pp the density of the newly formed surface film kg m3
Ns overpotential for the solvent reduction reaction \%
[0) the local potential of a phase \%
Subscript Interpretation Work Cited
n the normal direction [97]
S side reaction [97]
p active material particles [97]
0 exchange current density [99]
c the cathodic reaction [99]
1 solid phase [100]
2 solution phase [100]
J n (negative electrode), p (positive electrode) [100]
ref reference [100]
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Darling and Newman first tried to model side reactions that cause lithium-ion battery aging
by introducing a solvent oxidation reaction into the lithium-ion battery model [98]. They adopted
Newman’s previous work on physics-based modeling of battery [97] and identified electrolyte
oxidation during electrolyte decomposition as the failure mechanism of lithium-ion cells. In [97],
a positive electrode was the focused electrode for analysis and the failure mechanism proposed is
as following, where the perchlorate anion oxidizes in propylene carbonate on porous platinum
around a specific range of voltage.

ClO4- 2> ClOg+e > ClOy + 204 + €

The adsorbed oxygen was suspected to be consumed in the oxidation of the propylene
carbonate (PC) and resulted in the loss of active materials, as well as structural damage, such as a

gas leak.

The proposed model adopted (1.29) described the intercalation of Li* following the Butler-
Volmer kinetics and calculates the current density of primary reactions. In addition, since the
potential of interest in their work was far from the equilibrium potential, they modeled the side

reaction with Tafel kinetics:
(lsF(V'Us)

ins = iOseXp(T) (1.29)

This side reaction equation allowed calculation on side reaction current density. Based on
conservation of charge, a relationship was proposed between the divergence of the current density
in the electrolyte phase and the reaction rates of both the primary and secondary reactions.

Vi =apip + agis (1.30)

Results from [98] showed some self-discharge processes in the cells under consideration,

where self-discharge processes represented the PC oxidation and caused failure. Some of their

results are shown below in Fig. 1.66 and Fig. 1.67.
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Fig. 1.66: Self-discharge of cell b52 after a galvanostatic charge at 30uA/cm? to 4.3V [98]
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Fig. 1.67: Comparison of an anodic scan of b62 to the calculated side reaction current density

Fig. 1.66 shows that the cell suffered a self-discharge process, where its potential
continually dropped after fully charged and even had a significant drop at about 4.15V. Meanwhile,
Fig. 1.67 shows a comparison between the total current and the calculated side reaction current,

where side reaction current could be up to 20% of the total current at high voltage.

After Darling and Newman published their work on modeling aging states of lithium-ion
cells, research on this area has been widely recognized and developed. Ploehn et al. in [99]
presented a “solvent-diffusion” model to predict capacity fading of lithium-ion cells during storage
at different temperatures. They proposed the failure mechanism as that even though solid-
electrolyte-interface (SEI) between the electrolyte and negative electrode primarily serves as a

crucial passivating layer to minimize reduction of electrolyte components, some “poor” electrolyte
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reduction accumulates on the SEI film, causes the SEI layer to grow, and results in lithium-ion cell
aging [98]. This phenomenon backs the model that uses SEI layer growth as the metric to describe
the cell degradation states. Therefore, the rate of lithium loss is proportional to SEI electronic

conductance as in the following (1.31).

dNL

dat - kX (1.31)

The aging mechanism diagram in [99] is shown in Fig. 1.68, and the model assumes a two-
electron reduction at the carbon-SEI interface:

S+2e +2Li">P

where, S is the solvent component and identified as ethylene carbonate (EC), and P is an

insoluble product of either Li.COs or lithium alkyl carbonates based on EC concentrations level.

SEI Electrolyte

S+2e +2Li' ——P

L() 0

Fig. 1.68: Schematic of SEI growth via solvent diffusion [98]

In [99], the planar symmetry of the anode was assumed, and Fick’s second law of diffusion

(1.32) was also utilized to describe the solvent diffusion through the SEI.

0Cs aZCs
ot = Dsop (1.32)
By applying the boundary condition that cg = 0 at z = L(t), a relation between the SEI layer

thickness and storage time was proposed, as shown below.

L(t) = 2/Dst (1.33)
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A square root relationship was found, and since the capacity loss was linearly proportional

to the SEI layer thickness, the partial capacity loss was calculated according to (1.34).

22 C Aanode)\,
x(t) = —p—p,\lo—\ [Dgt (1.34)

Based on this square root relation, simulation results were compared with experimental
results with lithium-ion cells stored with a constant voltage. Simulation results for different
temperatures during storage were also compared with experimental results. The results are shown

in Fig. 1.69 and Fig. 1.70. The simulation results agreed with the experimental results in all cases.
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Fig. 1.69: Measured capacity loss and estimated SEI thickness vs. time stored at 3.9V [99]
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Since in [99] no secondary reaction related equation was used to model capacity fading,
Ramasamy et al. used similar modeling principles in [99], to improve the model to include
secondary reaction equations, and develop a physics-based model to predict the lithium-ion cells
capacity loss in carbon electrode during storage [100]. The aging mechanisms in [100] followed
what had been stated in [99], that the two-electron reduction process of ethylene carbonate on the
carbon anode into insoluble product caused the aging. As a result, SEI layer thickness increases

and can be used as the metric to describe lithium-ion cell degradation states.

In this work [100], the solvent reduction reaction was modeled in a similar way as (1.29)
with Tafel Kinetics, since the potential window of interests is far from the reversible potential for

EC reduction.

s = Jog(— e (-
s = SO(CLi_max) EXIO(-RTns) (1.35)

Jso = nFko CLiZ(l'aC)
The relationship between the lithium concentration and side reaction current density was
also bounded by the fact that the lithium depletes as fast as the solvent reduces, as shown in (1.35).
This led to (1.36), where the rate of lithium concentration decreased was proportional to side

reaction rate.

1dei _ Js
Adt nF

(1.36)

Moreover, the loss of active lithium-ions per unit surface during storage could be estimated

by summating the side reaction current density over time.
T

Qs = fs\]sdt (1.37)
0

The SEI layer thickness was then calculated by relating the total occurrence of lithium-ion

loss side reaction to SEI layer component physical parameters.
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(1.38)
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Following the model presented, Ramasamy et al. carried out a set of simulations, where

several lithium-ion cells were stored under different SOCs. The plots in Fig. 1.71 showed a square

root trend, which reasonably agreed with their previous work in [99].
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Fig. 1.71: Simulated capacity loss due to the self-discharge of the carbon electrode [100]
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Except for the storage conditions, Ramadass et al. also considered the cycling scenario for

lithium-ion cells and developed first principles of a capacity fade model for both the storage and

cycling conditions [101]. It is noted firstly that this model used a similar thought process as

introduced in [100], and both works assumed no transport limitation for the solvent across the SEI

layer, i.e., the solvent was assumed to be abundant at the electrode. Secondly, this model assumed

the same aging mechanisms used in [99] and [100].

In [101], since the test cases were no longer limited to storage, the primary reaction during

battery cycling needed to be considered as well. Butler-VVolmer kinetics were used to describe both

the lithium-ion intercalation reaction, i.e., primary reaction, and the solvent reduction reaction.

These two Butler-VVolmer dynamic systems were considered separately. Therefore, an important

assumption was made that the local volumetric charge transfer current density was defined as a
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superposition of the intercalation and side reaction current densities. This relationship is given by
J=J1+Js (1.39)

Both primary reaction and side reaction current density were then calculated by the Butler-

Volmer kinetics expression and Tafel kinetics expression with irreversible reactions. The

expression for the primary reaction is listed in (1.40), and the expression for the secondary reaction

was given in (1.35).
. njFk njFk
1 = gjiojlexp(-uajar) - explacimr)]

i0j = Kj(c1jM - ¢1j%)%a(c1j5)“Ci(c2) %) (1.40)

nj = @1 - 92 - Ujref - %Rfilm
j=np
In the expression to calculate the overpotential, the voltage drop due to the SEI layer was
included based on Ohm’s law and Rgm was a metric other than the capacity loss used to define
degradation state. Rgim was defined as a summation of the initial SEI layer resistance and the
increasing resistance portion caused by growing SEI layer thickness and is given by

Rfilm = Rser + Rp(t) (1.41)

The progressing resistance, Ry , relates to the growth thickness of the SEI layer and is given

Ofilm
Rp= k_p (1.42)

The mass transfer differential equation that was given in (1.36) was also incorporated in
this model to describe the solvent reduction reaction. The calculation of the capacity loss was the
same as introduced in (1.37).

Based on the model, Ramadass et al. simulated the aging process for lithium-ion cells with

different cycling cases. Some of their simulation results are listed in Fig. 1.72, Fig. 1.73, and Fig.

1.74.
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Fig. 1.72: Simulated discharge characteristics of lithium-ion cells for various cycles [100]
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Fig. 1.74: Cell cap. (Qp), cap. loss per cycle (Qs), SOC loss per cycle (01) vs. cycle[100]

The simulation results showed the capability of the model to describe two degradation
metrics, resistance, and capacity, during the aging process of lithium-ion cells. It is noted that in
[100][101], though lacking experimental evaluation of the proposed aging model, these models set

the foundation for subsequent research, in which experimental results were used to evaluate the
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model. Prada et al. followed the model Ramadass proposed and evaluated with storage aging
experiments on lithium-ion cells, specifically lithium-ion iron-phosphate cells [89]. Lithium-ion
cells were stored with different SOC with a fixed temperature, and the comparison between
simulation results and experimental results are shown in Fig. 1.75. The model was evaluated to be
reasonably accurate and can predict degradation states for the storage case. Prada.et.al later
improved the model by incorporating a thermal model that could be used to provide a more
accurate estimation of the battery temperature change during either storage condition or cycling
condition [91]. Some results in [91] for both storage and cycling conditions are shown in Fig. 1.76

and Fig. 1.77, and there is a good agreement between simulation results and experimental results.

The model approaches discussed in this section are often used for battery offline
degradation modeling. They provide insights on various aging factors and battery durability under
different loading conditions for different applications. These insights help the manufacturer

modify the cell designs to accommodate customers for different application requirements.
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Fig. 1.76: Sim. & exp. capacity loss @ diff. ambient temperatures [91]
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Fig. 1.77: Sim. & exp. capacity loss @ diff. cycling conditions[91]

1.10 Lithium-ion Battery Online SOH (Degradation) Estimation

Another set of SOH estimation technique is developed for online purposes. Based on the

data gathered during operations, different state estimation techniques have been developed to
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extract the information of the current health status of the batteries. As introduced in the previous
section, capacity and resistance are the two metrics indicating battery SOH. Together with the
direct SOH index estimation methods, these form the three categories of online SOH estimation

methods.
1.10.1 Direct SOH Index Estimation

In some research, the brand-new battery has been designated with a SOH index of 1, which
gradually decreases as the battery ages. As the battery is under loading, measured data are
collected, while some states or parameters are filtered at the same time. The researchers try to find

a correlation between one of these quantities and the SOH index.

For example, in [102], the authors proposed a method correlating the SOH index with the
diffusion capacitance in a 2RC ECM. They applied a generic algorithm (GA) on the measured data
gathered while the battery was under operation and estimated the diffusion capacitance value. The

overall GA parameter estimation process is shown in Fig. 1.78.
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Fig. 1.78: GA parameter estimation flow chart

Since the diffusion capacitance, Cgiff, was temperature dependent, they also proposed a
health index function in terms of both Cgyjff and the temperature, as shown in ((1.43), where

Cuiff_rat Was the rated diffusion capacitance at 25°C and other parameters in the equations were

pre-determined.
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(a1T2 + apT + ag) * Cyiiff rat
1000 * Cyiff

h = f(Cqifr, T) = ( + bo) * 100% (1.43)

Another example was shown in [43], where the authors incorporated the SOH index in the
standard coulomb-counted SOC calculation equation (1.44). C, was the rated capacity.
(Ibatt + &) * At
Ssoc_t=Ssoc t1+ g * C, (1.44)
By applying a particle filter on estimated SOC rate of change between samples, the SOH
index was then estimated. In Fig. 1.79, it shows both the SOC and SOH estimations for several
runs on the same data. The results showed stable and rather robust SOC and SOH estimation

performance.
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Fig. 1.79: SOC/SOH estimation results with the applied particle filter

In addition, some researchers have found that SOH index could also be estimated based
the battery voltage curves during charging [103]. The authors analyze the standard CC-CV

charging curves for a battery at different ages, shown in Fig. 1.80, and determine that the time
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constant of the battery voltage increase during CC stage correlates to the battery SOH. After
developing an ECM and including a SOH index in the time constant term, the authors apply least
square methods to find the best estimated SOH index by fitting the voltage data during CC charging
stage. SOH estimation results for three different batteries are shown in Fig. 1.81, demonstrating

the generality of such method for different batteries.
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Fig. 1.81: SOH estimation based on charging curves for different batteries

1.10.2  Online SOH Capacity Estimation Methods

Capacity is a direct indicator of battery SOH, and different techniques have been developed
to online estimate the capacity based on the sensing data collected during battery operations. In
[104], the authors summarized different techniques estimating the capacity. The basic idea behind
the algorithms was to formulate a model that can calculate the battery capacity. By inverting the

coulomb counting SOC estimation equation, the capacity could be calculated as in (1.45).
I'[2 ni(t) dt
c- t; 3600 (1.45)
~ SOC(tp) - SOC(ty)

The charge change between two samples can be measured using an onboard coulomb
counter or as the integral of current, while the SOC differences between two samples are based on
other SOC estimation techniques such as filters. The capacity estimation steps are shown in Fig.
1.82. During the battery operation, the charge change measured by a coulomb counter is much
easier to determine than the SOC change, which requires estimations. Since these SOC estimation

techniques are crucial for the capacity estimation, such techniques are subdivided into two groups
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[104]:
1. Adaptive joint estimation techniques
2. Adaptive dual estimation techniques

While the joint estimation techniques usually use a single state vector for parameter and
state estimation, the dual estimation techniques formulate two filters, one for state estimation and
one for parameter estimation. The filters used in these techniques can be divided into two groups

as well:
1. Methods based on least squares estimation
2. Methods based on the Kalman filter, similar filters, and observer estimation

In some cases, the capacity is inserted as a state, while sometimes it is treated as a
parameter. With a carefully formulated ECM, both approaches have been investigated and shown

their effectiveness estimating capacity.

One interesting approach proposed in [105], not only considers the importance of achieving

accurate SOC estimation, but also takes the sensing error within the coulomb counter into account.

While the method belongs to the least squares type, it extends to “total least squares (TLS)
estimation” for its inclusion of the charge counting errors. As shown in ((1.45), the equation can
be treated as a linear fit while the capacity is the slope value. The conventional least squares
methods only consider the error on the y data, while the TLS method considers errors on both x

and y, as illustrated in Fig. 1.83. This approach is then suitable for the capacity estimation.
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The author proposed several different TLS methods and evaluates their effectiveness for a
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hybrid electric vehicle application simulation. In Fig. 1.84, the simulation results are shown, and

some types of the TLS approaches were evaluated to be effective.
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Fig. 1.84: TLS for capacity estimation for a hybrid electric vehicle application simulation

Overall, various capacity estimation methods have been developed. For onboard

monitoring purposes, these methods are required to be stable, accurate, and most importantly,

computationally light and fast.
1.10.3  Online SOH Resistance Estimation Methods

As discussed in a previous section, other than capacity, battery internal resistance can be
another SOH indicator. The basic idea of resistance estimation is to formulate a battery model with
resistance as one of the states, and online estimate the state based on the terminal data measured.
There are three difficulties on estimating resistance: 1) constructing a suitable battery model, 2)
compensating effects from other factors (i.e., temperature), and 3) controlling the estimation noise

to an acceptable level because the resistance value is generally small.
Based on the requirements, two types of approaches have been investigated:
1. Filter-based approaches
2. Data-driven approaches

The filter-based approaches are generally developed based on the battery ECM since
resistance is always one of the components in an ECM. As an example, in [106], a 1IRC ECM was

adopted, and the resistance was estimated by a least-square method. The authors also compensated
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the temperature influence by a predetermined Resistance vs. Temperature look-up table based on
the Arrhenius relationship. The estimated resistance values were also passed through a low pass
filter to mitigate the noise level. In Fig. 1.85, resistance estimations for both the new and the aged

cells are shown to demonstrate the online monitoring performance.
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Fig. 1.85: Linear fitting (a) errors only on y, (b) errors on both x and y

Another set of online resistance method is using data-driven machine learning techniques.
By formulating an NN battery model with resistance component in it and training it with data
collected from both new and aged cells, a nonlinear resistance modeling can be achieved and used
for online monitoring. An interesting NN structure was developed in [107], where the NN battery
model was specially structured to include both the conventional charge transfer RC parallel ECM
components and the ohmic resistance component represented by a neural network. Moreover, both
the temperature effect and SOC effect on the ohmic resistance were considered. This structured

neural network (SNN) is shown in Fig. 1.86.
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Fig. 1.86: SNN for the ohmic resistance and corresponding weights for a lithium-ion cell

After training the SNN with already collected battery cycle data from the battery BOL to
the battery EOL, the parameters were identified in the model. The authors also compared the
resistance estimation performance between using the SNN and using an EKF. The comparative
results of the ohmic resistance estimations are shown in Fig. 1.87. Both methods achieved similar
outcomes. However, since the SNN was trained offline, the online estimation took less time to

compute compared to the EKF.
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Fig. 1.87: Resistance estimation performance comparison between SNN and EKF

Overall, several resistance estimation methods have been developed. The onboard
implementation of such estimations requires fast computation as well. Different from the capacity
estimation, the resistance estimation could suffer from uncertainties from factors like temperature

and SOC but could also be used as an indicator of battery power.
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1.11 Lithium-ion Battery Degradation Control Schemes

Since the lithium-ion battery has become a significant part of modern energy storage
applications, there has been extensive work to investigate different methods of enhancing battery
performance and extending battery life. Different control schemes have been investigated,
evaluated, and applied for different applications. In this section, different degradation control
schemes, including both the passive control and the active control, will be introduced and

discussed briefly.
1.11.1  Passive Control Schemes: Electrolyte Additives

There has been extensive work in the material area to improve lithium-ion type batteries’
performance by investigating and experimenting with new materials for the cathode, the anode,
and other cell components. Since this thesis focuses on the degradation investigation for general
lithium-ion batteries, specific material science development for novel lithium-ion battery
components will not be discussed in detail. Instead, another typical passive control scheme,
applying electrolyte additives, will be briefly introduced for its use of generally improving lithium-

ion battery performance.

There have been different additives used in lithium-ion batteries, which are categorized by
their different functions. These include SEI forming improver, cathode protection agent, LiPFs salt
stabilizer, safety protection agent, Li deposition improver, and other agents like solvation

enhancer, Al corrosion inhibitor, and wetting agent [108].

Usually, less than 5% by weight or by volume of such an additive is added into the
electrolyte mainly to improve cyclability and cycle life [108]. The typical functions these additives

serve are summarized below [108]:
1. Facilitate SEI formation on the graphite anode surface.

2. Reduce irreversible capacity loss and gas leak during SEI formation and cycling.
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Improve thermal sustainability.

Prevent dissolution and overcharge of cathode materials.
Improve physical property of electrolyte for better performance.
Reduce flammability of organic electrolyte.

Prevent overcharge conditions.

Terminate operation for ill-diagnosed batteries.

According to Table 1.3 presented in the previous sections, lithium-ion batteries suffer

degradation in many situations. These could be that the SEI layer is not smoothly formed during

first cycles, or the battery experiences extreme operating temperatures, there is a gas leak, or there

is overcharging to cause lithium plating. Among all the functions of the electrolyte additives

introduced, facilitating SEI formation, reducing capacity loss, and preventing gas leaks, as well as

improving thermal stability and overcharge protection, are all valid ways to mitigate lithium-ion

battery degradation. Fig. 1.88 below presents one brief example of the effectiveness in terms of

degradation control by adding sodium salts to the electrolyte.
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Fig. 1.88: Graphite electrode voltage (a)w/out (b)w/ a Na2COs solution pretreatment[108]

By adding sodium salt, there appears to be a small potential elevation of the intercalation

between lithium anions and the graphite. This potential elevation helps keep the lithium-ion cell

out of the sensitive voltage range of lithium plating on the anode, which will cause irreversible
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lithium loss and capacity fading [108]. In addition, this potential elevation helps improve the cell

power density to enhance performance.

In summary, passive control schemes have been extensively investigated in the recent
literature and have proven to be effective enhancing battery performance and slowing battery
degradation mechanisms. However, such an approach requires a physical modification of cell
structure and is limited to in-situ situations. Therefore, active control schemes should be explored,
especially for electric vehicle applications, where the batteries have already been manufactured

and installed.
1.11.2  Thermal Management & Battery Voltage Balancing

Lithium-ion batteries have been widely used in all kinds of electrical applications, such as
supplying power to electronics and serving as the primary energy source for electric vehicles.
Many battery management systems (BMS) have been designed to monitor battery performance,
prevent safety issues, and control degradation to improve cell durability. In this section,
degradation control schemes based on thermal management and cell level equalization will be

introduced.

Lithium-ion batteries are recommended to operate within specific operating regions
restricted by temperature and voltage, to remain safe and reliable [109]. Fig. 1.89 below shows the

proper temperature and voltage windows that a lithium-ion cell is advised to operate within.

It shows that lithium-ion batteries are recommended to operate within a temperature region
generally from -20C to 50C and a voltage range from about 1.5V to 4.2V [109]. The plot only
provides a general requirement, and different types of lithium-ion cells will have specific
temperature and voltage ranges. Typically, elevated temperature leads to electrolyte
decomposition and other structural damages that shorten cell lifetime, while low temperatures
accelerate other degradation mechanisms, such as lithium plating. High voltages will cause

overcharging and lead to lithium loss, while low voltages cause structural damage and active
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material loss. For the rest of this section, degradation control schemes based on either proper

thermal management or battery voltage balancing will be introduced, specifically for EV

applications.
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Fig. 1.89: Proper operating window for lithium-ion battery [109]

Thermal Management:

In EV applications, a battery pack of hundreds of cells is installed, and thermal

management is a much more significant aspect to consider compared to temperature control in the

single-cell situation. Elevated temperatures during operation lead the battery to exceed permissible

temperature levels and decrease performance, while non-uniform temperature distribution in the

battery pack causes local deterioration and reduces cell lifetime [109]. The thermal management

systems usually focus on optimizing operating temperature range for every cell and all battery

modules, maintaining small temperature variations in the module, and providing proper ventilation

for hazardous gases [109]. It is also noted that a thermal management system may be passive and
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mostly driven by the ambient environment. This passive approach can be modified to be active
with a built-in source in the battery module to provide heating or cooling [109]. Usually, the
thermal management system can be divided into the following four categories:

1. Air heating/cooling/ventilation

2. Liquid heating/cooling

3. Phase change materials (PCM)

4. Combination of 1, 2, and 3.

The following figures list out the basic schematics for the first three categories, including

the passive design and active design.
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Fig. 1.90: Thermal management system using air/liquid/PCM [109]

Air cooling and liquid cooling share similar topologies and utilize the heat exchanger’s
concept in the respective thermal management system design. Built-in heat exchangers can help
actively control the temperatures inside the battery modules. Thermal management systems using
PCM, on the other hand, utilize the thermal properties of specific materials for the battery
packaging and actively help maintain the battery pack within the ideal operating temperature range
[109]. Further details on the thermal behavior modeling and analysis will not be discussed in this

thesis.
Battery Voltage Balancing:

Imbalance of cells is common and results from both internal and external factors. Internal
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factors include differences between cells in terms of the manufacturing volume, internal
impedance, and self-discharge rate. External factors include unequal power draining for different
cells, and thermal differences among cells. Without the balancing system, there will be voltage
drift over time for some of the individual cells and the capacity of the whole pack will quickly
decrease [110]. Fig. 1.91 shows three imbalance conditions that may or may not need cell

balancing [109].

Fig. 1.91: Battery equalization cases (a)no need (b)overcharge (c)overdischarge[109]

In Fig. 1.91, C¢ min_cell is the total capacity of the individual cell with minimum capacity.
Cr min_cell is the current remaining capacity of this cell. C¢jand C,; denote the total capacity and
current capacity for another cell i. Fig.1.7-6(a) shows the situation when the cell with minimum
capacity can be fully discharged or charged without causing any other cell over-discharged or
overcharged. In this situation, no cell equalization is needed. However, Fig. 1.91 (b) and (c) show
that situations when the other cells could be over-discharged or overcharged when the cell with
minimum capacity is fully charged or discharged. Then cell balancing is needed in these cases
[109].

There are both passive and active balancing methods. The passive methods can be only
used for lead-acid batteries and nickel-based batteries because they can be overcharged without
permanent damage [110]. Since the lithium-ion battery is the focus of this research, passive battery

balancing methods will not be discussed further.

Active balancing follows the idea of using the external circuit to transfer energy among



101

cells to keep them balanced actively. Active battery balancing methods have been extensively
applied to lithium-ion battery packs and can be categorized into three groups by circuit topology,

shunting methods, shuttling methods, and energy converter methods [110].

Shunting active balancing methods remove the excess energy from the cells with higher
voltages and let the cells with lower voltages catch up. Shuttling active balancing methods use
external energy storage devices such as capacitors to transfer energy among cells to balance.
Energy converter methods utilize isolated converters to release the excess energy from one cell to
the whole battery pack [110]. Fig. 1.92 through Fig. 1.94 below show some example circuits for
each type of balancing method. Table 1.5 gives a comprehensive comparison between these
methods [110]. These figures and the table show the background of battery balancing development

and details on circuitry theory and circuit analysis will not be discussed.

(@ (b)
Fig. 1.92: Shunting methods (a)analog dissipative (b)PWM controlled [110]

Positive
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Mass EI)%\
Negative

(@) (b)
Fig. 1.93: Shuttling methods (a)switched capacitor (b)single switched capacitor [110]
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Fig. 1.94: Energy converter methods (a)step-up converter (b)switched transformer [110]
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Table 1.5: Comparison between balancing methods

Balancing Methods Balancing Mature Mayer C omponenlrs Ngen_ied fo Best Effective Period Moc}uhr De sien
Balance an n Cell String Capability
Dissipative Shunt Eesistor Shunting n Switches, n Resistors Recharging Easy
Analog Shunting Shunting n Transistors Recharging Very Easy
PWM Controlled Shunting Shunting 2(n-1) Switches, n-1 Inductors Recharging Moderate
Boost Shunting Shunting n Switches, n Inductors Recharging Moderate
Complete Shunting Shunting 2n Switches. n Diodes Recharging Moderate
Switched Capacitor Shuttling 2n Switches, n-1 Capacitors Recharging & Discharging Easy
Single Switched Capacitor Shuttling 2n Switches. 1 Capacitor Recharging & Discharging Poor
Step-up Converter Energy Converter n Isolated Boost Converters Recharging Easy
Multi-winding Transformer | Energy Converter 1 n Winding Transformer Recharging Very Poor
Ramp Converter Energy Converter 1 n/2 Winding Transformer Recharging Very Poor
Multiple Transformer Energy Converter n Transformers Recharging Easy
Switched Transformer Energy Converter n+3 Switches 1 Transformer Recharging Moderate
Resonant Converter Energy Converter 2(n-1) Switches, 2n inductors Recharging Easy

In summary, both passive and active approaches have been investigated in literature to
control lithium-ion battery degradation. Passive control schemes mostly involve cell component
material modifications. Such schemes will be limited in applications because the battery pack is
physically inaccessible for any modifications once installed. On the other hand, active degradation
control schemes have been developed in two aspects. One is to utilize a thermal management
system to maintain the cell temperature in the desirable range. The other is to utilize external
circuits to balance the energy among cells inside a battery pack to improve durability. These two
active approaches can be summarized as active degradation control based on cell thermal loading

balancing and active degradation control based on cell electrical loading balancing.
1.11.3  Battery Rate-of-degradation (ROD) Modeling

The cell level material modifications are usually investigated and developed by battery cell
manufacturers to improve the cell performance and durability. The pack level thermal/electrical

load balancing methods are widely investigated in both research and industry. However, based on



103

modern process/system control theories, it is also possible from the cell level, to develop direct
control algorithms focusing on the interacting electrical and thermal loadings. Such approaches
focus on manipulating some metric that indicates the rate-of-degradation (ROD) of the battery
while it is operating. So far, these degradation control methods have been recognized recently, and

only investigated in limited research. There has not been any industrial implementation seen yet.

As developing any ROD control scheme, a ROD model is required in the first place, and
the battery degradation models serve as the basis for developing any ROD model. Between the
statistical aging models and physics-based aging models introduced in the previous section,
statistical aging models are not suitable to formulate ROD model since they only provide long-
term aging trend insights and require a significant amount of aging data. The physics-based
degradation models are then the best candidate as the foundation of developing any sort of ROD

model for batteries.

Exploring the physics-based battery degradation models developed in the literature
[91][97]198][99][100][101], the purposes of the models have been to simulate battery degradation
progression under certain operations. There have been ROD related variables within those models.
As in the very first paper regarding modeling battery degradation [98], the side reaction current ing
, could be calculated following (1.29). A similar form of this equation was adopted in [101], where
the first principle capacity fade model was developed. Instead of using side reaction current, the
side reaction rate, which was proportional to side reaction current, was calculated using (1.46).

Js = -lpsanexp(-achfns) (1.46)

As the SEI layer growth is the aging source, (1.42 shows that the battery resistance, Rp, is
proportional to SEI layer thickness, &fiim. On the other hand, the increasing rate of the film
thickness is given by (1.47). This shows that the rate-of-change of the SEI layer thickness is
proportional to the side reaction rate. Thus, the rate-of-change of the battery resistance is

proportional to the side reaction rate as well. Since the resistance is an indicator of battery
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degradation, the rate-of-degradation is proportional to the side reaction rate.

Obfilm _ JsMp
ot ) anppF

(1.47)

Similarly, the capacity loss shown in (1.37) has the lost capacity as the integral of the side
reaction current over time. Therefore, the rate-of-change of battery capacity can be calculated as

in (1.48), where vol is the volume of the electrode of aging.

dQ .
dtOSS =-ig= ‘JS vol (1.48)

Even though the ROD calculation metric has been “hiding” in the developed physics-based
electrochemical model, it has not been paid attention to because of two reasons. One is the fact
that the papers in the literature focus on evaluating the simulation results of battery degradation
and comparing the results with measured capacity and/or resistance either during storage or during
cycling. The ROD has never been the important variable for investigations. The other reason is
that there have not been any methods to measure ROD practically, so the modeled ROD cannot be

evaluated thoroughly.

In the literature, though the identified aging mechanisms or the electrochemical models can
be different, the equation calculating the side reaction current or side reaction rate usually follows
Tafel’s equation (1.46). Since the electrochemistry remains similar for capacity loss or resistance
increase even from different aging mechanisms, the ROD metric, either capacity-based or

resistance-based, is modeled similarly.

Overall, constructing a physics-based electrochemical model for the battery aging process
contains the ROD model in it. This allows simulation of ROD when the full electrochemical
degradation model is simulated. This posts one significant challenge in terms of model complexity
and computational burden since manipulating degradation by applying a ROD control would

require a fast calculation of ROD.
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1.11.4  Lithium-ion Battery ROD Control Methods

Depending on the ROD metric simulations within the physics-based battery
electrochemical degradation model simulations, there have been few propositions for battery life
maximization purposes. The battery operations can be divided into the charging process and the
discharging process. As the charging process can be easily customized rather than the more
“customer-driven” discharge process, most battery degradation control propositions via ROD

manipulation are intended for the charging process.

In [112], the authors proposed charging rate optimizations to maximize the life of a lithium-
ion cell. The physics-based battery model adopted the single-particle model (SPM), which
simplifies the battery structure from a complex P2D model. The ROD metric in the SPM is the

side reaction current density. The assumptions associated with SPM are as follows:

1. The concentration of the electrolyte is constant and uniform for all time across the cell

sandwich (cathode, separator, and anode).
2. The potential in the solution phase is constant and uniform for all time across the cell.
3. Positive and negative electrode potentials depend on time only.
4. The side reaction is the reduction of ethylene carbonate.

The cell life threshold was assumed to be 20% capacity drop. The authors fixed the
requirement for discharge process which was always 40% depth-of-discharge (DOD) in 35
minutes, as well as for the maximum charge time to be 61 minutes. In addition, the total cycle
number was set to 320. Since the battery lower voltage limit was fixed, the charging current could
not be very low. Otherwise, the discharge task could not be fulfilled. However, higher charge
current would have resulted in worse degradation, and therefore there was an optimal charge

current to fulfill all the requirements.
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Fig. 1.95: Single charging current rate optimization [112]

After applying the nonlinear programming (NLP) optimization technique based on the
SPM battery cycle life simulation, the authors found that different charging rates could be selected
based on the current cycle number to improve the cell life. The authors first assumed a single
charging current rate and determined that between 0 to 1 C-rate, 0.41 C-rate charging current

resulted in the longest cell life of 239 cycles, as shown in Fig. 1.95.

Using the single charge rate case as the baseline, the authors continued to explore using
different charge current rates at various stages of the overall cycling. As shown in Fig. 1.96, 4 to
20 different current rates were optimized respectively and simulated, achieving about 30% less

capacity loss compared to the baseline simulation results.

Table II. Dynamic optimization results.

Number of  Objective Percent increase with Number of
charge function respect to the case objective function
currents value with one charge current evaluations
1 239.043741 0 957

2 255.036768 6.6904 4354

4 297.045917 24,2643 11,274

5 305.043895 27.6101 11,522

8 306.038250 28.0260 42,883
10 309.038612 29.2812 20,641
16 306.038768 28.0263 45,441
20 309.038792 29.2813 80,801

Fig. 1.96: Summary table for simulated cell life improvement with diff. charge rates [112]

In another approach [115], for the case of a prior fixed charge current rate, the authors

proposed life optimization methods for battery packs via smartly controlled relay switches. The
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authors adopted the electrochemical degradation model from [101] and simulated short-term
battery responses starting at various SOC with different charge/discharge current rates. The
instantaneous rate-of-change value of the SEI film thickness, §, (i.e., the ROD metric), was

recorded and plotted as a look-up table against both current and SOC, shown in Fig. 1.97.
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Fig. 1.97: Rate-of-change of SEI layer thickness vs. Current and SOC [115]

Assuming identical two cells in parallel, each with a relay switch to control the current
flow as shown in Fig. 1.98, the authors proposed two different optimization methods, the
deterministic dynamic programming (DDP) and a heuristic control mapping, to optimize the relay
on/off sequence during a 1C charge process. The SOC trajectories of both simulated cells under a
standard charge process without any relay were plotted together with the optimized SOC

trajectories generated by both the optimization methods, as shown in Fig. 1.99.

‘IIC) 9 iy E
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Fig. 1.98: The simulation circuitry of two parallel cells with relays [115]
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Fig. 1.99: SOC trajectories of both cells w/ and w/out optimization [115]

Based on the simulation results, Fig. 1.100 contains a summary table showing the cell life-
saving results due to optimized relay switching sequences. The simulation results showed

approximately 50% of improvement.

TABLE 1
CONTROLLER PERFORMANCE COMPARISON ON THE CONTROL AND FULL ELECTROCHEMICAL MODELS
Control Model Full Model
Control Scheme Resistance of Total  Reduction in Resistance of Total ~ Reduction in Control vs.
h Film Buildup Film Buildup  Film Buildup Film Buildup  Full Error
Standard 3.20 m¥/m? 0% 2.95 mQ/m? 0% 8.47%
DDP 1.55 m{/m? 51.8% 1.49 m{/m? 49.5% 4.03%
Heuristic 1.56 mQ/m? 51.2% 1.51 mQ/m? 48.7% 3.31%

Fig. 1.100: Cell life improvement summary with optimized charge trajectories [115]

In both [112] and [115], the complicated electrochemical battery degradation model was
adopted. Since such model linked both the primary and secondary reactions of the cell, several
partial differential equations (PDE) regarding ion concentration change and mass transfer were
involved, making the model complicated and usually requiring offline simulation on a specific
software. To implement such control on board, it was necessary to develop a simplified ROD
model in which the ROD metric can be fast computed. In [113], the authors developed a simplified
ROD model calculating the side reaction current density at any time instant, Js (t), resulted from
lithium-plating on the cathode of the battery during charge. The resulted reduced-order ROD

model was compared to the full model in the simulation environment and evaluated to have small
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errors, as shown in Fig. 1.101.
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Fig. 1.101: ROD comparison between the simplified model and the full model [113]

For the aging mechanism on the anode, the SEI layer growth, authors in [114] proposed a
simplified model calculating the side reaction current density Js (t) as well. Assuming the
exchange current Iy of the primary reaction only depends on SOC in a function format, PDEs

associated with Iy were eliminated. As a result, a simplified Js calculation is given in (1.49).

F(Up - Urer o) iapp/ VOl - J
: \Mp " Yrets . ~lapp/VOIp - Js
Js = -fostaexp(—p T ) * exp-asinn(— 5, 1) (1.49)

By a simple recursive root-finding algorithm, Js can be calculated for a given current Izpp
at a given temperature and SOC. Fig. 1.102 shows the comparison between this reduced-order

model and the full model, evaluated to have less than 1.5% error.

Relative error

Fig. 1.102: ROD comparison between the simplified model and the full model [114]
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This reduced-order model was adopted in [116], where dynamic programming was used to
develop an optimized charging process. The authors compared the optimized charge trajectory
with several standard CC-CV charge processes at different CC rates via simulations. The
trajectories’ comparison is shown in Fig. 1.103, and in Fig. 1.104, a table summary shows the
effective battery life-saving benefited from the optimized charge trajectory, as well as time-saving

during charge.

Proposed method

3 3C cCc-cv

Fig. 1.103: Optimized charge trajectory compared to standard trajectories [116]

Type Charging time | Js

accumulated
1/3C CC-CV | 11973 sec 45922 A.m™
1C CC-CV 6083 sec 3277.1 Am>
3C CC-CV 3612 sec 2603.4 A.m™
Proposed 1882 sec 1636.6 A.m™
method

Fig. 1.104: Summary of life-saving and time-saving with optimized charge trajectory [116]

There is little research regarding optimizing the battery degradation during discharge via a
ROD control strategy. This is because most of the times there is no prior knowledge of the
discharge process. On the other hand, though research shows that different discharge currents,
temperature, different operating voltage windows all play roles affecting battery degradation rate,

it is difficult to subjectively avoid harsh conditions since the discharge process can happen
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anytime, at any operating condition, with any loading condition, and at the “customers” will.

There have been some investigations into degradation control for some specific discharge
conditions. In [115], under a fixed constant rate discharge process, the authors utilized dynamic
programming technique to smartly switch relays on and off so that two cells in parallel could be
discharged via a degradation-optimized trajectory. The optimized trajectories are shown in Fig.

1.105, similar to the trajectories of an optimized charge process introduced previously.
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Fig. 1.105: Degradation-optimized discharge trajectories for two parallel cells [115]

Another paper [117] focused on the aging mechanisms of the battery under low discharge
current rate conditions. The authors adopted the P2D model and simulate various conditions in the

COMSOL software environment.
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Fig. 1.106: Simulated electrolyte loss at different cycles [117]

Based on the simulation results of the electrolyte loss at different cycles shown in Fig.
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1.106, the authors proposed several suggestions regarding the discharge rate selection at the
battery’s different stages. They suggested that the discharge current should remain at least 1C at
the beginning of the discharge when the cell was new to avoid significant electrolyte loss due to
the low discharge current. As the cell lives through its lifetime, the current at the beginning of a

discharge cycle could be reduced without triggering high electrolyte degradation rate.

Overall, some battery degradation control strategies via ROD manipulation have been
investigated in literature, although they are limited in research without practical implementation.
Most of the investigations have been focusing on optimizing the charging process, and little

research has analyzed the discharge process.

1.12 State-of-the-Art Summary

This chapter has outlined and discussed the recent development in the literature regarding
lithium-ion battery electrochemistry, electrochemical-thermal modeling, state estimation,
degradation mechanisms and modeling, and different passive and active degradation control

schemes. Several key conclusions are summarized below.

A lithium-ion battery electrochemical process includes the electrode kinetics (charge
transfer) modeled by the Butler-Volmer equation, and the mass transport (diffusion) modeled by
Fick’s laws of diffusion.

Both ECM and physics-based electrochemical models have been developed, modeling
battery electrical responses. Both types of models use current as the input, estimate battery voltage
and have been evaluated for various cycling conditions.

Both full and lumped lithium-ion battery thermal models have been developed. Coupled
with the electrical models, the thermal models have been evaluated to estimate both the battery

surface and battery core temperatures.

Characteristics mapping, filter-based algorithms, and data-driven methods have been
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widely used for lithium-ion states’ estimations, including SOC, SOP, SOE, and SOH.

Lithium-ion battery degradation mechanisms have been extensively investigated, and
different mechanisms have been described in different sections of a typical lithium-ion cell.
Capacity and resistance have been identified as the two major metrics of indicating battery

degradation state.

SEI layer growth has been identified as the dominant aging source on the battery anode.
Physics-based electrochemical degradation models have been developed characterizing this aging

mechanism and have been evaluated for both storage and constant-rate cycling conditions.

Schemes such as material modifications, thermal management, and voltage balancing have
been developed for lithium-ion battery (pack) degradation control, and widely implemented in

applications.

Lithium-ion battery degradation control schemes via ROD manipulations have been
investigated in the research literature but have been focused only on battery charge trajectory

optimization and discharge rate selection.

1.13 Summary of Research Opportunities Identified
The following research opportunities have been identified in the state-of-the-art review:
e Li-ion Battery Rate-of-degradation (ROD) Model for Drive Cycle Operations

The ROD models in the literature have been mostly offline and computationally heavy.
There is also a lack of experimental evaluations for the developed ROD models, especially under
the drive cycle aging condition. Development of a reduced-order ROD model compatible with
drive cycle operations is important for monitoring battery aging rate during drive cycles. Such
reduced-order ROD model should be computationally efficient and can be used for real-time

applications. Also, such ROD model should be control oriented.
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e Li-ion Battery Degradation Control during Drive Cycles via ROD Manipulations

Battery degradation control via ROD manipulations has been investigated mostly for the
battery charge process. There has been very little work investigating the degradation control
schemes during drive cycles via ROD manipulations. ROD-based active degradation control
schemes integrated with the electro-thermal modeling, aging factor identification, and reduced-
order ROD modeling are important and valuable for improving battery durability in EV

applications.
e Li-ion Battery Electro-thermal Modeling for Power-commanded EV Drive Cycles

Battery electro-thermal models developed in the literature took current as the input and are
incompatible and inconvenient carrying EV drive cycle simulations. Moreover, the coupling
between a thermal model and an electrochemical model requires heavy computational efforts and
is ineffective for drive cycle simulations. Development of a computationally efficient electro-

thermal model with power input is essential and valuable for EV drive cycle simulations.
e Operating-condition Dependent Degradation Control Analysis

For EV applications, the driving scenario and ambient temperature can be two important
factors. A degradation control strategy should consider different operating conditions and be
flexible enough to adjust to different conditions. The resulting control strategy should aim for

practical and feasible manipulations.
e Integration Potential of Proposed ROD Control with Conventional Li-ion Battery Algorithms

Many battery algorithms have been investigated in the literature regarding monitoring and
control battery internal states such as SOC, SOP, SOE and etc. A more active control-oriented
algorithm such as the ROD control should have the compatibility to be integrated into standard
battery management systems and communicate with other algorithms. An integrated algorithm

system can be beneficial for battery overall management in EV applications.

e Investigation of Aging Factors during Drive Cycle Aging Tests
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Aging factors such as temperature, SOC, and cycling rate have been evaluated in the
literature for lithium-ion batteries based on constant-rate cycling experiments. However, there has
been little work investigating aging factors during drive cycle aging tests. Besides the commonly
investigated factors, aging factors in a drive cycle such as the current RMS and the regeneration
are important and valuable to be investigated for a better understanding of battery life limitations

for EV applications.
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Chapter 2 EV-oriented Li-ion Battery Electro-
thermal Modeling

As discussed in the state-of-the-art review, almost all lithium-ion battery electrical models
are either formulated using equivalent circuits or constructed via physics-based electrochemical
models. Both types of models take the loading current as the input and the battery voltage as the
output. However, for an EV application, experimentally testing a battery over different drive cycles
is necessary to understand how the battery voltage changes under a dynamic environment instead
of standard constant-rate cycling. The battery voltage change becomes much more volatile, and
lower voltage limit could be reached unexpectedly during a drive cycle due to the changing
overpotential. In addition, due to the nature of how inverters and electric motors work, the inverter
control does not take current commands and draw the respective current from the battery. Instead,
the driver steps on the pedal and sends out speed command, and it later converts to the power
command signal for the inverter. Based on the power command and battery voltage at present, the
resulted current will then be drawn from the battery. Therefore, when testing battery for any drive
cycle, the command profile is actually a power profile converted from the speed command by the

driver via a vehicle model.

In this thesis, the focusing application is the EV industry. Thus, the batteries are extensively
tested in experiments operating under drive cycles. It is necessary to develop a battery electrical
model that is suitable for simulating battery voltage responses during drive cycles. The most
important requirement of such a model is the model can take power profiles as the input and still
estimating the battery voltage output. The solution to such requirement is not trivial since the
power, as the product of current and voltage, inherently has voltage information within. Using an
equivalent circuit or modeling the electrochemical process both in fact are following rules of

physics, while using power to predict voltage is unorthodox and indeed is somewhat violating the
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rule of physics.

Therefore, conventional ways of modeling will not work well, and a potential approach is
using machine learning techniques such as the neural networks. A neural network treats the system
as a black-box and links the input with the output via a mathematical model, seeming to be a

suitable candidate for our unorthodox requirement.

If a neural network (NN) lithium-ion battery model could be successfully formulated and
predict the battery voltage based on power commands, the loading current through the battery
would have been estimated as well, just by dividing the power with the estimated voltage. This
benefit could be beneficial since this would allow this neural network based electrical model to
integrate with a physics-based lithium-ion battery thermal model and estimate both the surface and
core temperature of the battery during a drive cycle. This provides an efficient way to
simultaneously modeling both the battery electrical response and the battery thermal responses
during drive cycles that have to be separately modeled in the literature. Such a holistic lithium-ion
battery electro-thermal model can be valuable simulating the battery performance for EV

applications.

In this chapter, an unconventional approach to modeling Li-ion batteries using the recurrent
neural network (RNN) is proposed. Similar to the conventional ECMs, a current-based RNN
battery model is proposed to demonstrate the concept of using machine learning techniques to
model Li-ion batteries. Apart from the current-based RNN battery model, a power-based RNN is
also proposed, showing the generality of using RNN to model Li-ion batteries for needs from
different applications. A battery thermal model using the thermal equivalent circuit is also

constructed to supplement the RNN models, so a completely offline battery model is formulated.
2.1 Lithium-ion Battery Electrical Modeling Using a RNN

The first step is to select the most suited neural network structure for modeling a lithium-

ion battery. There are two main categories of NNs: feedforward neural networks (FF-NN) and
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recurrent neural networks (RNN). The most significant difference between a FF-NN and a RNN
is that as the NN evolves, the current hidden state in a RNN depends on the previous hidden state
besides the current input, whereas in a FF-NN the current hidden state only depends on the current
input. Because of this difference, a FF-NN has a simpler structure, is easier to train, but only
represents time-independent relationships. On the other hand, a RNN has a more complex
structure, could be computationally more burdensome to train, but is particularly suitable to model
time-dependent responses. Machine learning techniques have been accepted as a powerful tool to
model highly-nonlinear systems and have also been used in battery research. Machine learning has
mostly been applied to battery state estimation (i.e., state of charge, power, energy, and health)
research though. Typically support vector machines (SVMs) [51][52] and artificial neural
networks (NNs) [53][54][58] have been investigated. Moreover, recent advancements in machine
learning can be partly attributed to a subset of NNs, recurrent neural networks (RNNs) [55] with
long short-term memory (LSTM) cells [56]. Compared to conventional NNs, RNNs with LSTM
can be a more suitable candidate to model battery related systems since battery dynamics usually
have long time constants and [57] shows that such techniques can be applied to formulate an
accurate SOC estimator. As discussed in the state-of-the-art review, NN approaches have been
used for battery SOC estimation. According to several examples in the literature [58][59], it has
been the RNN adopted for lithium-ion battery cases. As the internal states of a lithium-ion battery
depend on the states in the history, in other words, lithium-ion battery is a dynamic system with
time-dependent responses. Therefore, although it is not the SOC of a lithium-ion battery that is
modeled in our interests, if we treat the lithium-ion battery itself as a black-box, a RNN should be

the better candidate to model such a system.

2.1.1 Overall RNN Structure with DFS and GRU

A typical RNN structure is shown in Fig. 2.1. Unlike a FF-NN, the hidden state h; depends

not only on the input x;, but also on the previous hidden state hy.,, as shown in (2.1) and (2.2). This
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addition of “recursive” state feedback changes the neural network structure significantly. The
output data are no longer calculated solely based on the instantaneous inputs at each time instant,

but remain dependent on information from previous samples compared to a FF-NN.
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Fig. 2.1: Basic RNN structure

However, a traditional RNN has a significant drawback that must be addressed before
applying it to LIB modeling. More specifically, the backpropagation step in the typical RNN
structure suffers from a phenomenon called “Vanishing Gradient” [119]. This refers to small
gradients that make it difficult for the baseline RNN model to learn the correlation between
temporally distant events. In the case of LIB modeling, the diffusion phenomenon is a critical part
of the battery dynamics and often has a time constant larger than 500s. As a result, it is essential
that, during training, the RNN must can recognize and remembering the correlation between data

points that are separated significantly in time.
ht = H(WxhXt + Whrht.1 + bp) (2.1)
yt = H(Whyht + by) (2.2)

One solution to this Vanishing Gradient problem is to implement a GRU algorithm [120]
as shown in Fig. 2.2 and (2.3) to (2.6). A GRU has two gates: a reset gate r, and an update gate z.
The reset gate determines how to combine a new input with the previous inputs in its memory, and
the update gate defines how much of the previous memory to retain. This gating mechanism can
be explicitly tailored to model long-term dependencies. By learning the parameters for its gates,

the network learns how its memory should behave.
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Fig. 2.2: Gated Recurrent Unit (GRU) structure

Wih

4= H(szxt + thht-l + bz) (2-3)
re= H(erXt + Whrht-l + br) (2-4)

A = tanh(WonX; + Wipheare + by (2.5)
he=(1 - z)hes + zihy (2.6)

In addition, most machine learning algorithms normalize the input data for better
convergence. For this case, it is better to weight the LIB model inputs since all the inputs are actual
physical quantities. There is a DFS algorithm that has been successfully used in protein promoter
identification applications [121]. This structure has been adapted for this new application by
multiplying each of the physical inputs to the LIB model by an adjustable weighting parameter.
These weighted inputs are then fed to the GRU structure. By implementing both the DFS and

GRU, a structured RNN appropriate for modeling LIBs has been constructed.

A sample code written in Python is provided in Fig. 2.3 to show the mathematical structure
of GRU and DFS, as well as a table summarizing the RNN internal structure information. It

constructs a 2-level GRU system together with DFS. Typically, u; denotes the input vectors, while
yt IS the RNN output. Eg denotes the weight vector that propagates the input vector through DFS,
essentially an elementwise weighting process. In terms of other variables, zmy/zs;, rm¢/rst, and cmy

[cst are the different gates described in Fig. 2.2. The hidden states are hm¢ and hsy. Since this is a
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2-level GRU system, a propagated input Xe is the input of the 1 level GRU, and the output hidden

state of the 1% level GRU is the input of the 2" level GRU. The other variables are called the

hyperparameters.

def recurrent fn(self, u_t, hme_tml, hse tml, E@, E, W xz, W_hz, W xr, W hr, ..
v W xh,W hh, b z, b r, b h, Why, b hy):

# 1st level GRU

x_e® = u_t*EQ

x_t = E.dot(x_e®)

zm t = T.nnet.hard sigmoid(W xz[@].dot(x t) + W _hz[@].dot(hm@_tml) + b_z[@])
rm_t = T.nnet.hard_sigmoid(W xr[@].dot(x t) + W_hr[@].dot(hme_tml) + b_r[e])
cm_t = T.tanh(W_xh[@].dot(x_e) + W_hh[@].dot(hme tml * rm_t) + b_h[e])

hm_t = (T.ones_like(zm t) - zm t) * hm@_tml + zm t * cm_t

# 2nd level GRU

zs_t = T.nnet.hard_sigmoid(W _xz[1].dot(hm_t) + W_hz[1].dot(hs® tml) + b_z[1])
rs t = T.nnet.hard sigmoid(W xr[1].dot(hm t) + W hr[1].dot(hs® tml) + b r[1])
cs t = T.tanh(W xh[1].dot(hm t) + W hh[1].dot(hs® tml * rs t) + b h[1])

hs t = (T.ones_like(zs t) - zs t) * hs@ tml + zs t * cs_ t

yt = W_hy.dot(hs_t) +b_hy
return [hm_t, hs_t, yt]

Fig. 2.3: Sample codes for a 2-level GRU with DFS

A summarized network configuration is shown below in Table 2.1 for a better
understanding of the network complexity. It shows that the largest matrix involved is 30*30, which
is small enough that will not cause any computational burden for a modern computer once all the

hyperparameters are trained and converged to fix values.
Table 2.1: Network configuration summary

Network Specs Size
# of neurons 30
# of network layers 3 (i.e. 2-level GRU + 1-level DFS)
Ut 1x4
£0 _ 1 x_ 4 o _
(elementwise multiplication with ut)
E 4 x 30
WXZ/VV\\ZE/AV/://E:WW 30302 (one for each GRU level)
bz/byr/bec 1x30
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Why 30x1
bhy 1x1
Yt 1x1

2.1.2 Definition of Inputs and Outputs for the RNN Models

While the output of the battery model is its terminal voltage (V), the selection of inputs for
the structured RNN is flexible but needs to be physically meaningful. Two different sets of inputs
are considered, and each has its own advantages and disadvantages. The first set of inputs includes
measured battery terminal current (1), integrated battery amp-hours (Ah), battery temperature (T)
measured with a thermocouple on the battery surface, as well as the estimated battery voltage at
the previous sampling instant (V.;). Fig. 2.5 displays the RNN structure with this first set of inputs.
With DFS included in the model, the input x, in (2.3) for the GRU is the weighted input vector [I,,
T,, Ah,, V], and the weight value associated with each physical input is optimized during the

training stage.

GRU

‘ DFS

Input Layer Weighted Input N-neuron Hidden Layer Output Layer

Fig. 2.4: Current-based LIB RNN using DFS and GRU structures

During the training stage, measured voltage data are used as V_; to allow the model to learn
the LIB dynamic behavior. However, after the training is finished, only the initial measured battery
voltage at t=0 (Vo) is used to forward predict the battery voltage at t=1 (V). At every other
subsequent time instant, the estimated battery voltage at the previous sampling instant (V) is used
as one of the four inputs to predict the battery voltage (V) at the next time instant. This approach

insures that the model is operating as a predictive model.
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For the other input set, power and watt-hours replace current and amp-hours in the model
input vector. This approach is appropriate when testing the battery using drive cycles for which
power is the key command variable. This second set of inputs includes the battery power command
(P), the integrated battery watt-hours (Wh), measured battery temperature (T), and the predicted
battery terminal voltage at the previous sampling instant (V;). Fig. 2.5 exhibits the structure with
the second set of inputs. Both the DFS and GRU structures are the same for both cases. Since
power is one of the inputs of this proposed model and the predicted battery voltage is the output,
the used charge of the battery can be estimated as well. This estimation can be compared with the
integral of the measured current as a second model validation metric and the charge (amp-hours)

calculation sequence is shown in Fig. 2.6.

DEFS
‘ Wp

GRU

Wt
®—

Input Layer Weighted Input N-neuron Hidden Layer Output Layer

Fig. 2.5: Power-based LIB RNN using DFS and GRU structures
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Fig. 2.6: Block diagram for voltage modeling and prediction of consumed amp-hours
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2.2 RNN Battery Electrical Model Training & Evaluation
2.2.1 Training Procedure for RNN

A standard neural network training procedure, including forward prediction and
backpropagation through time (BPTT) via gradient descent, is utilized. The loss function computed
at the end of each forward prediction step is the difference between the RNN’s estimated battery
voltage and the measured voltage. In (2.7), N is the length of the training dataset in the process

and \A/k and V| are the RNN-estimated and the measured voltage values at time step k, respectively.

N
L= (V- iy 27)
k=1

During one training step, it consists of one forward path and one backpropagating path.
Based on all the model parameter values at the end of the previous training step, the RNN model
generates the k"'voltage estimate, and the associated error is calculated. Based on the loss function,
the backpropagation is taken place following the gradient descent algorithm as shown in (2.8),
where Param;(k) denotes the i"" model parameter at the k™ time step, and Ir denotes the learning
rate. VL(Param;, K) is the gradient of L with respect to the i'" model parameter at k™ time step. In
this paper, the learning rate is set to 0.002, and the model parameters are initialized randomly with
a normal distribution with 0 mean and 0.01 standard deviation.

Param;(k) = Param;(k-1) - Ir*VL(Param;, k) (2.8)

It should be noted that although the model structures of the proposed current-input and
power-input models are identical except different input variables, their model parameters require
separate training and are independent from each other. In the next section, model validation results

for both proposed models are shown.
2.2.2 Experimental Testing of Battery Cells

Two batteries with different cathode chemistries have been tested, the Panasonic
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NCR18650PF shown in Fig. 2.7 and the Sony VTC6 shown in Fig. 2.8. Their key specifications
are listed in Table 2.2. The batteries were tested by applying power profiles calculated for four
standard drive cycles including HWFET, LA92, UDDS, and US06. The batteries were also tested
for a fifth drive cycle, referred to as the NN drive cycle, which was created from a random
combination of the other drive cycle power profiles. The power profiles are scaled for a single cell
of a 35kWh electric vehicle battery pack. The drive cycle power profiles are calculated for an
electric Ford F150 truck with a 35kWh battery pack [122][123]. The profiles are scaled for a single

cell of the 35-kWh battery pack, which is defined to consist of 3680 of the 18650 cells.
Table 2.2: Specifications for tested Panasonic NCR18650PF & Sony VTCG6 batteries

Panasonic Sony
Nominal Voltage: 3.6V 3.6/3.7V
Nominal Capacity 2,900mAh 3,000mAh
Cathode Chemistry NCA NMC

Fig. 2.7: Panasonic NCR18650PF cells Fig. 2.8: Sony VTC 6 cells

The tests are performed at four discrete temperatures ranging from -10°C to 25°C. For each
test the cell is first fully charged and then the drive cycle power profile is drawn from the battery
until the cell reaches a cut off voltage of 2.5V. Due to the Panasonic battery only being rated to
charge at temperatures of 10°C and higher, there is no regeneration (charging) portion for the 0°C
and -10°C tests for both batteries. The measured Panasonic cell power profiles for each temperature
for the NN cycle is shown in Fig. 2.10 and the current profiles are shown in Fig. 2.9. The profiles

for the Sony cells are not presented here since they are only slightly different from those of the



Panasonic cells.

Table 2.3: Summary of power-cycle profiles
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Test Use Mean Power [W] RMS Power [W] | Peak Power [W]

HWFET Training _;34'251 56'92* _'1155'77*

LA92 Training _5244* 67'03; _'2266'55*
UDDS Training 2146* ;’ .85* _'118859*
. -7.0 14.1 -53.6

UsSo06 Training -9.0% 13.9% 53 6%
L 2.7 10.0 -38.8

NN Validation 4.7* 8.8% .38.8%

*: low temperature case, no regeneration
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Fig. 2.9: Current profiles for NN drive cycle at 25°C, 10°C, 0°C, and -10°C

In Table 2.3, a summary of the power cycle profiles is presented and it is shown that the
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HWFET, LA92, UDDS, and US06 cycles are used to train the RNN and the NN cycle is used to

evaluate the accuracy of the RNN model. The cycles respective mean, RMS, and peak power

values are included for the with and without regeneration cases. The cycles cover a wide range of

mean and peak power values, ensuring the network is well trained for different scenarios. It should

be noted that negative sign is chosen in this paper to represent discharge power.
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Fig. 2.10: Power profiles for four NN drive cycle datasets at 25°C, 10°C, 0°C, and -10°C

In total, there are 16 (= 4 x 4) datasets available for training, and a training sequence

through all these 16 datasets is defined to be one epoch. The training continues for a total of 800

epochs during which the voltage estimation error reduces as the model fit improves. It is important

to note that the order of the 16 datasets is randomized during each epoch to improve the training

robustness.

The RNN is trained separately for the Panasonic and Sony batteries as the different
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chemistries and capacities result in different model parameters. The power- and current-input
RNNSs are also trained separately, since they are distinct models. The results of both the current-
and power-input RNN models for the Panasonic cells are presented first in the following
subsection, whereas only the power-input modeling results for the Sony cells are shown since the
power-input model proposed in this paper can be a more significant contribution to the battery
research. After training the RNN structures shown in Fig. 2.4 and Fig. 2.5 with the Panasonic cell
data, the average voltage errors for each sequential training epoch are plotted in Fig. 2.11 for the

current- and power-input models, respectively.

Current-input: [l Ah T 0_1] Power-input: [P Wh T 0_1]
v oo,
S S |
S s L
g, — ] 9 i S
< < °°° 100 ey =00 soa w00 700 Boa

Epoch [#] Epoch [#]

Fig. 2.11: Training error plots for current- and power-input RNN model for Panasonic cells
2.2.3 Trained Current-based RNN Model Evaluation

The voltage prediction accuracy of the current- and power-input RNNSs is evaluated using
the measured NN drive cycle data, which was not utilized in the training of the RNN. The model
is therefore tested using independent data, showing that the RNN successfully learned the general
dynamic characteristics of the battery cells. The model is tested by inputting measured
temperature, current, and amp-hours and measured temperature, power, and watt-hours for the
current- and power-input models respectively, and by comparing the RNN estimated voltage to

the measured voltage.

The model could also be tested by inputting the commanded power profile, rather than the
measured power profile. The commanded power is typically the same, but the battery tester does

for example limit the charging power at high SOC to prevent the battery voltage from exceeding
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the set limit. This can be observed from time 0 to 2000s in Fig. 2.10, where the charge power is
less than later in the test where the battery voltage has decreased. The developed RNN model has
not been formed in a way that can limit power as described though, so testing the RNN with
commanded power would result in higher error under these power limited circumstances. It is
desirable for a battery model to account for voltage and power limits, and this is therefore a

recommended area for future development.

In Fig. 2.12, predicted voltage versus measured voltage for the current-input RNN is shown
for the NN profile evaluation dataset at four different temperatures, as well as zoomed-in views
and the prediction error. These results show that the trained RNN model performs well, capturing
the nonlinear cell behavior which is present at low temperatures fairly accurately. In Table 2.4,
several different error metrics are summarized for the four different temperature conditions,
including the mean absolute error (MAE), the root-mean-square error (RMSE), the maximum error

(MAX), and the standard deviation of the error (STDDEV).

The prediction error is much smaller than 0.5V and is generally lower at the higher
temperatures. This could be because that, at low temperatures, the battery is more resistive and the
nonlinear Butler-Volmer effect and diffusion are more prevalent, contributing to greater model
error. The low temperature cases may also have higher error because the drive cycles are shorter
at low temperatures due to the cut off voltage being reached sooner and to the lack of regenerative
braking energy. This results in less overall training data being available at low temperatures, which
may cause the RNN to bias towards minimizing error at higher temperatures where there is more

data.
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Fig. 2.12: Current-input RNN model validation results for Panasonic cells
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Table 2.4: Summary of voltage prediction error for current-input RNN model (Panasonic)

25°C 10°C 0°C -10°C

MAE [V] 0.029 0.029 0.033 0.053
RMSE [V] 0.037 0.039 0.041 0.066
MAX [V] 0.21 0.22 0.38 0.35
STDDEV [V] 0.036 0.038 0.039 0.060

To illustrate how well the proposed current-input RNN model performs it is compared to
traditional ECMs. In [124], three typical ECMs have been evaluated for the same Panasonic
18650PF cell investigated here, including an “R-only” model, “R-Zwb model”, and “R-RC-RC-
Zwb model”. R, C, and Zwb represent resistor, capacitor, and the Warburg impedance respectively.
All three models have been evaluated using the same “NN” validation profile and an RMS error
comparison between the three ECMs and the proposed current-input RNN model is shown below
in [124]. 1t shows that the proposed RNN model can achieve a similar accuracy as the traditional

ECMs, without requiring the specialized parameterization tests and processes needed for the ECM

models.
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Fig. 2.13. Comparison of RNN current-input model error to equivalent circuit model error
from [124] for Panasonic cells at different temperatures
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2.3 Electro-thermal Model Formulation

2.3.1 Combination Between RNN Electrical Model and Thermal Model

Based on the RNN model developed in the previous section, the lithium-ion battery
electrical responses during a drive cycle can be accurately simulated. With the power input and

the voltage output, the loading current through the battery during the drive cycle can be estimated

asin (2.9).

-_>
1

<>|o

(2.9)

For the three evaluation datasets at three different temperatures, the estimated battery

current is plotted in Fig. 2.14, Fig. 2.15, and Fig. 2.17, as well as the error between the estimated

current and the experimentally measured current.
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Fig. 2.14: Current estimation using the RNN model for Panasonic cell at 25°C
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Fig. 2.15: Current estimation using the RNN model for Panasonic cell at 10°C
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Fig. 2.16: Current estimation using the RNN model for Panasonic cell at 0°C
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Fig. 2.17: Current estimation using the RNN model for Panasonic cell at -10°C

The estimated current is shown to have good accuracy with the measured current at all
three temperatures. The estimation error has been kept less than 10%, except one endpoint for the
25°C case. This is mainly due to these are step simulations, and the model has not enough

information to estimate the last point.
2.3.2 Battery Thermal Equivalent Circuit Model
With the accurately estimated current and voltage, a lithium-ion battery thermal model can

be developed and integrated with the RNN model. As mentioned in the state-of-the-art review,

lithium-ion battery thermal models rely heavily on an accurate battery internal heat generation
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calculation. As different heat generation calculation methods have been discussed in the state-of-
the-art review, the most efficient and effective method here is to adopt (1.19), where the heat
generations due to overpotential and entropy change are included as the dominant generation
source. Also, this equation calculates the heat generation with a lumped battery model and the
simplicity of the model fits with requirements for the electro-thermal model developed in this

thesis.

The lithium-ion battery of interests is still the Panasonic 18650PF used for the RNN

modeling. The battery is a cylindrical cell, and a top view of such cell is shown in Fig. 2.18.

Can Layer

Fig. 2.18: Top view of testing batteries

The internal structure of cylindrical cells is similar. There is an air conduit in the middle
for venting and short-circuit protection. The bulk part surrounding the air conduct is called the
“jelly roll”, which is consists of a rolled cathode layer and a rolled anode layer, separated by a
membrane “separator”. For a lumped battery model, this “jelly roll” is treated a lumped portion.
In addition, there is an outer can layer served as the battery case. Can material is highly thermally

conductive and contributes to a tiny temperature drop.

Based on the internal structure of the cylindrical model, an equivalent thermal circuit can
be developed, similar to Fig. 1.29(b). Both the “jelly roll” and the can layer are included in the

equivalent thermal circuit. The circuit scheme is shown in Fig. 2.19. Q denotes the internal heat
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generation, T¢, Tj, Ts, and Tt denote core temperature, jelly roll temperature, surface temperature,

and the outside fluid temperature respectively. When the battery is placed in a thermal chamber,

the outside fluid is the air.

Rj Rc Rconv

Fig. 2.19: A lumped thermal equivalent circuit for testing batteries

Thermal resistances and capacitances for different battery parts are included as well.

Rjand R¢ denote the thermal resistance for the jelly roll and the can layer. Cjand C are the

thermal capacitances for the jelly roll and the can layer. Reony is the convective thermal resistance
between the battery surface and the ambient environment.

The heat generation Q is calculated as in (2.10). The first term is the heat generation by the
overpotential, and the second term is the entropy change. The partial derivative of the battery OCV
with respect to the core temperature is called the entropy coefficient. The value for this partial

derivative can be measured by experiments.

VOCV

. 0
Q=1(V - Vo) - IT¢ oTe (2.10)

To measure the entropy coefficient, the battery is first charged or discharged to one certain
SOC stage, then resting at one specific temperature for a couple of hours. After that, the battery
OCV with respect to that temperature and SOC is recorded. By changing the ambient temperature
to different values, the battery OCV usually slightly changes. By recording different OCV values
at different temperatures for one specific SOC stage, a linear line can be fitted through those OCV
values, and the slope is then the entropy coefficient at that particular SOC stage. By repeating the

same experimental sequence at different SOC stages, a look-up table of the entropy coefficient
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against different SOC stages can be formulated. Such look-up table for the tested Panasonic
18650PF cell is shown in Fig. 2.20. The entropy coefficient is nonlinear and could change signs,
positive at medium to high SOC and negative at low SOC. This finding agrees with the results in
the literature. From Fig. 2.20, the entropy coefficient can be significant at some SOC stages, and
therefore the entropy change term contributes to the internal heat generation and should not be

neglected.
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Fig. 2.20: Entropy coefficient vs. SOC for the Panasonic 18650PF cell
Based on the equivalent thermal circuit, the energy balance can be applied to the circuit,
and both the battery surface and battery core temperature can be calculated from the variables and
parameters shown on the circuit. The calculations in the discrete time format for both quantities

are shown in (2.11) and (2.12).

At Rconv RconvAt
T = (- Ri6 e ) TokeD) + G QD) + 2 SR = Tarmo(K) (2.11)
Rconv R¢
Ts(k) = Reonv + Re Tj(k) + Reonv + R Tamb(K) (2.12)

As shown in the heat generation equation, the battery voltage and current are both inputs,
assuming the core temperature of the battery initially is the same as the ambient temperature, the
heat generation can be calculated in a stepped-time fashion, and the battery surface temperature

and battery core temperature at the following timestamps can be calculated following (2.11) and
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(2.12).
2.3.3 Li-ion Battery Thermal Model Evaluation

To validate the lumped battery thermal model developed for testing cells, the evaluation
datasets used for RNN model evaluation are used again, and for now, measured voltage and
measured current from the experimental data are used. In Fig. 2.21, Fig. 2.22, Fig. 2.24, and , the
estimated surface temperature, the estimated core temperature, and the measured surface
temperature from a thermocouple attached in the middle of the battery surface, are plotted for the
evaluation datasets at three different temperatures. In addition, the estimation errors between the
estimated surface temperature and the measured surface temperature for different evaluation cases
are plotted. Unfortunately, the core temperature of the battery is not measured due to the tool

limitation and safety concerns since it would require drilling hole into the battery.
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Fig. 2.21: Lumped thermal model evaluation at 25°C
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Fig. 2.24: Lumped thermal model evaluation at -10°C

The estimated battery surface temperature agrees well with the measured battery surface
temperature at all three temperatures, confirming the validity of the developed lumped thermal
model. For 25°C and 10°C cases, the estimation error is kept within 1°C. For -10°C, the estimation
error is less than 1.5°C. This is due to the increased ohmic heating loss from the exponentially

increased battery internal resistance at low temperatures.
2.4  Power-commanded Electro-thermal Model Evaluation
2.4.1 Model Evaluation for the Panasonic Cell

The lithium-ion battery RNN electrical model and the lumped battery thermal model

developed from the previous sections can be further integrated into one holistic lithium-ion battery
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electro-thermal model specifically for the power-commanded drive cycle simulation purposes.

Given a drive cycle power profile, such electro-thermal model can be simulated in the
discrete fashion. Initially, the battery surface temperature is assumed to be the same as the ambient
temperature, and the cell voltage is assumed to the idle voltage. At time stamp 2, the input vector
consists of [P(2), Wh(2), Ts(1), V(1)] can be fed into the RNN model and predicts <\/(2), the
estimated cell voltage at time 1. Then, the loading current at time 1, /I\(2), can be estimated and fed

into (2.11 and (2.12 to estimate both the surface temperature and core temperature at timestamp 2,
"I\'C(Z) and '/I\'S(Z). For the subsequent simulation time steps, the input vector into the RNN model is

[P(K), Wh(K), Ts(k-1), V(k-1)], the outputs of the electro-thermal model are V(k) and T¢(k).

The same training process has been applied to the RNN model with the power-input dataset
as shown in Fig. 2.5. The associated training error plot is provided in Fig. 2.11. The results in Fig.
2.25 show that the power-input RNN is also able to accurately model the battery dynamic
performance. Similarly, a summary of the error metrics is shown in Table 2.5. The prediction error
is again slightly larger at low temperatures, attributed to similar reasons explained for the current-
input model case. The results also show that the overall estimation error utilizing this power-input
RNN is slightly higher than the previous case for which current/amp-hours are used as inputs. One
hypothesis for explaining this difference is that the RNN model with the first input set does a better
job of modeling the electrochemical nature of the battery in which induced current results in
voltage differences, and battery amp-hours are closely related to battery open-circuit voltage.
According to this argument, the relationships captured by the equations for the power-input set do
not model the underlying electrochemical reactions in the cell as well as the RNN for the current-

input set.
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Fig. 2.25: Power-input RNN model validation results for Panasonic cells

While acknowledging this difference, the model with the power-input set offers an

advantage noted earlier associated with its ability to estimate the amp-hours consumed from the

battery for a given power profile. This feature is particularly appealing for automotive industry



141

since the vehicle controller delivers torque/power commands instead of current commands. By
using the power command and the estimated battery voltage, the estimated amp-hours can be

conveniently calculated using the relationship in (2.13).

k
A P(i)
Ah(k) = ~
(k) E 00 (2.13)
1

Table 2.5: Summary of voltage prediction error for power-input RNN model (Panasonic)

250C 10°C 0°C -10°C

MAE [V] 0.046 0.064 0.028 0.049
RMSE [V] 0.055 0.072 0.036 0.060
MAX [V] 0.315 0.269 0.368 0.417
STDDEV [V] 0.052 0.035 0.036 0.049

Fig. 2.26 plots the RNN predicted amp-hours vs. the measured amp-hours for the four
validation datasets using the model with the power-input set. These overlaid waveforms show that
the amp-hour estimations using (2.13) are quite accurate for all four validation datasets. However,
similarly at all four temperature cases, the amp-hour prediction error tends to increase as the drive
cycle goes on. This is because the model estimates current and the amp-hour is essentially
accumulated current. Therefore, amp-hour prediction error will accumulate based on the current

error over time.
25°C 10°C
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Fig. 2.26: Panasonic measured versus modeled amp-hours for power profiles
Table 2.6 provides the summary of the error metrics for the consumed amp-hour prediction.

Generally, it can be observed that the model has worse performance at higher temperatures. This
seems to contradict with the previous observation that the model works better at higher
temperatures. However, since the battery can operate longer until reaching cut-off voltage at higher
temperatures, the validation datasets at higher temperatures have more data at low SOC and this

could lead to higher accumulated error for the amp-hour prediction.

Table 2.6: Summary of Ah prediction error for power-input RNN model (Panasonic)
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250C 10°C 0°C -10°C

MAE [mAh] 3.89 18.08 10.13 2.38
RMSE [mAh] 4.90 20.82 10.62 2.72
MAX [mAh] 9.54 38.31 19.50 5.84
STDDEV [mAh] 3.79 10.37 3.20 2.29

2.4.2 Model Evaluation for the Sony Cell

The proposed power-input RNN model is evaluated for the Sony VTC6 cells, which have

a different chemistry from the Panasonic cells. Fig. 2.27 shows the battery voltage estimation

results for the Sony VTCG6 cells at different temperatures using the power-input RNN model.

Similar to the results achieved for the Panasonic cells, the voltage estimation errors are well under

0.5V for different temperatures. Enlarged plots for small sections in the plots also show that the

RNN model can capture the nonlinearity within the battery electrical behavior. Such results

demonstrate the generality of the proposed RNN model for batteries with different chemistries

over a wide range of temperatures. The voltage prediction error metrics are summarized in Table

2.7. The results are similar to those of the Panasonic cells in that the model has generally higher

errors at low temperatures.
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Fig. 2.27: Power-input RNN model validation results for Sony cells
For the Sony cells, the amp-hour prediction accuracy is analyzed as well. The results are shown

in Fig. 2.28 and the amp-hour predictions agree well with the measured amp-hour data for all three

temperatures. The associated error metrics are summarized in Table 2.8. The error metrics fall over

the similar ranges as those of the Panasonic cells and have the similar trends as stated earlier.

Therefore, the proposed power-input RNN model can be a quite robust model for both voltage and

amp-hour predictions over a wide temperature range. Such amp-hour prediction capability can be

helpful for battery energy estimation and consequently vehicle range prediction as well.
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Fig. 2.28: Sony measured versus modeled amp-hours for power profiles

Table 2.7: Summary of voltage prediction error for power-input RNN model (Sony)

25°C

10°C

0°C -10°C

MAE [V] 0.023

0

.020 0.019 0.037

RMSE [V] 0.030

0

.028 0.025 0.050

MAX [V] 0.14

0.22

0.12 0.20

0.028

STDDEV [V]

0

026 0.025 0.040
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Table 2.8: Summary of Ah prediction error for power-input RNN model (Sony)

250C 10°C 0°C -10°C

MAE [mAh] 12.64 13.22 6.29 3.29
RMSE [mAh] 15.98 15.01 7.95 4.97
MAX [MmAh] 39.66 28.61 22.04 15.46
STDDEV [mAh] 9.78 7.11 4.86 3.73

2.5 Chapter Summary

In this chapter, a lithium-ion battery electro-thermal model is developed, coupling a RNN
electrical model with a lumped parameter thermal model. The RNN electrical model takes
advantages of modern machine learning techniques and adopts GRU and DFS structures so that
the long-time dependence of lithium-ion battery electrical responses are correctly modeled. Two
types of RNN electrical models are proposed, one with current as the main input variable while
the other using power as the main input variable. The current-input RNN model has been evaluated
to achieve accurate voltage estimation very comparable to the traditional equivalent circuit models
(ECMs). Meanwhile, the power-input RNN model is specifically useful for drive cycle simulations
with power-commanded profiles and has been evaluated to achieve accurate voltage estimations

for different drive cycles over a wide range of temperature.

On the other hand, a lumped parameter thermal model is developed for the cylindrical cell
of interests. The internal heat generation due to overpotential and entropy change is carefully
modeled. With identified thermal properties identified for different parts of the battery, the thermal
model has been evaluated to accurately estimate both the battery surface temperature and the

battery core temperature during drive cycles at different temperature conditions.

Although the developed thermal model uses current as one of the inputs, because of the
feature of the power-input RNN model developed, both battery voltage and current can be

estimated via the RNN model under power-commanded drive cycles simulations. Therefore, the
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developed lithium-ion battery electro-thermal model can be integrated together and has been
evaluated to accurately estimate both the electrical and thermal responses during drive cycles at
various temperature conditions. Moreover, the proposed RNN models have been evaluated for

batteries with different cathode chemistries and show consistent accuracy.

This provides a valuable tool for the EV manufacturers to model the battery and simulate
its performance during drive cycles. The full vehicle simulation can also benefit from this holistic

model.
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Chapter 3 Investigation of Drive Cycle Properties
Affecting Li-ion Battery ROD

The purpose of this chapter is to investigate the influence of dynamic drive profile
properties on lithium-ion battery aging, distinguished from the steady-state current waveforms
used in the previous work. Besides the aging factors commonly investigated, this investigation
also focuses on the impact of several potential but less well-known aging factors. For example, it
examines whether the existence of regeneration intervals interspersed with discharge periods
during a dynamic discharge current profile influences the aging rate. In addition, statistical
analysis techniques introduced in [17] are utilized to analyze two aging models: 1) linear
regression, and 2) log regression. Finally, the aging influence of discharge temperature, and, more
importantly, the interactions between temperature and the RMS current value, are explored using

similar approaches.
3.1 Aging Analysis for RMS Current and Regenerative Conditions
3.1.1 Aging Experiment Design and Data Analysis Procedure

The three test conditions include one pure DC discharge, one non-regenerative stepped
discharge waveform, and one-stepped discharge with roughly 8% regeneration (i.e., the ratio of
regenerative power to discharge power). The two stepped drive profiles were carefully selected to
mimic a dynamic drive cycle with the same average current (DC) value as a constant DC discharge
condition at 2.9A. The two stepped cycle waveforms have the same RMS value of 3.7Arms, higher

than the DC case. The three groups are denoted as “DC”, “RMS”, and “RMSw/reg”, respectively.
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Fig. 3.1: Proposed drive profiles for aging experiments
Table 3.1: Summarized discharge waveform specifications

2

3

Time [s]

4

5

Treatments DC RMS AC Regen
AC w/o Regen 29A 37A + -
AC w/ Regen 29A 3.7A + +

DC 29A 29A - -
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This experiment is designed to examine the influence of regeneration on battery aging by

comparing the results of two stepped drive groups. It is also designed to reconfirm the significance

of the RMS current value as an aging factor using a more dynamic drive profile than the pure

sinusoids used in [17]. This aging experiment used nine Panasonic NCR18650PF lithium-ion cells

rated at 2.9Ah and 3.7V.

Fig. 3.2 shows the experimental test configuration. Nine cells were evenly divided into

three groups, and each underwent a 300-cycle aging process. Fig. 3.1 shows the one-period (5s)

discharge waveforms for three test conditions, and the specifications of the three discharge

waveforms are summarized in Table 3.1. For recording the battery aging characteristics,

Electrochemical Impedance Spectroscopy (EIS) was carried out at the beginning of the

experiment, and after every 30 cycles to measure R, at 80% SOC (0.58Ah discharged).
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Fig. 3.2: 9-cell aging experimental setup

Analysis of covariance (ANCOVA) is used to linearly fit the response and covariate, i.e.,
initial resistance, and evaluate the effect of the different treatments [125]. The linear regression
model used for the analysis of the experimental results follows ANCOVA procedure as shown in
(3.1). Adopting a similar model configuration and parameter nomenclature as in [17], R;; is the ji
resistance measurement for the ith cell, and Xij is the jt normalized cycle stamp for the ith cell.
The actual cycle number C;is normalized using (3.2) and (3.3). ﬁo is the intercept term, and ﬁl
allows the initial values of different cells to be included as a predictor term, as well as helping to
maintain physical units for the linear regression model.

After regression, ’Bz to ﬁlo are the corresponding aging rate coefficients for each of the 9
cells. Grouping the coefficients for each of the three treatments and comparing the average aging
rates between pairs of treatments using a Student’s t-test according to (3.4) - (3.6), the statistical
significance of the candidate aging factors is evaluated.

Rij=Bo + BiRio+ BaXqj+ ... + B1oXoj + eij (3.1)
Xkj = Zjo(i — k) (3.2)
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Ci—-C
Z="5c )
> fi (3.4)
Bavg = =~
Var(ﬁo (3.5)

Var(ﬁavg> i

(= Bavgl — Bavgz
\/ Vaf(ﬁavgl) + Var(ﬁavgz)

3.1.2 Statistical Analysis of RMS and Regeneration Effects

(3.6)

In Fig. 3.3, the corrected resistance values (i.e., Rj; - ﬁlRio) and each treatment’s average

model (i.e., ﬁo + ﬁavgz) are plotted together, accompanied by a plot of the residuals. The average

aging rates of different treatments and the t-test results between each pair of treatments are
summarized in Table 3.2 and Table 3.3. The resulting coefficients are summarized in Table 3.4.
In Fig. 3.4, the residuals are small, ensuring the validity of the linear model. The statistical
hypothesis testing threshold is selected to be 10% considering the manufacturing variations among

the cells and the imperfect current regulation accuracy.

30.5 -

Corrected Rg [mQ]

Normalized Cycle [\]

Fig. 3.3: Corrected Ro for every cell, group averaged fitted model
(linear regression model)
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Table 3.2: Estimated avg. slopes for linear regression model (25°C)

Bavg std-dev (Bj)

DC 0.233 6.98e-3

RMS 0.266 7.40e-4

RMSw/reg 0.262 6.10e-3

Table 3.3: T-test results for linear regression model (25°C)
t-statistic p value Significant

RMS vs. DC 8.22 1.36% Y
RMS wi/reg vs. DC 5.42 0.59% Y
RMS vs. RMSw/reg 1.21 34.7% N

Table 3.4: Fitted coefficients (Bi’s) for the linear regression model (25°C)

Index Coeff. Index Coeff.

0 29.02 6 0.2656

0.065 7 0.2664

0.2251 8 0.2647

0.2361 10 0.2665

1
2
3 0.2380 9 0.2551
4
5

0.2671 / /
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Based on the t-test statistical significance results, the aging rates in the RMS and
RMSw/reg cases are both higher than that in the DC case, confirming that when the discharge
current follows a dynamic drive profile, higher RMS current values will result in faster aging. In
addition, the high p-value of 34.7% for the RMS vs. RMSw/reg t-test in Table 3.3 indicates that
one cannot statistically distinguish between the aging rates of the two cases with and without
regeneration. That is, the test results indicate that two cells tested with dynamic cycles that have
the same RMS current value can be expected to age the same regardless of whether the cycles
include regenerative intervals or not.

Examination of the resistance curves in Fig. 3.3 suggests that R, deviates somewhat from
following a straight line, showing signs of plateauing during the later stages of the test. Therefore,
even though the linear regression model captures the overall aging trends, it would be worthwhile
to investigate a higher-order model to better capture the gradually slowed aging. For this purpose,
a log regression model is a suitable candidate to capture any aging saturation effects at high cycle
numbers. The differential equation form of the proposed log regression model is provided in (3.7).
The rate of change of R, per 30-cycle is merely the difference between two consecutive R,
measurements (j'" and j+1™) for the i*" cell. ’BO is the offset term and ﬁil is the aging rate coefficient
for the i"" cell.

dRjj
d—le= Bo + Bi1Rij + «ij (3.7)

_ (Bavg1 - Bavg2lT+) - Bavgl - BavgolT-)
\/Vﬁr(ﬁavgl - Bavg2IT+) + Var(Bavgl — Pavg2IT-)

(3.8)

In Fig. 3.5 and Fig. 3.6, the differential Rg data for each cell are plotted together with the
fitted responses (i.e.,fo + Pi1Rij), accompanied by a plot of the residuals. Table 3.5, Table 3.6,
and Table 3.7 summarize the average aging coefficients by treatments, the t-test results, and the
aging coefficients. These results agree with the results from the linear regression model, indicating

that higher RMS current values result in faster aging and that the cells do not age differently



because of the presence of regenerative operation.
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Fig. 3.6: Residuals for the linear regression model

Table 3.5: Estimated avg. slopes for log regression model (25°C)

Bavg Std-dev (8;)
DC -0.359 1.25e-3
RMS -0.355 2.10e-3
RMSw/reg -0.357 4.73e-4

154



155

Table 3.6: T-test results for log regression model (25°C)

t-statistic p value Significant
RMS vs. DC 3.26 4.19% Y
RMS wi/reg vs. DC 3.29 5.80% Y
RMS vs. RMSw/reg 1.66 22.67% N

Table 3.7: Fitted coefficients (Bi’s) for the log regression model (25°C)

Index Coeff. Index Coeff.
0 11.37 51 -0.3570
11 -0.3606 61 -0.3537
21 -0.3582 71 -0.3563
31 -0.3588 81 -0.3572
41 -0.3531 91 -0.3565

The results from both the linear modeling and the log modeling imply the benefits of
reducing the AC content of the battery current to extend the battery life. On the other hand, they
also suggest that regenerative operation does not appear to influence battery aging considerably

and can be given less attention when designing battery systems.

3.2 Aging Analysis of Interactions Between Temperature and RMS Current
3.2.1 Low Temperature Aging Experiment Design

Temperature data gathered during the battery aging tests suggests a close relationship
between the battery aging process and temperature. Based on the temperature readings collected
from the surface of each cell, the surface temperature of the DC group cells rose from 25°C to
~31°C during each discharge cycle, while the surface temperatures of cells in the other two groups

both rose to ~34°C. Such temperature differences agree with the observations in [17].



156

Linear Regression Model (0°C)
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The effects of this temperature difference can be expected to accumulate over extended
numbers of cycles and contribute to faster aging. The similarity of the observed temperature rises
in the RMS and RMSwi/reg cell groups is one more piece of evidence that supports the analytical
result that the presence of regeneration during the discharge profile does not have any significant

influence on battery aging.

To more carefully explore interactions between the discharge current RMS value and the

discharge temperature, a second experiment has been performed. The second experiment was
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designed very similarly to the first aging experiment except that the battery discharge temperature
was changed from 25°C to 0°C. For this second experiment, another set of nine Panasonic cells
was used, and they were grouped the same way as during the first experiment. 300 aging cycles
were performed on each cell, and their series resistances were measured using EIS every 30 cycles.

The low-temperature data were analyzed using the same linear regression model as in (3.1).
In Fig. 3.7, the corrected R, progressions for every cell are plotted together with the group
averaged fitted models in the low-temperature experiment. The linear regression model based on

ANCOVA fits the data well with small and random residuals. The aging coefficients are presented

in Table 3.8.
Table 3.8: Fitted coefficients (Bi’s) for the linear regression model (0°C)

Index Coeff. Index Coeff.
0 3.5601 6 0.2803
1 0.9521 7 0.2789
2 0.2657 8 0.2903
3 0.2605 9 0.2821
4 0.2601 10 0.2807
5 0.2818 / /

Table 3.9: Estimated average slope (0°C experiment)

pavg Std-dev (pi)
DC 0.2621 3.1e-3
RMS 0.2803 1.5e-3
RMSw/reg 0.2843 5.2e-3
Table 3.10: T-test Results (0°C experiment)
p-value Significant
RMS vs. DC 0.3% Y
RMSw/reg vs. DC 0.5% Y
RMS vs. RMSw/reg 30.89% N
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Utilizing similar Student’s t-test techniques as for the first experiment, the average slopes
of different treatments are calculated and compared in Table 3.9 and Table 3.10. The results
indicate that, when discharging at low temperatures, there is strong statistical evidence that cells
cycling with a discharge current of higher RMS value age faster. Furthermore, the statistical results

also suggest that the presence of regeneration does not influence battery aging during these tests.

Consistent with this observation, battery surface temperatures increase similarly in the
RMS and RMSw/reg groups but are higher than in the DC group. These results suggest that a
larger temperature difference between the cell surfaces and the ambient may lead to faster aging
during cycling experiments.

It should be noted that the log regression model was not necessary for the low-temperature
data since the linear regression model is better suited for evaluating the aging progression and
interpreting the aging rates, especially when considering the comparison between the high-

temperature and low-temperature aging rates.
3.2.2 Interacting Aging Effects Analysis

In addition, the data from both experiments can be effectively combined for analysis
utilizing an extended form of (3.1). The new linear regression model is expressed in (3.9), where
the model is extended to 18 cells including nine cells from the first experiment and nine cells from

the second experiment:
Rij=Po+ B1Rio+ BaXgj+ ... + BroXigj +&jj (3.9)

300 cycle data for both experiments were extracted and combined for analysis. It should
be noted that, due to test equipment availability limitations, the second experiment could not be
carried out simultaneously with the first experiment. Any storage-based aging of the cells that were

used for the second experiment while the first experiment was running is neglected in this analysis.
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Combined Linear Regression Model
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Fig. 3.8: Corrected Ro, group-averaged fitted model, and residuals (25°C and 0°C)

In Fig. 3.8, the corrected Ro for each of the 18 cells, their respective group-averaged fitted
model, and the residuals are plotted. The data are well-fitted with reasonably small residuals. The
18 coefficients ﬁg to ﬁlg from the fitted results using (3.9) are provided in Table 3.11. They have
been categorized according to six different test conditions covering the 3 treatments and 2
temperatures. By comparing the averaged slopes of groups with the same discharge current profile
but at different temperatures, Table 3.12 shows that there is strong evidence that the batteries age
faster at 0°C compared to 25°C for all three discharge current profile cases. This result is expected

since known aging mechanisms at low temperature reduce the lithium intercalation stability and
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kinetics, lose lithium to passive surface films, and lead to irreversible capacity fading [126][127].

The t-test equation (3.8) can be used to investigate whether the aging effects caused by
different RMS values are statistically different at different temperatures (i.e., interaction between
the RMS current value and the battery discharge temperature). One would expect that the
temperature rise caused by inducing more RMS current would result in a faster change in series
resistance at low temperatures since in Fig. 3.9, the resistance gradient is sharper at low

temperatures.
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Fig. 3.9: Cell series resistance vs. temperature

Table 3.11: Fitted coefficients (Bi’s) for the combined linear model (0°C & 25°C)

Index Coeff. Index Coeff.
0 4.7433 10 0.2665
1 0.9177 11 0.2657
2 0.2251 12 0.2605
3 0.2380 13 0.2601
4 0.2361 14 0.2818
5 0.2671 15 0.2803
6 0.2656 16 0.2789
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7 0.2664 17 0.2903
8 0.2647 18 0.2821
9 0.2551 19 0.2807
Table 3.12: T-Test results for temperature effect on aging
t-statistic p value Significant
0°C vs. 25°C (DC) 6.59 0.90% Y
0°C vs. 25°C (RMS) 14.81 0.07% Y

Table 3.13: T-test results for interaction results (RMS & T)
t-statistic p value Significant
(RMS-DC)*T 3.69 0.61% Y

However, Table 3.13 summarizes the t-test results and suggests that discharging the battery
with a high RMS current value at 25°C would affect the battery aging performance more

significantly than at 0°C.

This result leads to questions about whether the temperature rise due to the induced RMS
current is not the only factor that should be considered when comparing the low-temperature aging
rate to high-temperature aging rate. For instance, as indicated previously, the end-of-discharge
voltage is also an aging factor. While cycling at low temperature, the difference of the end-of-
discharge voltage between the “RMS” testing group and the “DC” testing group is noticed to be
smaller than during cycling at room temperature. This observation suggests that such aging effects
would share the role of affecting aging together with the temperature rise from high RMS current
at room temperature. Based on the analysis in this paper, it suggests that the RMS current may

impact aging more significantly at room temperatures.

3.3 Chapter Summary

This chapter has investigated the aging influences of critical but less well-known discharge

current properties during cycling for lithium-ion batteries. Specifically, the current RMS value, the



162

presence of regeneration, and interactions between the RMS current value and the battery

discharge temperature are the primary aging factors of interest.

An effective analysis methodology incorporating ANCOVA, log regression modeling, and
Student’s t-test provides statistical rigor and a basis for confidence in the analytical results. A

careful design of experiments also strengthens the reasoning process.

Important results include: 1) higher RMS current results in faster aging, 2) the presence of
regeneration in the current profile does not affect aging, 3) low-temperature results in faster aging,
and 4) interaction between the aging effects of RMS current and temperature appears to be

significant.

These conclusions have many practical implications that are expected to be helpful for
future battery system design. For instance, the clear coupling effect between the RMS current value
and cell temperature implies a necessity of combining both current regulation and thermal balance

in a battery management system.
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Chapter 4 Reduced-order Li-ion Battery ROD
Modeling

As discussed in the state-of-the-art, the rate-of-degradation (ROD) of the lithium-ion
batteries is one of the variables within a physics-based lithium-ion battery electrochemical
degradation model. It has not been widely investigated because of its insignificance in terms of the
monitoring and predicting the degradation status of the lithium-ion batteries. However, from the
stand-of-point of the modern system/process control, the ROD is a suitable control variable that
could lead to overall battery degradation control. This has not been widely recognized either in
research or in the industry yet, and only little research has paid attention to the potential control
variable [112] - [117]. In this chapter, a reduced-order lithium-ion battery ROD model is developed,
and it is suitable for effective and computationally-light ROD estimation when the battery is

operating during drive cycles.

4.1 Reduced-order ROD Model Development

To develop a ROD model, different battery aging rate factors need to be understood, and
preferably they can be included and represented in the ROD model. In the literature, factors such
as the current rate, the battery SOC, and the battery temperature have been evaluated to have
substantial effects on the battery degradation rate. In addition, in the previous chapter, it has been
shown that during a drive cycle, the current RMS is another aging rate factor. Since the RMS value
is calculated based on one type of average of current values over a period of time, a ROD model
that includes the current as one of the variables inherently includes the current RMS value as well.
In terms of the high-frequency noise on the loading current, as discussed from the previous chapter,

it should be controlled by physical filters and is out of the scope of this research.
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In addition, based on the nature of the Butler-VVolmer equation, it is better to use the core
temperature of the battery instead of the surface temperature. As shown in the state-of-the-art
review as well as in a previous chapter, the core temperature can be noticeably higher than the
surface temperature during a drive cycle or a conventional constant-rate cycling. Though the
temperature difference is not significant, with the help of a battery thermal model as the one
developed in a previous chapter, an estimated battery core temperature could help reduce the ROD

estimation error.

Overall, the goal of a ROD model is to at least include the battery current rate, the battery
SOC, and the battery core temperature as the associated variables. In addition, for an EV
application, the dynamics change fast, and the switching frequency of the electronics is also high.

Thus, another requirement for the ROD model is that it can be computed fast.
4.1.1 Reduced-order ROD model development

As discussed in the state-of-the-art, the lithium-ion battery suffers from numbers of
different aging mechanisms and identifying one dominant aging source to model is a crucial step

to develop any degradation model. The idea should be the same when modeling the ROD.

As there are many ways and positions that a lithium-ion battery can degrade, some of which
are suitable for quantitative modeling. It has been shown that cathode aging mechanisms are much
more difficult to model due to the high variability of the materials. On the other hand, the SEI layer
between the electrolyte and the carbonaceous anode has been found to grow because of known
chemical reactions, which results in anode aging. It also has been discussed in the state-of-the-art
that electrolyte decomposition because of these parasitic chemical reactions contributes to the total
battery aging much more than that of structural damages or other mechanical disintegration within

the electrodes.

In addition, since most of the current commercialized battery cells used for EV applications

are using graphite as the anode material but have different types of cathode materials, modeling
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the anode aging mechanism has much more generality.

As a result, the following assumption from [99][100][101] is adopted in the reduced-order

ROD model development in this thesis.
Assumption 1:

Anode degradation mechanism, specifically SEI layer growth due to parasitic side
reactions, dominates the whole aging mechanisms and is assumed to be the sole source of aging

considered in the rate-of-degradation model in this thesis.

Different lithium-ion batteries have different physical structures. As seen in Fig. 1.4, the
cylindrical cell, prismatic cell and pouch cell can look very different. Even though every cell
consists of an anode, a separator, electrolyte, and a cathode, they are physically distributed and
assembled can vary case by case. In terms of a microscopic view, how graphite particles distribute
on the anode, or how lithium-ions intercalate through the film at the graphite anode, is not observed
to be in a certain way in every cell. Therefore, a geometric assumption is needed as a starting point

to model the physical system.

There are three structural model assumptions typically used for a lithium-ion cell. The 2D
model shown in Fig. 4.1(a) that was introduced by Doyle et al. [22] considered the whole physical
process. It calculates the concentration of lithium on electrodes and in the electrolyte in terms of
both solid and solution phases and with respect to both x and y directions. This assumption
considers the electrochemical process thoroughly but introduces extreme complexity for equation
formulation and computation. The introduction of several time-variant physical parameters could

over-complicate the model and make it extremely hard to converge.

To simplify the model, the pseudo-2D model was developed by Fuller et al. [22]. In this
approach, the solution phase concentration was assumed to only vary in the x-direction, and the
solid phase was assumed to be identical spherical particles of a determined size. The dominant

diffusion form was in the radial direction [111]. However, this approach showed some instability
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issues when dealing with both the radial direction and y-direction simultaneously. It later had been

adjusted with coordination scaling.

In this thesis, the third geometric model, single particle (SP) model shown in Fig. 4.1(c),
is used as a further simplification of the P2D model. According to the SP model, the following

assumptions are used:
Assumption 2:
1. The graphite anode is assumed to consist of identical spherical particles of a predetermined
size.

2. The porous electrode is treated as many identical single particles that uniformly distribute

across the electrode.
3. The diffusion phenomenon is dominant in the radial direction.

4. The local potential and concentration gradients in the solution (electrolyte) phase are

ignored and accounted for using a lumped solution resistance term

5. The SP model accounts for solid diffusion in the electrode particles and the intercalation

reaction kinetics.

The SEI component that involves the secondary reaction is assumed to be ethylene
carbonate. It reacts with lithium-ion and will eventually form lithium ethylene dicarbonate
(CH20CO2L1i)2, the insoluble component. A detailed formation flowchart is shown below in Fig.
4.2. A simpler RDS schematic can be found in Fig. 1.68, which shows the 2-electron deduction

side reaction.
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The rate-determine-step (RDS) in this reduced-order ROD model contains a two-electron
reduction scheme for every secondary reaction. This reaction is assumed to be the dominant side
reaction, and the complete chemical reaction sequence consists of four steps of reactions and is

well summarized by Safari et al. in [97].

B I

(graph)

Step 1: Ethylene carbonate (EC) receive one electron to form an anion

o} o

0 0 0 o

r 0 ¢

L P + [ L > -0 ] — %,’ N AL + HaC=—Cl»
- ~0

Step 2: Two anions could react with each other to form new organic compounds

-0 (graph) O (8]

o B o o, 0
[L >o] + L-O>—O + e - %,’0\/\0,\ +  Hye—cCm
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Considering the electrochemical degradation models developed in the literature, the parts
that cause the most computational burden and limits the simulation to offline are the PDEs
associated with either the electrode kinetics or the mass transport. Therefore, to simplify such
models, the best approach is to reduce the PDEs as much as possible. An approach to simplify the
model following this idea could be found in [114] has been shown in the state-of-the-art. The
resulted ROD calculation equation is shown in (1.49). According to [114], the most important step

of the simplification was to assume the exchange current lg as a pre-determined function of solely

the battery SOC, so that the PDE associated to the electrode kinetics is eliminated. Moreover,

assuming a fixed side reaction exchange current density iqs, the PDE associated with the mass
transport is eliminated.

In this research, the simplified ROD model introduced in [114] is modified, specifically
regarding the calculations of both the Ig and ios procedures. As shown in [17], Ig was not only

dependent on the battery SOC, but the temperature was another factor. Further investigations also

show that current rate can affect Ig as well. In this research, lg is treated as a function of the current

rate, the battery SOC, and the battery temperature, extending from the literature. More details

about lg characterization can be found in the next section. On the other hand, it might be

insufficient to assume fixed iy for all operating conditions. Though iys does not seem to be

dependent on the battery SOC or the current rate, it may have a dependence on the type of aging
mechanism. For the aging mechanisms associated with the SEI layer growth, high temperatures

could change the iy value. Moreover, the igs value may be different for different for different

anode materials.

Adopted from the approach in [114], the following steps and equations show the process
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of achieving the reduced-order battery ROD model for this research.

The primary reaction is dominant by the charge transfer process modeled by the Butler-

Volmer equation in (4.1).

aF oF
I1= |0(|app, SOC, T¢) [eXp(RgTC nn) - eXp(-RgTC Mn)] (4.1)

I1 is the intercalation (primary) battery current, Iappis the loading battery current, o is
assumed to be 0.5 by symmetrical reduction and oxidation reactions, F is the Faraday constant, Rgq
is the gas constant, T is the battery core temperature, and n, is the overpotential on the anode.

In (4.2), nn, is represented as the difference between the anode potential Uy, and the anode

. f .
reference potential U;e , 1.e., anode OCV.

ref
Mn = Un - Un (42)

The side-reaction kinetics is shown in (4.3), as a Tafel’s relationship. Is is the side reaction
current, a, is the anode specific area, Vol is the anode volume, and ng is the side reaction

overpotential. ns, in (4.4), is calculated similarly to nn, as the difference between the anode

. . . . f
potential and the side reaction reference potential U;e .

. oF
Is = - igsanVoln (T¢) eXp(-Rch ns) (4.3)

ref

Ns = Un -U S (44)

The U?f is fixed at 0.4 V vs. Li/Li*(ref. electrode), representing the prone anode potential

for the 2-electron reduction aging mechanism to occur.

In addition, assuming the reaction on the electrode is a superposition of the primary
(intercalation) reaction and the side-reaction. The loading current is the summation of the primary
current and the side-reaction current, as shown in ((4.5).

lapp =11+ Is (4.5)

Among the five equations (4.1)-(4.5), there are five unknown variables when the physical
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parameters are excluded. The five unknown variables are 11, nn, s, Un, and Is. Since there are five

equations and five unknowns, there exists an exact solution for each of the unknowns. The side-

reaction current Ig is the ROD metric, and its calculation is the most important one shown in (4.6).
(4.6)

ref  ref
-FU, -U -lapp - Is (lapp, SOC, T¢)

. s .
Is (lapp, SOC, T¢) = -ipsanVolnexp( 2Ry T ) * exp(-asinh( 215(lapp: SOC, To)

It is a similar representation as (1.49). Though it is not a direct calculation and I exists

on both sides of the equation, simple and fast gradient descent type of recursive regression

algorithms can be applied to find a solution for I.

It should be noted that this ROD equation, as the developed reduced-order ROD model,
fulfills the requirements stated at the beginning of this chapter. The current rate, the battery SOC,
and the battery core temperature are variables in this equation. Besides the SOC dependence upon
lo, the anode OCV U;ef also has a strong relationship with the battery SOC. Such relationship can
be experimentally determined beforehand and converted into either a look-up table or a fitted
function.

Once the Ig(k) is calculated from (4.6) at any given operating point denoted as
(lapp(k), SOC(K), Tc(k)), the fading capacity and increasing resistance of the battery can be

calculated in a discrete format, shown in (4.7) and (4.8).
Q(k) = Q(k-1) + At*lg(k-1) 4.7
Ms| t*|s(k'1)

RK) = R(k-1) - N
anpseikselF Vol

(4.8)

n

4.1.2 Model Simplification: Exchange Current Estimation
As shown in the previous section, Ig for the developed reduced-order ROD model in this

research depends on the current rate, the battery SOC, and the battery core temperature. To bypass

the PDE that models the lithium-ion concentration change on the anode during the battery
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operation, it is desirable to develop a method to estimate lg at different operating points.

Recognizing the fact that 1p appears in the Butler-Volmer equation modeling the charge

transfer process in the battery, Ig can be calculated based on the inverse form of the Butler-VVolmer

equation. In [17], a nonlinear Butler-Volmer (BV) battery model in the discrete format is shown

below in (4.9).

£2(1, SOC, Te) . 1(2)
1+azt &I (2|0(|, SOC, Tc))

V(2) = Voey (SOC, T) +1(z) * Ro + (4.9)

This discrete equation can be further extended to include the Arrhenius relationship. The

temperature-dependent form of (4.9) is shown in (4.10), and lg is represented as a function of B

and G in (4.11).

(4.10)
E bl(lv SOC’ TC) . G
V(z) =Voev (SOC, T) + I(2) * Aexp(T—C) + 1+—alZ1 asinh(1(z)*B(l, SOC, TC)*exp(T—C))
lo(1, SOC, T¢) = 2B(1. St)C, To) exp(%) (4.12)

With fixed A, E, a1, and G values, (4.10) can be converted into the difference equation

formas in (4.12), and Ig can be estimated via estimating B(l, SOC, T) by the recursive estimation

algorithms based on the battery experimental data at different operating conditions.
E
V() - aV(k-1) = Voey (SOC, T) + (I(k) + asl(k-1)) * Aexp(F y)
G (4.12)
+ by(l, SOC, T¢) asinh(1(k)*B(l, SOC, TC)*exp(T(k)))
The experiments to estimate B(l, SOC, T;) are designed as pulse tests with different current
rates starting at different battery SOCs and battery temperatures. Every pulse test last for 10
seconds and the voltage, current, and surface temperature of the battery are recorded.
For the Panasonic 18650PF cell rated at 2.9 Ah, the following Table 4.1 summarizes the

pulse test conditions that have been experimentally conducted.
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Table 4.1: A summarized table for pulse test conditions

Pulse Current [C]

0.5C, 1C, 2C, 4C, 6C

Start SOC [%] 100%, 95%, 90%, 80%, 70%, 60%, 50%, 40%, 30%, 25%, 20%, 15%, 10%, 5%

Temperature [°C]

25°C, 10°C, 0°C, -10°C, -20°C

After collecting data for each test condition at a 10Hz sampling frequency, the data is

analyzed by a nonlinear regression algorithm to fit the best B(l, SOC, T.) for each test condition.

lo(l, SOC, T¢) is then calculated based on (4.11). The estimated lg values for different operating

conditions are plotted in Fig. 4.3.
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Fig. 4.3: Estimated exchange current lo at different operating conditions

It should be noted that for each nonlinear regression process, the OCV is assumed not

changed over the 10-second pulse and the OCV value is the battery starting voltage ensured by

long time rest between tests. Moreover, the core temperature is assumed to be the same as the

measured surface temperature. The trends show that 1o decreases as the temperature decreases and

as the pulse current rate increases, while exhibiting U-shape dependence on the battery SOC.

The estimated Ig data can be used as a look-up table, searched and extrapolated at any

operating point denoted by the current rate, the battery SOC, and the estimated battery core

temperature. However, the look-up table is quite large and may take a longer time to extrapolate
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the Ig value than expected. In the next section, a fitting function using the separation of variables

are applied.

4.1.3 Exchange Current Fitting Using Separation of VVariables
To fit the seemingly chaotic curve of lg shown in Fig. 4.3 requires a good understanding
of the physics and electrochemical theories regarding the potential relationship between the 1g and

the three variables.

By looking at the Ig trends in Fig. 4.3, the temperature dependence seems to follow the
Arrhenius relationship as many other electrochemical parameters. On the other hand, the U-shape
relationship between g and the battery SOC could be explained by a break-down version of the
Butler-Volmer equation where the lg is represented by (4.13), assuming symmetrical reaction,
ay = o¢ = 0.5. Also, Cyj denotes the lithium-ion concentration, which represents the battery SOC.
Thus, the relationship between Ig and the battery SOC would potentially follow a relationship as

lo ~ (1 - SOC)%-5*S0C0-5,

lo = knga(CLi_max - Cpj)%a Cﬁf (4.13)

In addition, by extracting a small portion of the estimated Iy curve, the relationship between

the current rate and the lp seems to be exponential, as shown in Fig. 4.4.
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As lg is the idle current the battery can draw with no overpotential, the idle current is

possibly suppressed when the loading current is high, leading to the exponential trend shown

above.
Overall, the relationship between Iy and three operating variables are identified, leading to

a fitting approach by the separation of variable technique. The fit function is shown in (4.14),
where p; - pg are parameters fitted by the nonlinear regression.

lo (I, SOC, T¢) = fi (I) * fsoc (SOC) * fT (Tc)
(4.14)

P6
= [pa*exp(pz*1 + ps) ] * [ pa*(1.1 - SOC)***SOCO* ] * [ ps*exp(y ) ]
The resulted lg it is plotted together with the previously estimated Ig in Fig. 4.5. The
fitting error is plotted in Fig. 4.6, and shown to be mostly less than 0.05A. For the cases where the
errors are the biggest, battery SOC is low and the battery usually never reaches to such low SOC

due to safety and battery protection considerations.
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With the fit function available, a quick calculation of the exchange current lg is now

accessible for any given operating point with a current rate, a battery SOC state, and a

measured/estimated battery core temperature.
4.2  Reduced-order ROD Model Validation

In this section, the developed reduced-order ROD model for the Panasonic 18650PF battery
is evaluated based on the previously conducted cycling aging tests. As mentioned in the previous
section, the side-reaction exchange current density igs could be slightly different for different
batteries since the anode graphite material may not be entirely identical. Therefore, the validation
process is divided into two parts, the tuning step, and the evaluation step. In the tuning step, several
sets of constant-rate cycling tests data with measured resistance data for the Panasonic 18650PF
batteries are compared to the simulated resistance estimations by the developed reduced-order
ROD model through the same cycling conditions. The igs value in (4.6 is tuned until a good
agreement is achieved between the estimated resistance and the measured resistance for all cycling
conditions. After the tuning step is fixed and the reduced-order ROD model is simulated and
compared to another set of experimental results from a set of dynamic-rate cycling aging
experiments for model evaluation. It should be noted that the experiments for tuning and evaluation

should be run at the same ambient temperature for consistency.
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4.2.1 Aging Experimental Design

The aging experiments associated with the tuning step are constant-rate cycling
experiments with three different discharge current rates, 0.5C, 1C, and 2C. The aging experiments
last for 300 cycles, and the ambient temperature condition is 25°C. In Table 4.2, the aging
experiment test conditions are summarized. A total of 6 cells are tested, with 2 cells for each case
of the discharge current rate. The 6 cells finish the 300-cycle aging experiments, and the cell

resistances are measured by EIS every 30 cycles.

Table 4.2: Cycling experimental design for five Panasonic 18650 lithium-ion cells

Cell # | C Rate 8;;;1?{3%2 CCCV Charging Rate M((:e)égherirsgnt Measilrsement
1 0.5 75 0.3C, 4.2V, 0.05A cut-off 30 Ro
2 0.5 75 0.3C, 4.2V, 0.05A cut-off 30 Ro
3 1 75 0.3C, 4.2V, 0.05A cut-off 30 Ro
4 1 75 0.3C, 4.2V, 0.05A cut-off 30 Ro
5 2 75 0.3C, 4.2V, 0.05A cut-off 30 Ro
6 2 75 0.3C, 4.2V, 0.05A cut-off 30 Ro

The aging experiments used for evaluation are the same as the tests introduced in the
previous chapter that investigate aging factors within the drive cycle. The three test conditions
include one pure DC discharge, one non-regenerative stepped discharge waveform, and one-
stepped discharge with roughly 8% regeneration (i.e., the ratio of regenerative power to discharge
power). The two stepped drive profiles were carefully selected to mimic a dynamic drive cycle
with the same average current (DC) value as a constant DC discharge condition at 2.9A. The two
stepped cycle waveforms have the same RMS value of 3.7Arms, higher than the DC case. The

three groups are denoted as “DC”, “RMS”, and “RMSw/reg”, respectively.



Fig. 4.7: Proposed drive profiles for aging experiments

Table 4.3: Summarized discharge waveform specifications

Current [A]

Ll —————————————— """"""" —— Drive w/o Regen

—— DC Discharge

1: 2 3 4 5
Time [s]

177

Treatments DC RMS AC Regen
AC w/o Regen 29A 37A + -
AC w/ Regen 29A 3.7A + +

DC 29A 29A - -

Fig. 4.7 shows the one-period current profiles for the three waveforms, and Table 4.3

summarizes the specifications of the different waveforms. For these three waveforms, they are

much more dynamic than the constant-rate discharge current waveform. Although it is not a drive

cycle, it can still provide useful references to evaluate the developed reduced-order ROD model.

4.2.2 ROD Model Prediction Analysis

The constant-rate cycling data is compared with the estimation results using the reduced-

order ROD model. After tuning igs, the simulated resistances achieve a good agreement with the

measured resistance data for all three testing conditions. For the two cells undergoing the same

cycling test, the resistance measurements are averaged. The comparison between the resistance

estimation and the resistance data is plotted in Fig. 4.8.
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Based on the good agreement between the measured resistance and the estimated
resistance, the igg is tuned to be 1.875e-7 A/m2, about 8 times smaller than the fixed value reported
in the literature. The batteries tested in the literature have been the SONY 18650 cells, and they
have existed longer than Panasonic 18650PF cells and potentially are inferior in manufacturing
qualify and cell performance. The igs represents the side-reaction rate constant of the battery and

tends to be smaller for better cells.

In Fig. 4.9, the incremental resistances for all three cases are plotted, all of which starts
from 0. It should be noted that the tuning is intentionally processed to achieve small
underestimations for all three cases. This is because considering the other aging mechanisms that
have not been modeled in the proposed reduced-order ROD model, the estimated resistance growth
should be slower. In addition, the resistance estimation errors for the tuning step are plotted in Fig.

4.10, and generally small errrors are seen.
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After tuning the igs for the Panasonic 18650PF cells at 25°C, the reduced-order ROM
model is again simulated following the same testing sequence of the dynamic-profile cycling
experiments shown in Table 4.3. The estimated resistances are compared to the measured
resistance in Fig. 4.11. The estimated resistance shows good agreements with the measured data,

confirming the effectiveness of the developed reduced-order ROD model.
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Moreover, the incremental resistances and the resistance estimation errors for the
evaluation step are plotted in Fig. 4.12 and Fig. 4.13. It can be seen from the plots that the
estimations tend to usually underestimate the actual degradation progress. This is as expected since
the batteries experience other types of aging mechanisms as well, and only the SEI layer growth
on the anode is included in the developed model. For now, the developed model is only validated
at room temperatures due to two reasons: 1) at low temperatures other aging mechanisms could
tamper with the understanding of the degradation state measurements, and 2) although high
temperatures aggravate SEI layer growth, however, it is infrequent for batteries in the EV to be
operated in such temperature ranges. To avoid too many uncertainties on the developed model, the
tuned igs is kept constant, and the research temperature range is carefully selected. On the other
hand, although low temperature does not necessarily aggravate the aging mechanisms for SEI layer
growth, it aggravates the aging mechanisms on the cathode significantly, and from a whole cell
point of view, the cell resistance would be observed to increase faster. This poses challenges for
the degradation control via ROD manipulations, and other aging source-targeted ROD models

need to be developed.
4.3 ROD Model Evaluation for Different Batteries

In the previous sections, the proposed ROD model has been evaluated for the Panasonic
18650PF cell. Since it involves a series of steps to formulate the ROD model, it is important to
further validate its applicability to different batteries. As introduced in Chapter 2, Sony VTC6 cells
are comparable cells with respect to the Panasonic cells. Sony cells are cylindrical 18650 cells and
have graphite as the anode material. The biggest difference is that the cathode materials for the
Sony cells are different. As shown in Table 2.2, Sony cells’ cathode material is NMC, whereas
Panasonic cells’ cathode material is NCA. Since both cells have the same anode material, the
assumptions made earlier in this chapter can be applied to the Sony cells as well. In this section,

similar model formulation process is adopted to evaluate the validity of the proposed ROD model
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for a different type of batteries.
4.3.1 ROD Model Parameter Identification

As discussed in the previous sections, Iy and iy are the two major parameters residing in
the intermediate model equations that require identification before achieving a closed-form, real-
time solution for the ROD metric, I;. Starting with identifying Iy in terms of its dependency on
battery load current, SOC, and core temperature, a series of pulse tests has been conducted for the
Sony cells. Slightly different from the test conditions chosen for the Panasonic cells, less SOC
stages are chosen and the testing temperature range is changed from -20°C ~ 25°C to -10°C to
45°C. These changes aim to save testing time and accommodate a proper temperature range in
which EV batteries operate more often. The test conditions for the Sony cells are summarized in

Table 4.4 below.
Table 4.4: A summarized table for pulse test conditions for Sony VTC6

Pulse Current [C] 0.5C, 1C, 2C, 4C, 6C
Start SOC [%] 100%, 90%, 80%, 70%, 60%, 50%, 40%, 30%, 20%, 10%, 5%
Temperature [°C] 45°C, 35°C, 25°C, 10°C, 0°C, -10°C

Based on the BV cell model introduced in the previous section, Iy is estimated using the

nonlinear regression in Matlab Optimization Toolbox such that V(k) in (4.12) can achieve the least

squared error with respect to the voltage measurements in each of the test condition. The I
estimation results are shown below in Fig. 4.14.

Compared to the Iy estimation results for the Panasonic cells in Fig. 4.3, I estimation
results have similar magnitudes and shapes for the Sony cells. This confirms the potential physical
relationships between |y and different variables introduced earlier. Meanwhile, the arc-shaped
dependency of 1, 0n SOC and the Arrhenius-type dependency on temperature are also shown in
the plot. Extracting part of the plot, Fig. 4.15 once again shows the exponential relationship

between |y and the current rate.
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Therefore, the separation of variables method is used again to generate a function to quickly
calculate I, at different operating conditions. The function is formulated as the following, same as
(4.14). Using nonlinear regression to identify parameters p; to pg, the fitted Iy is plotted in Fig.
4.16 together with the previously estimated ly. The errors between the fitted 1, and estimated I, are

shown in Fig. 4.17.
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The errors are mostly small with few ones rather large. However, the large errors all appear
at operating conditions with very low SOCs (< 10%). When the vehicle is driving, batteries are
hardly operating at such conditions. Therefore, the fitted Iy can be used for the real-time ROD

model.
On the other hand, the side-reaction exchange current density igs also needs to be identified
to complete the ROD model formulation. As mentioned earlier, ios is a battery-specific parameter

and will change for different batteries. It required a set of constant-rate cycling test to characterize
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igs for the Panasonic cells and the same approach is used for characterizing igs for the Sony cells.

Table 4.5: Cycling experimental design for Sony cells

Cell# | CRate| oy, | coovChagimgRae | BETE | Redanee
1 | 05 75 0.3C, 4.2V, 0.05A cut-off 10 Raos
2 | 05 75 0.3C, 4.2V, 0.05A cut-off 10 Raos
3 1 75 0.3C, 4.2V, 0.05A cut-off 10 Raos
4 1 75 0.3C, 4.2V, 0.05A cut-off 10 Raos
5 2 75 0.3C, 4.2V, 0.05A cut-off 10 Raos
6 2 75 0.3C, 4.2V, 0.05A cut-off 10 Raos

The cycling experiment is summarized in Table 4.5 for characterizing ips and a total of 300
cycles are performed for each tested cell. Unlike the resistance measuring method used for the
Panasonic cells, due to unavailability of the EIS meters, the resistance is measured through a 20
second discharge pulse with 2C discharge current rate. In addition, the resistance is measured every
10 cycles to capture more data points.

Another difference when characterizing iy for the Sony cells is the range of cycles chosen
for the fitting. Due to the fact that the Sony cells are brand new compared to the rather elder
Panasonic cells which have been stored for over a year before the cycling experiment, the Sony
cells are not expected to suffer noticeably from other aging mechanisms for the whole 300 cycles.
Therefore, unlike seeking to achieve the best fit for the first 150 cycles, the iy for the Sony cells
are tuned to achieve a good fit for the whole 300 cycles. After tuning, the resulted modeled
incremental resistances are plotted together with the measured resistances for all three testing

conditions in Fig. 4.18.
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Fig. 4.18: Sony cells’ estimated and measured resistances for the tuning step

Since i is essentially representing the side-reaction rate constant, it is worthwhile to
compare the tuned igs values for different batteries to have a rough understanding on which
batteries tend to age faster. Table 4.6 documents iys values for both the Panasonic cells and the
Sony cells. It shows that iy of the Panasonic cells is slightly higher than that of the Sony cells,
indicating more aging suffered for the Panasonic cells from the SEI layer growth. This is as
expected since the Sony cells are newer than the Panasonic cells and cells with NMC cathode

materials generally have better battery life.
Table 4.6: Side-reaction exchange current density comparison between tested cells
Panasonic 18650PF (NCA) Sony VTC6 (NMC)
1.88e-7 1.67e-7

4.3.2 Experimental Evaluation of the ROD Model
With Iy and igs are determined, the ROD model can be formulated for the Sony cells. To
further validate the ROD model, an aging experiment is conducted cycling the Sony cells with
dynamic profiles. Two drive cycle profiles are used, and six Sony cells are separated into two
groups with each group cycled with one of the drive cycle profiles. The power profiles for the two

drive cycles are shown in Fig. 4.19. The two drive cycles are similar to each other while Drive
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Fig. 4.19: Drive cycle profiles validating the ROD model for Sony cells

The testing conditions are summarized in Table 4.7 and the resistance of each cell is

measured every 10 cycles by a 20-sec 2C discharge pulse. The experiment runs a total of 330

cycles.
Table 4.7: 6-cell drive-cycle aging experiments to evaluate ROD model for Sony cells
# of Tested Cell | Op. SOC Range | Drive Cycle# | Op. Temp. CCCV Charging Rate
3 100% --- 70% 1 25 0.8C, 4.2V, 0.15A cut-off
3 100% --- 70% 2 25 0.3C, 4.2V, 0.15A cut-off

For each group, the measured resistances of the three tested cells are group-averaged. The

measured resistance and the estimated resistance are plotted together in Fig. 4.20 and Fig. 4.21,

where dotted lines represent the estimated resistances. In addition, the resistance estimation errors

are also plotted. The errors are small for both groups, demonstrating the ROD model accuracy.
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Fig. 4.21: Estimated resistance vs. measured resistance for Sony cells (group 2)

4.4  Chapter Summary

In this chapter, a reduced-order lithium-ion battery rate-of-degradation (ROD) model is
developed and experimentally evaluated. The reduced-order ROD model adopts the single-particle
model and focuses on modeling the SEI layer growth on the anode. To simplify the conventional

electrochemical degradation model, the exchange current lg during charge transfer process is

estimated by a state estimation technique via the nonlinear regression from various experimental
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pulse tests conducted w.r.t the current rate, the battery SOC, and the battery temperature. Adopting

a nonlinear battery BV model, g is estimated covering a wide operating range. Also, by fitting the
estimated lg via a separation of variables, lg can be quickly calculated based the current, SOC,
temperature values.

Due to cell differences, the side reaction current density igs used in the literature may not
be accurate, a tuning process is conducted via converging the degradation simulation results from
the developed reduced-order ROD model to the measured degradation results from one set of

constant-rate aging experiments.

The tuned ROD model is further evaluated for two types of cells with different cathode
chemistries, and the simulation results of each cell type are compared with the experimental data
gathered from another set of aging experiments with dynamic cycling profiles. For both cell types,
the simulation results achieve good agreements with the experimental data, validating the proposed

reduced-order ROD model.

Meanwhile, one issue that was not discussed in this thesis is the parameter sensitivity of
the proposed model. The parameter estimation process introduced in the chapter actually
compensates for the potential imperfect parameters as the igs is the last parameter characterized so
that the model output can match with experimental results and therefore compensating for the
inaccuracy of other parameters. It is recommended that rigorous chemical experiments can be in

the future implemented so that the model parameters can be characterized more accurately.
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Chapter 5 Region-based Li-ion Battery ROD
Control During Drive Cycles

With a trustworthy rate-of-degradation (ROD) model developed in the previous chapter,
the ROD of the battery during the drive cycles can be estimated at any sampling instant, if the
current, SOC, and temperature information is available.

In this chapter, the developed reduced-order ROD model is first thoroughly analyzed in
terms of its changing trend with respect to different variables. By analyzing the ROD characteristic
map over a wide operating range, “comfort zones” in terms of less degradation for the battery to
operate at during a drive cycle are identified. Such “comfort zones” identifications would provide
insights on how to drive the electrical vehicle efficiently in terms of improving the battery
durability. By integrating the reduced-order ROD model with the electro-thermal model developed
in a previous chapter, ROD control by monitoring the expected ROD, and manipulating the power
and the heat flow for mitigation can be characterized and analyzed. As a result, the drive cycle

power profiles can be shaped to extending the battery life on an electric vehicle.

5.1 ROD Equation Analysis

To identify the effects of different battery operating variables on the battery ROD, a holistic
sweep of evaluation on the ROD changing trends should be performed. The ROD evaluation

equation developed is shown in (4.6). For convenience, the equation is listed below.

ref

I (1 SOC. T.) = -i Vol -F(ULef- Us - inh 'iapp' Is ('app, SOC, T¢)
s (lapp, SOC, Te) = -losanVolnexp(—5g 7 =) ™ expl-asinh(™=5, 14 "S0C, To)

Since a high temperature would potentially change the igs value, the sweeping temperature

window is limited as high as 45°C to ensure the accuracy of the ROD analysis. Additionally, since
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18650 cylindrical cells with graphite anode have similar physical structure, the specific area ap
and the anode volume Vol are similar as well. Values from the literature are therefore adopted.
For a graphite anode, the OCV vs. SOC relationship has been well documented. One can refer to

the appendix for the details.

In the following Table 5.1, the evaluated operating range using (4.6) is summarized,
covering the SOC range from 5% to 100%, the current rates from -2C (charge) to 5C (discharge),

and battery core temperature from -20°C to 45°C.

Table 5.1: Summary of the ROD evaluation scope
Current [C-rate] -2C to 5C (Discharge “ - ’; Charge “ +7;
SOC 100% to 5%
Temperature -20°C to 45°C

In the next section, the ROD is characterized and calculated within the specified evaluation

scope.
51.1 Side-reaction Current vs. Temperature * SOC * Current Rate

The ROD metric is the side-reaction current. First, the side-reaction current is calculated
over the SOC and current rate windows, while several different temperatures are selected. In this

way, the trend of the side-reaction current against temperature can be clearly seen.

It should be noted that in this section, a more positive side-reaction current value means
the ROD is more severe. This is just for the convenience of plotting and color-bar adjusting. For
the other sections, the sign is inverted, and a more negative side-reaction current value means more

severe ROD.

In Fig. 5.1, the side-reaction current becomes larger when the temperature is colder. The
characterized temperature range in Fig. 5.1 is from 15°C to 45°C. The trend agrees with the
findings from the previous experimental results in Chapter 3, where low-temperature discharge

leads to worse battery rate-of-degradation. Moreover, the temperature effect on the side-reaction
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current is nonlinear, addressing the importance of the battery pack thermal management system in

an electric vehicle.

100 -2

Fig. 5.1: Side-reaction current vs. SOC * | @ different temperatures

In addition, the side-reaction is calculated over the current rate and temperature windows,
while several different SOCs are selected. In this way, the trend of the side-reaction current against
the SOC can be seen. In Fig. 5.2, the side-reaction current is plotted against the temperature and
the current rate. Different side-reaction surfaces are overlaid, representing different SOC cases. It
can be seen that the side-reaction current is higher when SOC is high. This agrees with the findings
in the literature that the SEI layer grows more when battery SOC is high, generally equivalent to
high battery voltage. It can also be seen that typically the almost-full SOC areas cause the most
severe ROD, meaning the ROD trend with respect to the SOC is nonlinear. As a result, avoiding

operating the battery near full could help improve the battery lifetime.

Fig. 5.2: Side-reaction current vs. I*T @ different SOCs
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Also, the trend of the side-reaction current with respect to the current rate can be seen from
both Fig. 5.1 and Fig. 5.2. A higher discharge current rate results in more severe ROD. This agrees
with the full-order electrochemical simulation results and the finding in the literature as well. The
relationship between the current rate and the side-reaction current is nonlinear as well, as we can
see “exponentially” increasing side-reaction current when the discharge current reaches the area
from 3C to 5C. Higher current not only aggravates the battery degradation rate, but also leads to
battery internal temperature increase and causes more severe degradation. These coupled effects
emphasize the importance of keeping the battery load current benign and the necessity of power

control to improve battery lifetime.

As for the charge case, there are other aging mechanisms more dominant than SEI layer
growth during charge and can overshadow the estimations from this developed reduced-order

ROD maodel. Therefore, the charge case should be considered separately.
51.2 Holistic ROD Characteristic Map Analysis

The side-reaction current changes with respect to the different battery operating variables
have been investigated and discussed in the previous section. The central focusing variables are
the current rate, the battery SOC, the battery temperature. Based on the trend’s analysis, several

general suggestions or rules of thumbs are discussed.
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Fig. 5.3: Side-reaction current vs. SOC * | * T (large scope)
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However, for quantitative analysis, it is necessary to look at the ROD characteristic map in
a more holistic view. In Fig. 5.8, a pseudo-4D plot of the side-reaction current over the 3D
operating space (I * SOC * T) is shown, and colder colors represent more severe ROD. However,
it is difficult to clearly see the ROD boundaries when almost the whole battery operating range is

included.

For EV applications, the battery would be heated up if it is too cold initially. When the
vehicle is running, the cooling system usually keeps the battery under 40°C. Therefore, in Fig. 5.4,
the temperature range is limited to 10°C to 40°C. By analyzing different drive cycle experiments,
the battery current can be up to about 4.5C. Therefore, the current rate range has been kept from 0
to 4.5C with charging excluded. For an EV, the full SOC range could be used, and therefore the

whole SOC range is included still.

SOC [%]

Fig. 5.4: Side-reaction current vs. SOC * | * T (smaller scope)

As shown in Fig. 5.4, there are several boundaries over the operating space. Based on the
contour curves, Table 5.2 shows a summary of the various boundaries determined by different

levels of the ROD severity.



Table 5.2: Summary of the ROD boundary curves divided by ROD severity
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ROD Severity Current Rate [C] SOC [%] Temperature [°C]
Worst 46-5 94 -100 10-20
Worse 4-46 86 — 94 20-30

Medium 3-4 75-86 30-33
Benign 1-3 35-75 33-37
More Benign 0-1 0-35 37-40

5.2 Region-based ROD Control Laws Development

Based on the boundary curves identified from the previous sections, several primary ROD

control laws are developed in this section.

The control laws can be divided into two categories: 1) hard threshold, and 2) soft
(dynamic) threshold. The hard threshold contains the laws that ideally should never be violated
when the battery is under operation for EV applications. These laws are mostly based on the battery
safety concerns. In Table 5.3, several hard threshold laws are listed in terms of battery’s thermal
and electrical limitations. As listed, the maximum temperature sensed for the battery surface
temperature should be carefully obeyed. A thermal runaway could possibly happen if too much
power is continuously drawn from the battery and the driver could be forced to stop the vehicle
when the limit is violated. On the other hand, minimum voltage and maximum DOD thresholds
are also listed as hard thresholds These two usually are coupled together since the battery voltage
would be low when the SOC is low. These thresholds are set to protect the battery from damaging
itself operating at low SOC/voltage condition continuously, and another reason is the battery
resistance increases at low SOC, and this causes more internal heat generation and may lead to
thermal issues. In terms of the battery health, an on-vehicle SOH estimation algorithm should be
implemented. Such algorithms could be a look-up table based on the aging data pre-analyzed in

the lab for the battery equipped with the vehicle or could be one of the algorithms introduced in
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the state-of-the-art review. Usually, 30% of capacity fading would announce the battery no longer

suitable for an electric vehicle.
Table 5.3: Hard and soft threshold regarding battery safety and lifetime preservation

Hard Threshold Soft (dynamic) Threshold
Max. Temperature (Thermal Run-away) Dynamic Current Threshold
Min. Voltage (Usually 2.5V) Dynamic SOC Monitoring
Max. Depth-of-discharge (DOD~90%) Dynamic Core/Surface Temperatures
State-of-health Estimator Based on Driving Data Monitoring

On the other hand, there could be several soft/dynamic thresholds or ROD control laws.
As shown in the previous section, high SOC causes more degradation. It is desirable not to charge
the battery to full frequently, and there have been limitations implemented in the charging ports to
avoid charging the battery to a nearly full status. However, less available charge in the battery
inevitably leads to less mileage from an EV stand of point. Therefore, there is always a trade-off
between sacrificing some battery life and wasting some battery energy. Another issue that the
developed electro-thermal model could help is to estimate the core temperature of the battery. As
mentioned, the surface temperature can be monitored by thermocouples attached. However, in
situations like harsh accelerating and hard braking, a significant amount of power is drawn in a
brief period of time. While the surface temperature may not quickly respond due to the large
battery thermal constant, the core temperature of the battery could increase dramatically in a short
time period. This could lead to an unnoticed warning from the thermal management system. With
electro-thermal models or other internal temperature estimation methods introduced earlier, this
safety concern could be avoided. In addition, the core temperature is usually higher than the surface
temperature, and it is the core temperature determining the ROD severity according to (4.6). An
electro-thermal model that predicts the core temperature of the battery could help avoid

underestimation of the ROD severity.

Moreover, the most direct factor that affects battery ROD is the current since both the SOC
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and the temperature are passive factors and are hard to manipulate at will. The current that flows
through the battery is an active factor that can be controlled by the current controller in the

powertrain system.

A current/power shielding control algorithm is investigated in this thesis. Assuming the
battery is undergoing a drive cycle at 25°C, the side-reaction current map at 25°C against different
current rates and different SOC stages is shown in Fig. 5.5. As discussed before, the ROD change
with respect to current and SOC is not linear. Each of the curves shown in Fig. 5.5 can be separated
into two regions, a “fast-grow region” and a “slow-grow region”. The “fast-grow region” has a
linearly increasing trend, and the “slow-grow region” has a convex down increasing trend. The
respective current points associated with each curve that denotes the transition between two
regions then form a limiting boundary. For 25°C case, this boundary is then named the “power
shielding boundary”. The ROD control scheme is then to keep the battery operate on the left side
of this power shielding boundary at 25°C to avoid undesirably high ROD. However, this boundary
should result in the limiting current at a value that is realistic without compromising the battery
performance significantly. A more detailed boundary selection process will be introduced in the

next section.

On the other hand, for different temperature cases, this “power shielding boundary” can be
different, and the basic idea is searching for this boundary to locate the ROD transition point where
the ROD increasing trend changes from convex-down to linear as well as to lead to a reasonable
current limit. Overall, whenever the battery at a certain temperature is operating on the left side of
the “power shielding boundary” of that temperature, no ROD control will be applied. Whenever
there is a command that could push the battery to the right side of the boundary, only the allowable

current on the boundary will be available for the battery.
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Fig. 5.5: Dynamic current/power shielding boundary curve at 25°C
52.1 ROD Boundary Selection Algorithm

The boundary selection can be flexible and needs to be rather realistic, meaning it should
not enforce a current limit too small so that the battery performance is dramatically limited. As
seen from Fig. 5.5, a side-reaction current ranging from 0.005A to 0.01A can all be treated as the
slope-changing region so that an appropriate boundary value should be selected based on the
resulting current limit feasibility. As normally seen from EV applications, an average battery load
current through a drive cycle would be around 1 to 2C. As shown in a previous section, high SOC
can result in worse ROD. Therefore, in this thesis, the minimum discharge current limit for the
Panasonic cells is selected at around 1.8C at 25°C, which corresponds to a side-reaction current at

0.0078A.

On the other hand, temperature can dramatically change the ROD curves and since low
temperature can result in worse ROD, current limit can be smaller than that at high temperature
given the same SOC. However, similar to many other electrochemical parameters that follow the
Arrhenius relationship, a 10°C temperature change can lead to half or double of the original
parameter. Therefore, keeping the same side-reaction current boundary as of 25°C for the other
temperatures may not be appropriate. For temperature conditions higher than 25°C, the side-

reaction current limit could be set to a lower value to keep the current limits at different SOCs
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close to those at 25°C. Whereas for temperature conditions lower than 25°C, such limits could be
set to a higher value so that the corresponding current limits can be mostly feasible. In this thesis,
the side-reaction current boundary with respect to the temperature is calculated as in (5.1). This
results in the side-reaction current boundary to double the value of 25°C at 10°C.

s 1im(T) = |s_|im(25°C)*1.0473(250C - (5.2)

Following (5.1), the dynamic battery load current boundary versus temperatures and SOCs
is plotted in Fig. 5.6. It can be observed that the discharge current limit is kept larger than 5A so
there will not be a significant battery performance compromise. In addition, as expected, lower
temperatures and high SOCs enforce more harsh current limits, consistent with the trends found in

the previous section.
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Fig. 5.6: Maximum allowable current vs. SOC and temperature

While the current limits are the value enforced in the proposed ROD control as discussed
later in this chapter, it is worthwhile to estimate battery discharge power limits for a more
compatible comparison to the commanded drive cycle power. Since the sample frequency is
limited to 1Hz for the implementation, the discharge power limit is the 1-sec discharge power and
is estimated using (5.2) introduced in [17]. T here is the estimated charge transfer process time
constant and is calculated as in (5.3). The associated parameters in the equation are estimated

offline using a Gauss-Newton method based on drive cycle data. Detailed parameter identification
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procedure can be found in [17].
E b : G
Piim = lim * [Vocv (SOC, T) + liim * Aexp(3) + (1 - exp(-1/1))7 +1a1 asinh(ljim*B*exp(7))]
1 (5.3)
"~ log(-ay)

(5.2)

In Fig. 5.7 below, the estimated discharge power limit for the Panasonic cells is plotted as
it is generally consistent with the trends shown for the current limit. Higher SOC and lower

temperature again enforce smaller discharge power limits as expected.
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Fig. 5.7: Estimated maximum allowable discharge power vs. SOC and temperature

5.2.2 Integrated Block Diagram for ROD Control Methodology

In Fig. 5.8, a block diagram is shown with the developed integrated system for the battery
ROD control. Since the control system is developed for the EV applications, drive cycles are the
primary testing profiles. The electro-thermal model developed combining a RNN electrical model
with a lumped-parameter thermal model, and the reduced-order ROD model both play crucial roles
in the integrated system. Additionally, minor look-up tables such as the OCV-SOC look-up table

is also included for necessary SOC estimation via the coulomb counting.
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Physical System

Fig. 5.8: Block diagram of the integrated ROD control schemes

The block diagram represents the whole sequence of the ROD control during a drive cycle
simulation environment. With the developed power-commanded electro-thermal model, at any
time instant, as soon as the power command is received, the predicted current, the predicted core
temperature, and the coulomb-counted SOC value can be fed into the reduced-order ROD model
and calculate the predicted side-reaction current. This predicted side-reaction current value will
then be fed into the ROD control law and the ROD control law will determine whether the
predicted side-reaction current is acceptable. If acceptable, the original power command will be
passed to the controller and respective load current will be passed through the battery. If not
acceptable, the ROD control law will determine a maximum-allowed power value based on the
maximum allowable current limited by the region-based ROD optimization boundary curve. Then,
the ROD-optimized maximum allowable power replaces the original power command and gets
passed to the controller. This process is called the ROD-optimized Battery Current (Power)

Shielding process and will be discussed in the following section.
5.2.3 Dynamic Current (Power) Shielding Algorithm

Assuming at time step k, the power command is P(k). After receiving the power command,

the execution sequence of the region-based ROD control algorithm is as follows:

1. The RNN electrical model predicts 0(k) and /I\(k) based on the input vector [P(k),
Wh(K), Ts(k-1), V(k-1)]

2. /I\(k) and <\/(k) are fed into the lumped thermal model, '/I\'C(k) is predicted

3. 'I\(k), '/I\'C(k), and SOC(K) are fed into the reduced-order ROD model, and
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Is(1(k), SOC(K), Tc(K)) is estimated

4. Compare T(K) to him(1(k), SOC(K), Tc(K): if T(K) <= Lim(1(k), SOC(K), Tc(K)), P(K) is
acceptable and passed to the controller; if 'I\(k) >= liim(1(k), SOC(K), T¢(K)), P(K) is
unacceptable and Pgpt (K) = lim( 1(K), SOC(k),TC(k))*\A/(k) replaces P(k) as the

command and passed to the controller.

5.3 Experimental Design to Evaluate Proposed ROD Control

Unfortunately, the battery cycler available in the lab is built for testing batteries for
standard characterization tests, cycling tests. The way the cycler runs the drive cycle tests requires
the user to load the whole sequence of the power profile at once. It is impossible to implement a
feedback type of control algorithm in the program that requires sensor feedback signal and
manipulate the input at every sample instant. Therefore, the only way to experimentally test the
ROD control schemes is first to simulate the whole control system in the Matlab, assuming the
actual battery physical system is identical to the battery model developed. Also, the tested batteries
are assumed to be identical. By simulating over a drive cycle, the power commands in the drive
profile are modified because of the region-based ROD control laws introduced in the previous
sections. As a result, with the ROD control algorithm enabled, after simulation a modified drive

cycle power profile will be generated.
53.1 Combined Testing Drive Cycle

To evaluate the region-based ROD control using the ROD-optimized battery current
(Power) shielding algorithm discussed in the previous section, one customized drive cycle power
profile is used as the original drive cycle power profile. The original customized drive cycle
combines two different drive cycles, US06 and LA92. LA92 drive cycle follows the US06 drive
cycle, and each drive cycle lasts for 1200 seconds. In Fig. 5.9 and Fig. 5.10, the speed profiles for

the USO6 and LA92 drive cycles are shown. Since one USO06 drive cycle only lasts for
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approximately 600 seconds, two consecutive US06 drive cycles are included to generate 1200

seconds of the drive. On the other hand, one LA92 drive cycle lasts for more than 1200 seconds

so that only 1200 seconds of it has been selected.
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X o0+
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Fig. 5.9: Speed profile for the US06 drive cycle

LA92 “Unified” Dynamometer Driving Schedule
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Fig. 5.10: Speed profile for the LA92 drive cycle

The power profiles are scaled for a single cell of a 35kWh electric vehicle battery pack.
The drive cycle power profiles are calculated for an electric Ford F150 truck with a 35kWh battery
pack [122][123]. The profiles are scaled for a single cell of the 35-kWh battery pack, which is
defined to consist of 3680 of the 18650 cells. The transformed power profiles are shown in Fig.
5.11 and Fig. 5.12. The regenerative power is further limited to avoid any overvoltage and fulfill

the requirement of discharging 30% of SOC in 2400 seconds.
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Fig. 5.11: 1200s power profile for the US06 drive cycle
The overall discharge power is higher for the US06 drive cycle since it is a highway drive
profile with high speeds and higher accelerations. On the other hand, LA92 is a city drive profile
with low speeds and low power. There are more starts and stops for the city drive so that it contains
more power transitions. These two 1200s drive cycles are combined to mimic the daily commute
scenario, assuming the driver spends about 40 minutes everyday driving to work and the first half
of the commute is on the highway and the latter half is in the city. The power profile for the

combined drive cycle is shown in Fig. 5.13.
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Fig. 5.12: 1200s power profile for the LA92 drive cycle
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Fig. 5.13: Combined 2400s power profile

5.3.2 Drive Cycle Power Modification by ROD Control

Following the control algorithm sequence introduced in the previous section, the original
drive cycle is simulated in the Matlab script with all the components in the block diagram included.
Such original drive cycle is simulated for three cases: 1) starting SOC at 100% with the ROD
control enabled, 2) starting SOC at 100% without the ROD control, 3) starting SOC at 80% without
the ROD control. By comparing 1) and 2), the effect of the developed region-based ROD control
algorithm is investigated. By comparing 2) and 3), the SOC effect on ROD for the lithium-ion
battery can be investigated. For now, all simulations are carried at 25°C. Based on the region-based
ROD control law discussed in the previous sections, the original 2400s power cycle is modified.
The modified power profile is shown in Fig. 5.15. The modified power profile shows the power
limiting feature mainly for the first half of the drive, where the highway-focus US06 drive cycle

is enabled, and the battery is at high SOC.
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Fig. 5.14: Modified 2400s power profile after applying ROD control
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Fig. 5.15: Modified 2400s power profile after applying ROD control

Another difference between the original power profile and the modified power profile is

the total time. The modified power profile lasted for 2449 seconds rather than 2400 seconds.
Assuming the SOE and SOC are identical, it is important to have the batteries experience the same
power load at the same SOC/SOE stage. Otherwise, it is no longer a fair comparison between
batteries tested with the original power profile and the modified profile. Therefore, whenever a
power-shielding event occurs, the cut power will be supplemented during the next sample time
(1s) so that the battery with control will experience the same power load as the battery without
control at the same SOE stage, making a fair comparison. In Fig. 5.16, the binary signal denoting

the occurrence of activating the ROD-optimized battery current (power) shielding is shown. There
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is a total of 98 events recorded.
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Fig. 5.16: Step-by-step ROD control enabling signal

5.3.3 Comparative Aging Experiment Design

Based on the modified and the original drive cycle power profiles, a set of experiments are
designed for 6 cells. For the same three simulation conditions, every 2 cells will be power cycled
with either the modified or the original drive cycle power profiles, with the corresponding
discharge SOC window in the simulations. Table 5.4 summarizes the aging experiment designs to
evaluate the region-based ROD controls. The first and second test sets are designed to evaluate the
effectiveness of the developed region-based ROD control, and the second and third test sets are

designed to evaluate the SOC effect on ROD.
Table 5.4: 6-cell drive-cycle aging experiments to evaluate region-based ROD controls

# of Tested Cell Op. SOC Range With Control? Op. Temp.
2 100% --- 70% Yes 25
2 100% --- 70% No 25
2 80% --- 50% Yes 25

The total targeted cycle is 450 cycles, and the battery resistance is measured every 10
cycles. Due to the unavailability of the EIS meter, the resistance is measured by applying a 20s
pulse of 2C discharge current. The resistance is then calculated by dividing the voltage drop during

the 20 seconds with the discharge current, as shown in (5.4).
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_ Vos - Vaos

| (5.4)
pulse

Though EIS meter has a better accuracy, the current and voltage sensors of the battery
cycler are accurate enough to capture the expected small resistance changes. A sample voltage
drop curve during a discharge pulse is shown below in Fig. 5.17. Since the battery resistance
changes with respect to SOC and temperature, for this experiment, all the resistance is measured

at 80% SOC and 25°C for consistency.

In Fig. 5.18, the 6-cell setup is shown where the cells are placed inside a thermal chamber.
During the experiment, the chamber temperature is kept at 25°C. To minimize any thermal
unbalance among cells placed at different positions in the thermal chamber, cell 1 and 6 (nearest
and farthest) are set to the same group, cell 2 and 5 (2" nearest and 2" farthest) are set to the same

group, and cell 3 and 4 (3™ nearest and 3" farthest) are set to the same group.

3.95
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3.85

Cell Voltage [V]

Time [s]
Fig. 5.17: Sample cell voltage curve during a 20s current pulse
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Fig. 5.18: 6-cell experimental setup in a thermal chamber

5.4 ROD Control Evaluation at Room Temperature

The tests listed in Table 5.4 take approximately 2 months to finish. After organizing the
test data and calculating the battery resistances, the following evaluation sequence is conducted:

1. Compare the model-estimated battery voltage with the measured voltage data at
different cycle numbers.

2. Compare the model-estimated battery current with the measured current data at
different cycle numbers.

3. Compare the model-estimated battery surface temperature with the measured surface
temperature data at different cycle numbers.

4. Compare the estimated battery resistances with the measured resistances.

5. Compare the increasing rate of the resistances for batteries with different test
conditions.

54.1. Electro-thermal Model Evaluation
Since there is no feedback signal available in this experiment, it is important that the

electro-thermal model can make accurate estimations of both the cell electrical and thermal

responses. In addition, the increasing resistance would have affected the battery electrical
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responses as the battery ages, potentially leading to change in the RNN battery electrical model
parameters. However, the resistance of the battery is expected to increase about SmQ over 450
cycles, leading to less than 0.1V difference with an expected maximum current of less than 15A.
This small voltage difference due to resistance change would have been buried in the initial
uncertainty from the electrical model. Therefore, the electro-thermal model parameters are kept

the same over the 450 cycles, though this inevitably introduces errors.

In Fig. 5.19, Fig. 5.20, and Fig. 5.21, the electro-thermal model is evaluated for cell 1

during cycle #1. Both the voltage and current errors are under 10%, and the temperature error is

within 1°C.
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Fig. 5.20: Cell 1 estimated current vs. measured current at cycle #1
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Fig. 5.24: Cell 2 estimated temperature vs. measured temperature at cycle #1
For cell 2 at cycle # 1, the electro-thermal model evaluation results are plotted in Fig. 5.22,
Fig. 5.23, and Fig. 5.24. The estimation errors are similar to the errors for cell 1.

For cell 3 at cycle # 1, the electro-thermal model evaluation results are plotted in Fig. 5.25,

Fig. 5.26, and Fig. 5.27. The estimation errors are similar to the errors for cell 1 and cell 2.
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Fig. 5.25: Cell 3 estimated voltage vs. measured voltage at cycle #1
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Fig. 5.26: Cell 3 estimated current vs. measured current at cycle #1
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Fig. 5.27: Cell 3 estimated temperature vs. measured temperature at cycle #1

In addition, the electro-thermal model accuracy between cells is evaluated as well. In the

following Fig. 5.28, Fig. 5.29, and Fig. 5.30, similar errors result for cell 6 at cycle #1. This result

validates the assumption of identical cells.
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Moreover, as discussed in the previous section, the resistance increase due to aging is
expected to introduce unseen change on the cell voltage response that would have been buried
from the error initially induced by the electro-thermal model. By comparing the model

performances for a cell at different aging stages, this assumption can be further examined.
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Fig. 5.31: Cell 1 estimated voltage vs. measured voltage at cycle #450
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Fig. 5.33: Cell 1 estimated temperature vs. measured temperature at cycle #450

In Fig. 5.31, Fig. 5.32, and Fig. 5.33the electro-thermal model performance at cycle #450
is similar to that at cycle #1. This result shows that the electro-thermal developed does not need

significant parameter tuning to account for battery aging.

Overall, the open-loop estimation performance of the electro-thermal model is acceptable,
resulting in estimation error less than 10% in terms of battery voltage and current for all cells at
different cycles. As the current is the most important variable for applying the region-based ROD
control, the current estimation results in less than 0.3C of error, giving confidence for the expected
effectiveness of the ROD control. In addition, with the accurate thermal response estimation, any

further error induced by the temperature will be minimal.
54.2. Reduced-order ROD Model Evaluation

Since the experiments use two sets of power profiles that have been pre-determined, the
original power profile and the modified power profile, the reduced-order ROD model developed
in the previous chapter can be used to simulate the battery aging progression. As mentioned before,
there has not been any techniques developed to measure the ROD of the battery dynamically.
Therefore the resistance growth, instead of the resistance growth rate, is the only measurable

variable for model evaluation.

In Fig. 5.34, Fig. 5.35, and Fig. 5.36, the measured resistance and the model predicted
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resistance, as well as the error, are plotted for all three battery groups tested. Since there are two
cells for each cycling condition, the initial resistance difference between the two cells has been
compensated so that the resistance values of the two cells are normalized to start from the same
initial value. This normalization reduces the initial cell variance and helps calculate the resistance
variance within one group more precisely. In addition, for simulations, the initial resistance for
each simulation case is set to be the same as the initially measured resistance of the respective
experiment group. For the three test groups, “Ctrl-100” refers to the test condition that the battery
cycles from 100% SOC with the modified power profile (ROD control applied), “noCtrl-100”
refers to the test condition that the battery cycles from 100% SOC with the original power profile
(ROD control NOT applied), and “noCtrl-80” refers to the test condition that the battery cycles
from 80% SOC with the original power profile (ROD control NOT applied).
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Fig. 5.34: Estimated resistance vs. measured resistance for the “Ctrl-100” group
As seen from Fig. 5.34, for the “Ctrl-100” test case, the estimated resistance generally
agrees with the measured resistance. The reduced-order ROD model tends to underestimate the
resistance similarly to previous results. The underestimation is due to the other excluded aging
mechanisms, as well as unmodeled aging during charge. The resistance estimation error is also

plotted, showing errors less than 1mQ.
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Fig. 5.35: Estimated resistance vs. measured resistance for the “noCtrl-100” group
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Fig. 5.36: Estimated resistance vs. measured resistance for the “noCtrl-80” group

For the “noCtrl-100” test case, Fig. 5.35 shows similar model performance, and the
resistance estimation error is less than 1mQ as well. For the “noCtrl-80” test case, Fig. 5.36 again
shows similar model performance, and the estimation error is less than 0.6mQ. Comparing the
resistance estimation error, “Ctrl-100” group shows the largest error and “noCtrl-80 group shows

the smallest error. This result could be due to the following potential reasons:
1. “Ctrl-100” and “noCtrl-100” groups require CC-CV charge during each cycle, and this
high-voltage high-SOC charge process may cause more degradation, whereas the

“noCtrl-80” group only requires mild charge process at a lower voltage, inducing less
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stress.

2. Cells for the “Ctrl-100” group are placed farthest from each other inside the thermal
chamber so that they have experienced the most severe thermal unbalance during the

experiment, which may lead to higher resistance measurement variance.
5.4.3. Region-based ROD Control Evaluation

Since the resistance growth rate cannot be measured directly, the proposed region-based
ROD control scheme is evaluated by comparing the slopes of the fitted line of the measured

resistance data.

In Fig. 5.37, the estimated resistance and measured resistance for all three groups are
plotted. The incremental resistances are plotted in Fig. 5.38. The estimated resistance curves are

easier to distinguish from each other in terms of their respective slopes.

By linear fitting the estimated resistance curves, Table 5.5 summarizes the respective
slopes for the three simulation conditions. It shows that the slope of the “Ctrl-100” group is smaller
than the “noCtrl-100” group as expected. On the other hand, the “noCtrl-80” group has a smaller

slope than that of the “noCtrl-100” group, showing the SOC effect on ROD characteristics.
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Table 5.5: Summary of the linear-fitted slopes of estimated resistance curves

Simulation Case

Ctrl-100

noCtrl-100

noCtrl-80

mQ
Slope [C_yc]

0.0094

0.0101

0.0091

In addition, linear fitting is also applied to the measured resistance curves. In Fig. 5.39,

Fig. 5.40, and Fig. 5.41 respectively, the measured resistance curves and the fitted resistance lines

are plotted. The fitted lines are lying through the measured resistance data points.
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Fig. 5.41: Fitted resistance vs. measured resistance for the “noCtrl-80” group

The slopes of the fitted lines are summarized in the following Table 5.6. It shows that the
slope of the “Ctrl-100” group is smaller than the “noCtrl-100” group. This validates the
effectiveness of the developed ROD control law, a.k.a ROD-optimized battery current (power)
shielding. Based on the slope values, with the ROD control, the battery ages about 8% more slowly.
On the other hand, the “noCtrl-80” group has a smaller slope than that of the “noCtrl-100” group,
showing that operating the battery at high SOC regularly would lead to more severe degradation.

This result agrees with the findings from the ROD characteristics analyzed in the previous section.
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Table 5.6: Summary of the linear-fitted slopes of measured resistance data
Test Case Ctrl-100 noCtrl-100 noCtrl-80

Slope [gl—ji] 0.0096 0.0104 0.0099

5.5 ROD Control Evaluation for Different Batteries

As discussed previously, both the power-commanded electro-thermal model and the ROD
model can be applied to different batteries. Since the ROD control schemes proposed earlier in
this chapter are built based on both models, the ROD control schemes are also evaluated for the

Sony cells and the results are compared with the Panasonic cell results.
55.1. Power Modification Under ROD Control for Sony Cells

Since Sony cells have similar ratings as the Panasonic cells, the evaluation drive cycle is
not changed. The 2400s drive cycle combined with 1200s US06 and 1200s LA92 is used. As
mentioned in the previous chapter, Sony cells, since they are newer and have potentially better
cathode materials, appear to have better life with relatively lower Is. In Fig. 5.42, based on the
ROD model formulated for the Sony cells, the side-reaction current I vs. different load current for
different SOCs at 25°C is plotted. Since Sony cells are relatively newer than the Panasonic cells
and the side-reaction exchange current density is smaller, the chosen boundaries are more generous
for the Sony cells so that the allowable current/power for Sony cells can be similar to that of the

Panasonic cells.

Fig. 5.43 shows the maximum allowable current at different SOCs and temperatures for
the Sony cells. The determination of such dynamic boundaries follows the algorithm introduced
earlier for the Panasonic cells. The estimated maximum allowable discharge power at different

SOCs and temperatures is plotted in Fig. 5.44.
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Fig. 5.43: Maximum allowable current vs. SOC and temperature for Sony cells

Compared to Fig. 5.6, it can be observed that generally the maximum allowable current for

the Sony cells is similar to that of the Panasonic cells.

Following the simulation of the proposed integrated ROD control system in Fig. 5.8 for the
Sony cells at 25°C, the original 2400s drive cycle can be modified as well. In Fig. 5.45, the original
drive cycle power profile is superimposed with the power limits imposed by the ROD control. It
can be seen that most of the interventions happen during the first half of the drive cycle where
SOC is relatively high and the load power is more aggressive. The power profile modified after
the ROD control is plotted in Fig. 5.46. The discharge power is overall contained under 40W,

whereas the original power profile shows up to 60W of the discharge power.
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In Fig. 5.47, the binary control signal is plotted through the whole 2400s drive cycle. A
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total of 116 ROD control events occurs while for the Panasonic cells there had been a total of 98

events.

5.5.2. Aging Experimental Setup for Sony Cells
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Fig. 5.47: ROD control enabling signal for Sony cells

A comparative aging experiment is then designed for the Sony cells to evaluate the

effectiveness of the proposed ROD control schemes. Unlike the three-way comparable aging

experiment designed for the Panasonic cells, the experiment for the Sony cells aims to solely

evaluate the ROD control performance, excluding the investigation of cycling SOC range’s effect

on battery aging. A total of 6 Sony cells is used in the experiment and is grouped into two. The

operating SOC range is kept from 100% to 70% per 2400s drive cycle and the ambient temperature

is set to 25°C. One group of cells is cycled with the 2400s original drive cycle, while the other

group is cycled with the modified power profile. Table 5.7 summarizes the testing conditions for

the two groups of Sony cells in this experiment.

Table 5.7: 6-cell aging experiments to evaluate region-based ROD controls for Sony cells

# of Tested Cell Op. SOC Range With Control? Op. Temp. Group Name
3 100% --- 70% Yes 25 Ctrl-100
3 100% --- 70% No 25 noCtrl-100

To characterize the aging status, 2C 20-sec pulse test is used and the resistances are

measured every 10 cycles. The resistance is measured when the cells are at 80% SOC with 25°C
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ambient temperature. The measured resistances of the cells in each group are normalized and group

averaged for analysis.
55.3. ROD Control Experimental Evaluation for Sony Cells

The aging experiment runs for a total of 330 cycles for all the 6 cells. Resistances estimated
by the ROD model were all initialized with the first measured resistances averaged for each group.
The estimated resistances are plotted together with the measured resistances for both groups in
Fig. 5.48 and Fig. 5.49. For both cases, the estimated resistances agree well with the measured
resistances. The estimation error for the “Ctrl-100” group is well under 0.3mQ through the 330

cycles, while the estimation error for the “noCtrl-100” group is similar.
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Fig. 5.48: Estimated resistance vs. measured resistance for the “Ctrl-100” group (Sony)

In order to quantitatively analyze the effectiveness of the proposed ROD control scheme,
the measured resistances are also linearly fitted for each group since the slopes of the linear fitted
lines can be used to indicate the aging rates. In Fig. 5.50 and Fig. 5.51, the measured resistances
are plotted together with the respective first-order linear fitted lines. The slopes of the linear fitted
lines are summarized in Table 5.12 and the slope for the fitted “Ctrl-100” group line is lower than
that of the fitted “noCtrl-100” group by approximately 21%. This indicates that quite significant

degradation reduction can be achieved by applying the limiting-type ROD control schemes.



48

47 -

43

Resistance [mQ]

M-

40

46

45 -

44 -

42 -

227

Cycle [\]

Fig. 5.49: Estimated resistance vs. measured resistance for the “noCtrl-100” group (Sony)

Resistance [mQ]

48

a7

46

45 -

44 -

43

42

a1

40

05
=== Est.noCtrl-100 0.4
—ﬁ— Meas.noCtrl-100 el

i&ﬁ % 03}
IL;ﬁlE" 02l
=23 5
g 2
;JP’E s3] o€
| ﬁ“‘p’p SRl
" =
S o2l
S .
RZ
o 03
Q
o 04t
‘ . ‘ ‘ ‘ ‘ 05
0 50 100 150 200 250 300 350 0

Cycle [\]

—§—Meas.Ctrl-100
= = Fitted Ctrl-100

e

0

.
50

L
100

L L
150 200

Cycle [\]

L
250

.
300

350

Fig. 5.50: Fitted resistance vs. measured resistance for the “Ctrl-100” group (Sony)

In Fig. 5.52, the incremental resistances of both the measured resistance and the estimated

resistance for both groups are plotted together, showing clear aging reduction with the ROD

control enabled. Table 5.9 summarizes the fitted slopes for the modeled resistance curves for both

groups. The slopes are close to those for the measured resistances, confirming the accuracy of the

ROD model.
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Fig. 5.52: Est. incremental resistance vs. meas. resistance for all groups (Sony)

Overall, it can be seen that the proposed ROD control can be applied for a battery with

different cathode chemistry and aging reduction can be achieved as well. Based on the results, it

suggests that Sony VTCG6 cells are less vulnerable to SEI layer growth related aging mechanisms

and can benefit more from the proposed ROD control schemes.
Table 5.8: Summary of the linear-fitted slopes of estimated resistance curves (Sony)

Simulation Case

Ctrl-100

noCtrl-100

mQ
Slope [C_yc]

0.0098

0.0107
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Table 5.9: Summary of the linear-fitted slopes of measured resistance data (Sony)
Test Case Ctrl-100 noCtrl-100

Slope [gl—;z] 0.0088 0.0112

5.6 ROD Control Evaluation at Low Temperature

As the batteries in an EV can operate at different temperatures, it is worthwhile to analyze
the suitability of the proposed ROD control at different operating temperature conditions. As the
batteries can be particularly limited in terms of its power/energy capability at low temperatures, in

this section, the proposed ROD control is evaluated for its low temperature applicability.

To avoid significant power capability restriction, normally EV battery pack will be pre-
heated to approximately 10°C before driving. Therefore in this section, 10°C is chosen as the

testing temperature condition to evaluate the low temperature ROD control.
5.6.1. Low Temperature Power Modification

As discussed in a previous section, the limited side-reaction current at different
temperatures is tuned according to (5.1). In Fig. 5.53, the side-reaction current boundary at 10°C

is shown and is double of the value at 25°C. As a result, the current limits, though harsher, are kept

within a feasible range.
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Fig. 5.53: Dynamic current/power shielding boundary curve at 10°C
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The tested drive cycle remains the same as in the previous experiments, consisted of 1200s
US06 and 1200s LA92. The original 2400s drive cycle is again plotted below. It is expected that
by applying the dynamic ROD current (power) shielding, more control events would occur. Since
the ROD is more severe at low temperature, by applying an even more strict boundary, more

battery performance compromise is expected but would ideally lead to more degradation reduction.

Fig. 5.55 superimposes the ROD-limited dynamic power limit with the original drive cycle

power profile. The limit is overall smaller than 25°C case.
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Fig. 5.56 and Fig. 5.57 show the modified drive cycle power profile at 10°C as well as the

binary control signal over the whole drive cycle. Same as previous tests, whenever a control event

occurs, the truncated power will be supplemented during the next second so that SOC/SOE will

not be affected.

As expected, 198 control events occur for the 10°C case, about twice the occurrence at

25°C. This also leads to more performance compromises.

1 pr

0.9

0.8 [

0.7 |

0.6 -

0.5

0.4

Binary Signal

0.3

0.2

0.1

o

0
0

500 1000 1500 2000 2500

Time [s]

Fig. 5.57: ROD control enabling signal for Panasonic cells at 10°C

5.6.2. Low Temperature Aging Experimental Design

The experimental design for 10°C ROD control evaluation is similar to the previous
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experiments. Six Panasonic cells are divided into two groups. The discharge SOC range is from
100% to 70%. Resistances of all cells are measured every 10 cycles using a 20-sec 2C discharge

pulse.

Since low temperature charging can trigger another Li-ion battery aging mechanism,
lithium plating, the charging temperature is set to 20°C by relaxing the batteries for a period of
time until the chamber temperature rises from 10°C to 20°C. This change however will prolong
the total test time quite significantly. A summary of the experiment is provided in Table 5.10

below.
Table 5.10: 6-cell drive-cycle aging experiments to evaluate region-based ROD controls

# of Tested Cell Op. SOC Range With Control? Op. Temp.
3 100% --- 70% Yes 10°C
3 100% --- 70% No 10°C

Eventually the test runs for a total of 180 cycles both due to the prolonged single cycle
duration and limited by the testing equipment availability. Since SEI layer growth is more

dominant during the early stages, 180 cycles are enough for ROD control evaluation.
5.6.3. Low Temperature ROD Control Evaluation

After gathering the resistance data for all cells, the data are group averaged. Two
evaluations are applied. One is to compare the group-averaged resistance data for both groups with
the estimated resistances based on the ROD model. The second evaluation is to compare the two
data groups to determine whether the ROD control achieves degradation reduction.

In Fig. 5.58 and Fig. 5.59, the modeled resistances are compared with the resistance data
for both the “Ctrl-100” group and the “noCtrl-100” group. In both cases, accurate estimation is
achieved. The estimation error overall is slightly higher for the “Ctrl-100” group but in both cases

the estimation errors are kept well under 1mQ.

In Fig. 5.60 and Fig. 5.61, linear-fitted resistances are plotted together with the original
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resistance data. The slopes of the linear-fitted resistances can be compared to determine the

effectiveness of the proposed ROD control on degradation reduction.
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Table 5.11 summarizes the estimated slopes based on the modeled resistance with or
without ROD control and the slope of the “Ctrl-100” group is slightly smaller. Such small
difference may not be evident enough to confirm the degradation reduction capability. However,
in Table 5.12, the slopes based on the linear fits for the measured resistance data show that a
noticeable degradation reduction can be achieved by the proposed ROD control at low
temperatures. It shows an approximately degradation reduction of 15%. The resulting degradation
reduction is more than that at room temperatures as expected since the current limiting boundary
is harsher at low temperatures as shown previously. In addition, it requires more battery

performance compromise at low temperatures as seen from the doubled control events.
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In summary, the proposed ROD control has been evaluated for low temperature conditions

and shown noticeable battery degradation reduction capability as well.
Table 5.11: Summary of the linear-fitted slopes of estimated resistance curves
Simulation Case Ctrl-100 noCtrl-100

Slope [rcn—;i] 0.0320 0.0343

Table 5.12: Summary of the linear-fitted slopes of measured resistance data

Test Case Ctrl-100 noCtrl-100
mQ
Slope [Cyc ] 0.0290 0.0342

5.7 Chapter Summary

In this chapter, the reduced-order ROD model is analyzed quantitatively on its relationship
with changing current rate, battery SOC, and battery temperature. It shows that larger current rates,
higher battery SOC, and lower battery temperature lead to worse ROD based on the model equation
evaluations. A holistic characteristic map of the ROD over a large battery operating region has
been evaluated, and several stages of the ROD severity are identified with their respective ROD
severity boundary curves. Based on the characteristic map, it has been determined at any given
temperature, a ROD transitioning boundary curve with respect to both the battery current and SOC
is identified indicating the dramatic transition of the side-reaction current from a “slow-grow
region” to a “fast-grow region”. A boundary selection algorithm is developed to further generate
useful look-up table of ROD-limited current limits in terms of different SOC and temperature
conditions. Secondary algorithms are also developed to adjust the side-reaction current boundary

for different temperatures to generate reasonable and pragmatic current limits during drive cycles.
A block diagram including the integration of the power-commanded electro-thermal model

and the reduced-order ROD model is developed, feeding the side-reaction current as the ROD

metric to the region-based ROD control block. A ROD-optimized battery current (power) shielding
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control law is developed based on only allowing the battery to operate within the proposed ROD-
limited current limits. This ROD-optimized battery current (power) shielding control law serves
as the core part of the region-based ROD control schemes. An algorithm dynamically calculating
the allowable loading power for the battery at any sampling instant is developed for the shielding

control law as well.

A power-commanded drive cycle is customized to mimic a daily commuting scenario,
consisting of 20-minute US06 drive cycle and 20-minute LA92 drive cycle. Evaluation simulations
for the Panasonic 18650PF batteries undergoing this customized drive cycle with or without the
shielding control law, as well as over different SOC ranges to evaluate the effect of battery SOC
on battery ROD. A slower degradation progress of the battery with the ROD control is seen from
the simulation, and a slower degradation progress of the battery operating during a medium-SOC

range rather than in a high-SOC range is seen as well.

Drive cycle aging experiments have been designed and conducted for six Panasonic
18650PF cells, undergoing the same simulated operating sequences. The three different aging
experiments at 25°C include power cycling 2 batteries with the ROD control starting from 100%
SOC, 2 batteries without the ROD control starting from 100% SOC, and 2 batteries without the
ROD control starting from 80% SOC. The resistances of the batteries are measured every 10
cycles. After 450 cycles, the experimental resistance data agree well with the estimated resistance
for the three testing conditions, validating the accuracy of the developed ROD model and the

effectiveness of the developed ROD-optimized battery current (power) shielding control law.

Meanwhile, similar aging experiments have been conducted to validate the ROD control
law for a battery with different chemistries. Sony VTCG6, which has a different cathode chemistry
compared to the Panasonic 18650, has been tested and degradation reduction is shown achievable
at room temperature. In addition, low temperature experiment of Panasonic cells also shows the

effectiveness of the ROD control schemes, achieving a degradation reduction.
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Chapter 6 Trade-off Between ROD Control and
Battery Performance Compromise

As seen in Chapter 5, the proposed ROD control strategy results in a limiting-type control
and can compromise the battery performance in terms of the loading current and power. For EV
applications, these particular limitations lead to situations that when the driver is stepping heavily
on the acceleration pedal, the vehicle would not deliver the desired amount of power because of
the ROD control limits. One may argue that this type of limitation should not be applied since it is
against the driver’s requests while driver should have the complete decision privileges. However,
one would understand that such performance limits have been existed for automobile industry for
a long time. For the conventional internal combustion engine (ICU), torque limits are always
applied to consider factors such as performance and emission [128]. Fig. 6.1 shows a block
diagram about ICE cruise control. It can be seen that a torque saturation block is included. Similar
limits are also applied to other variables of ICE such as velocity, emission, and injection ratio.
Therefore, applying current or power limits to EVs in order to keep the degradation rate reasonable

could be acceptable for the drivers even though the drivers may feel underpowered.
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Fig. 6.1: Discrete-time PI controller with anti-reset windup circuit

In this chapter, a trade-off analysis between the battery degradation reduction capability
and the battery performance based on simulations is conducted. As briefly shown in the previous

chapter, the ROD-limited current envelope for a battery can be modified so that the resulting
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controlled battery current can be more practical. Consequently, the battery degradation reduction
capability changes and this can be also driving-scenario dependent. In this chapter, different levels
of current limits at different temperatures are investigated for scenarios including highway and
city drive cycles. The resulting trade-off between the degradation reduction level and the battery

performance compromise level is showcased and summarized.

6.1 ROD-limited Current Manipulation

As discussed in chapter 5, the proposed ROD control essentially enforces limits on either
the current or the power that discharges the battery. However, since there is much freedom in terms
of setting the ROD boundary, there are opportunities to manipulate such a boundary for different
operating conditions to achieve the desirable level of battery degradation reduction. On the other
hand, since the battery current and power outputs are limited when the ROD control algorithm is
enabled, battery performance compromises, though not desirable, are inevitable. As briefly
discussed in chapter 5, as the proposed ROD control algorithm is applied for low temperature
cases, there can be a temperature-dependent adjusting factor applied so that the resulting current
limit is within a reasonable range. In this section, the effects of different adjustment factors on the

ROD-limit current boundary at different temperature conditions are investigated.
6.1.1 Temperature-dependent ROD-limited Current Adjustment

Based on the characterization of the proposed ROD model, temperature can be one
significant factor affecting the ROD curves. While developing the ROD control law, if one fixed
ROD value limit were to be used, the associated current limits, especially for the high SOC region,
could be quite small and somewhat unrealistic for practical usages as the EV performance would

have been significantly restricted.

In Fig. 6.2, the current limits at different conditions based on a fixed ROD limit are plotted.

As indicated from this figure, in the high SOC region, the discharge current limit can be as low as
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only 2A at low temperature conditions, while at room temperature or higher the discharge current

limit can range from 5A to 8A.

ROD-limit Current [A]

Fig. 6.2: ROD-limit current boundary map with no adjustment factor

Such a low current limit at low temperature conditions can be troublesome for EV
application as the battery pack can be routinely at a high SOC region and the ambient temperature
can be quite cold sometimes. As drive cycles can have an average discharge current of about 1C,
2A, or equivalently 0.67C for the Sony cell, can dramatically limit the battery performance and
frequently trigger ROD control if the vehicle is running in cold environment. In other words, the
performance compromise in such a situation is too heavy not to be felt by the driver. A
temperature-dependent adjustment on the current limits is preferred so that a balance between the

degradation reduction and performance compromise can be achieved.
6.1.2 Current Limit Adjustment Factor

As introduced in section 5.2.1, the ROD-limit current boundary was adjusted with respect
to temperature as the low temperature performance was too heavily limited with the evaluation
drive cycle used. Moreover, the Arrhenius relationship was also considered and help lead to an
adjustment that changes the previously-fixed ROD limit to a temperature-dependent varying
quantity. The adjustment factor was set to 2 so that at low temperature conditions, the ROD-limit

current can be more than 1C to lessen the limitation.

However, the practice of adjusting the ROD-limit current focused on achieving a
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reasonable power profile for low temperature ROD control evaluation. There has not been a more
complete investigation on how different levels of the adjusting factor can affect either the
degradation reduction level or the battery performance compromise level. Moreover, different
driving scenarios can favor different adjusting factors. Specifically, highway drive cycles and city
drive cycles may have different levels of adjusting factor enforced but still achieve similar results.

Also, temperatures can be another factor dimension to be considered.
Table 6.1: Summary of the operating conditions considered

Adjusting factor Drive cycle type Temperature

1 (no adjustment), 1.5, 2, 3 highway, city 35°C, 25°C, 10°C, 0°C

In Table 6.1, a summary of different agjusting factor levels, drive cycle scenarios and
temperature conditions is provided. The adjusting factor is divided into four levels. The value of
each factor level refers to the case in which the ROD limit value, Is jim(T), is increased by such a
factor as temperature decreases 15°C. (6.1) is the mathematical expression that represents this
adjustment. The “1” case is the baseline and essentially there is no adjustment. The “1.5” case leads
to a small adjustment for the low temperature ROD-limit current boundary. At the same time, since
other aging mechanisms that favor high temperatures can be worsen if the battery discharge current
is high, a similar adjustment can be enforced simultaneously for high temperature conditions. The
“1.5” case, as a result, can also lead to a more aggressive ROD boundary at high temperature
conditions. Overall, the “1.5” factor can be somewhat recognized as slightly “favoring” the low
temperature. Similarly, the “2” and “3” cases “favor” the low temperature conditions even more,
while the “2” case results in a ROD-limit current boundary map that is almost independent of

temperature.

15
root = \/factor (6.1)

Is_Iim(T) = |s_|im(25°C)*root(25°C -T)

In Fig. 6.3, the ROD-limit current boundary maps with different adjustment factors are
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plotted. The boundary surface is rotating towards the direction where larger discharge current is

allowed for the low temperature conditions. With a factor of 1.5, slightly over 1C current rate is

allowed for low temperature cases in a high SOC region. With an increasing factor, the boundary

map results in harsher limits for the high temperature conditions. This may not be necessary if only

the characterized aging mechanism is considered, but can be helpful as it compensates, to some

extent, the effects from other high-temperature-favorable aging mechanisms such as mechanical

disintegration and material decomposition.
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Fig. 6.3: ROD-limit current boundary maps with different adjustment factors

In the next section, these ROD-limit current boundary maps will be evaluated through

simulations in terms of the resulting trade-off between the degradation reduction level and the
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battery performance compromise level. Different drive cycle scenarios and different temperature

conditions will be investigated.

6.2 Trade-off Analysis

The design factors for the evaluation include four adjustment factors, two different drive
cycles, and four different temperature conditions. US06 drive cycle is used as the highway drive
cycle and LA92 drive cycle is used as the city drive cycle. For various conditions, the simulation
follows the sequence as in Fig. 5.8. For each cycle, the power profile is applied recursively until
20% SOC. The initial battery resistance is assumed to be 45m(2 and a total of 300 cycles are
simulated. The ratio between the linearly-fitted slopes of the simulated resistances with or without
ROD control is used to quantitively represent the degradation reduction level. The occurrence
count of the ROD control enabling signal per cycle is used to represent the performance

compromise level.
6.2.1 Degradation Reduction vs. Performance Compromise

In Fig. 6.4, the power profiles for both the highway and the city drive cycles are plotted.
The highway drive cycle contains overall higher power values. It is expected that the ROD control

would be enabled more frequently during a highway drive cycle.

In Table 6.2 and Table 6.3, the respective degradation reduction ratio and the control event
occurrence for each test condition is recorded. Comparing the two tables, as expected, the ROD
control event is much more often triggered for highway drive conditions. Both tables indicate that
at low temperatures the proposed ROD control algorithm gets enabled more often. Meanwhile, a
clear relationship between the degradation reduction level and the control event occurrence can be
observed. As expected, more control events can occur, and more degradation reduction can be

achieved.
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Fig. 6.4: Evaluation power profiles for both highway and city drive cycles

Table 6.2: Trade-off summary for the highway driving scenario

35°C 25°C 10°C 0°C
Factor 1 0.97 - 44 0.92-124 0.78 - 432 0.67 - 890
Factor 1.5 0.94-92 0.91 - 140 0.84 - 264 0.78 - 434
Factor 2 0.92 - 136 0.91-148 0.88 - 194 0.85 - 246
Factor 3 0.88 - 224 0.90 - 158 0.92 - 106 0.92 - 106
Table 6.3: Trade-off summary for the city driving scenario
35°C 25°C 10°C 0°C
Factor 1 099-6 0.99 - 68 0.92 - 538 0.83 - 1346
Factor 1.5 0.99 - 36 0.99-80 0.95- 244 0.92 - 560
Factor 2 0.99-72 0.98-90 0.97- 176 0.95- 234
Factor 3 0.97-172 0.98 - 110 0.98-78 0.98-70

The ratio in both tables can be translated into percentages indicating how much degradation

reduction is achieved. The translated tables are shown in Table 6.4 and Table 6.5.
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35°C 25°C 10°C 0°C
Factor 1 3% - 44 8% - 124 22% - 432 33% - 890
Factor 1.5 6% - 92 9% - 140 16% - 264 22% - 434
Factor 2 8% - 136 9% - 148 12% - 194 15% - 246
Factor 3 12% - 224 10% - 158 8% - 106 8% - 106
Table 6.5: Translated trade-off summary for the city driving scenario
35°C 25°C 10°C 0°c
Factor 1 1% -6 1% - 68 8% - 538 17% - 1346
Factor 1.5 1% - 36 1% - 80 5% - 244 8% - 560
Factor 2 1% - 72 2% - 90 3% - 176 5% - 234
Factor 3 3% -172 2% - 110 2% - 78 2% - 70

For each temperature condition, both the degradation reduction percentage and the control

event occurrence as in the “Factor 17 scenario are used as the baseline and the values in the other

“Factor” levels are normalized. In Fig. 6.5, the normalized ratios for either the degradation

reduction or the ROD control event are plotted against different adjusting factors respectively for

different temperature conditions. Both the highway and the city scenarios are plotted as well.

Specifically, with a higher adjusting factor, the performance compromise level can increase

significantly for the 35°C case during a city drive cycle, while the corresponding degradation reduction

capability does not change noticeably. This is due to the fact that the ROD control targeting limiting the

current can be enabled multiple times as the battery current command is only slightly over the current limit.

Therefore, the degradation reduction is not obvious, but the ROD control events occurrence is high. As a

result, the 35°C case holds little interest for analysis and therefore are removed from the plot. Fig. 6.6 then

plots 25°C, 10°C and 0°C cases for city drive cycle situation.
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As seen from Fig. 6.5 and Fig. 6.6, the balance between the degradation reduction level

and the performance compromise level does not appear to be linear and therefore at different

temperature conditions different adjusting factors can be chosen to achieve a more optimal trade-

off.

6.2.2

ROD Control Strategy Selection at Different Op. Conditions

To select a more suitable adjusting factor for different temperature conditions, the

difference between the two normalized ratios at different adjusting levels can be a useful indicator.
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Another indicator can be useful sometimes is the estimated ROD control event occurrence at an
operating condition during one drive cycle and such value should not be too large otherwise the

driver would clearly feel the current/power/torque limited.

In Table 6.6 and Table 6.7, different adjusting factors are selected as the more desirable
factors for different operating conditions, namely different driving scenarios and different
temperature conditions. It shows that for highway drive cycles, usually enforcing a higher
adjusting factor can help achieve a better balance between the degradation reduction and the
performance compromise. Typically, at low temperature conditions, enforcing the original factor
can lead to strict constraints so that it would not be ideal for driver experience. An adjusting factor

of 2 or 3 can help achieve a better balance while still imposing proper ROD limitations.
Table 6.6: Summary of desirable adjusting factors for highway scenario

Temperature Desirable Factor Reason
35°C 1.5/2 moderate limit, prevent overtemperature
25°C 1.5 good balance, moderate limit
10°C 2/3 good balance, high limit, low temperature enforcement
0°C 2 high limit, low temperature enforcement

For the city drive cycles, at 25°C a factor of 2 achieves the best trade-off balance and
therefore is selected. For the 10°C and 0°C cases, either a factor of 1.5 or a factor of 3 can be
chosen, depending on the situation. Both factors can help achieve a good balance while enforcing
a factor of 1.5 can lead to quite a significant amount of ROD limiting events. If the drive is not
time sensitive, a factor of 1.5 can be selected. However, for a purpose such as commute, a factor

of 3 can be selected so the driver can arrive at work promptly.
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Table 6.7: Summary of desirable adjusting factors for city scenario

Temperature Desirable Factor Reason
35°C 1 no significant improvement when elevating the factor
25°C 2 good balance, moderate limit
10°C 1.5/3 situation-dependent, good balance
0°C 1.5/3 situation-dependent, good balance

6.3 Chapter Summary

In this chapter, the trade-off between the proposed current/power limiting ROD control and
the resulting battery performance compromise has been emphasized. A temperature-dependent
ROD-limit boundary selection procedure is proposed. An adjustable ROD limit is discussed in
terms of its relationship to the Arrhenius equation as well as its calculation procedure. To
standardize the boundary adjustment process, different adjusting factors are introduced that the

ROD limit can be tuned to favor different temperature conditions.

Extensive simulations have been conducted to evaluate the trade-off between the
degradation reduction capability and the battery performance compromise for both highway and
city driving scenarios at different temperature conditions. Quantitative summaries have been
included to show both the degradation reduction level and the performance compromise level (i.e.,
ROD control event occurrence) for different operating conditions. As a result, desirable adjusting

factors for different conditions are suggested to achieve a better trade-off.

Overall, enforcing a cell-level ROD control as proposed will inevitably lead to battery
performance compromises although there is plenty of flexibility to manipulate the balance between
the battery life-saving and the performance limitation. If a separate energy storage device such as
a supercapacitor is also present in the system, effective power splitting can help improve the overall

system durability while maintaining the system performance.
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Chapter 7 Li-ion Battery State Estimation
Algorithms Integrated with the ROD Control

As introduced in the state-of-the-art review, state estimation algorithms such as SOC and
SOP estimation are an important branch of a battery management system. While the proposed
ROD control algorithm can be an independent algorithm that does not necessarily require the
information from the state estimation, it is worthwhile to investigate the integration compatibility
between the proposed ROD control algorithm and the conventional state estimation algorithms
proposed in the literature. In this chapter, a widely-used voltage-based SOC estimation algorithm
using the extended Kalman filter (EKF) and an industry-tested SOP estimation algorithm using a
linear Kalman filter (LKF) are adopted and integrated with the proposed ROD control algorithm.

The compatibility, as well as potential limitations, is analyzed through simulations.

7.1 State Estimation Using Kalman Filters

There have been numerous algorithms developed in the literature focusing on Li-ion
battery state estimation. These algorithms have different complexities, structures, and
implementation difficulties. Though they are not the focal point of this research, they can still be
potentially integrated with the proposed ROD control algorithm and interact with each other. In
this section, two conventional state estimation algorithms for both SOC and SOP estimation are
adopted and reconfigured for the Sony VTCG6 cells that have been heavily tested throughout this
research. In order to test various drive cycles at different temperature conditions in a convenient
way, first an accurate 2RC equivalent circuit model is constructed for the Sony cells, enabling fast
simulation capability. Subsequently, SOC and SOP algorithms are formulated, validated with real
drive cycle data, and confirmed their accuracy by replacing the data with simulated drive cycle

results.
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7.1.1 2RC Battery Equivalent Circuit Model

Various battery equivalent circuit models (ECMs) have been published in the literature.
Among them, 2RC ECM is commonly-used for its excellent balance between model complexity
and model accuracy. Fig. 7.1 shows the 2RC equivalent circuitry containing the OCV component,
a series resistance Ry, and two RC-parallel components R4||C1 and Ry||C».

R; Ry
| ‘ Il \
| ] +

G %}
e )/ Vhat

T

Fig. 7.1: 2RC equivalent circuit for the Sony cells

The OCV is measured for the Sony cells at different SOCs and different temperatures. The
resulting OCV data table is further fitted with the function shown below, in which SOC ranges

from 0 to 1 and temperature has the unit of Kelvin.

OCVj; = f(SOC, T) -

=po + p1SOC + p250C2 + p380C3 + p4SOC4 + p5SOC5 + peSOC*T + p;T + p3T2
The resulting fitted OCV is plotted below, as well as the measured OCV and the fitting
error between them. As shown in Fig. 7.2, the fitted OCV is close to the OCV data and the error
is kept within 0.05V. Therefore, using the function to estimate OCV values for different algorithms

can be accurate enough.

The other five circuit components are dependent on current, SOC, and temperature. It
requires an extensive amount of characterization experiment to formulate necessary look-up tables.
For this research, discharge pulse tests with different current rates at different SOCs and

temperature conditions are conducted.
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Fig. 7.2: Sony cell OCV fitting and error

A nonlinear least-square optimization process is used to estimate the five parameters by

matching the estimated battery voltage with the measured voltage over each pulse test. Fig. 7.3,

Fig. 7.4, and Fig. 7.5 show example plots of different equivalent circuit components at different

current, SOC, and temperature conditions. Due to either the Arrhenius relation or the Butler-

Volmer equation, different resistance components show higher variabilities at low temperature

conditions.
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On the other hand, since the battery has different time constants related to either the charge
transfer process or the diffusion process, C is about ten times bigger than C;. As all equivalent
circuit components are identified, the battery electrical model is formulated. In Fig. 7.6 and Fig.
7.7, the model is validated with a validation drive cycle combined by four different drive cycles,
in which each drive cycle makes up a quarter of the whole validation profile. At both 25°C and
0°C ambient temperature cases, the modeled battery voltage is compared with the measured

voltage, showing accurate estimation and errors well within 200mV.
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Fig. 7.7: 2RC ECM voltage estimation at 0°C

The successful formulation of the 2RC ECM, more importantly the identified battery model

parameters, can be then utilized extensively for the other state estimation procedures.
7.1.2 SOC Estimation Using an Extended Kalman Filter

A standard practice for Li-ion battery SOC estimation is using an extended Kalman filter.
Without knowing the battery model parameters, a more complex dual extended Kalman filter can
be used. Since the focus of this research is about degradation control algorithm development, only
the extended Kalman filter with known model parameters is adopted as the SOC estimation

algorithm basis. In [42], EKF algorithm was introduced for Li-ion battery SOC estimation and the
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general EKF algorithm procedure is shown in Fig. 7.8.
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Fig. 7.8: Summary of the nonlinear EKF algorithm

Based on the 2RC battery model, the state-space model required can be formulated as the

following.
ur(k+1)
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The third element in Cy can be calculated by partial-differentiating the fitted OCV function

in (7.1) with respect to SOC. In addition, the initial (co)variance matrices of the state noise, process
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noise, and measurement noise are determined based on the suggestions in [129]. A summarized

table is provided below.

Table 7.1: Summary of the (co)variance matrices used for the EKF

state covariance matrix

diag[10e-12, 10e-12, 5e-4]

process covariance matrix

diag[10e-9, 10e-9, 10e-15]

measurement variance

oe-7

Evaluation of the EKF for the Sony cells on its SOC estimation accuracy during a drive

cycle is performed at different temperature conditions. The selected evaluation drive cycle is the

same as in the last section for 2RC ECM evaluation. 0°C and 25°C cases are both evaluated.

Fig. 7.9 shows the SOC estimation compared with the measured SOC using the coulomb

counting method. The estimation has errors due to both the model parameter inaccuracy and the

battery hysteresis phenomenon.
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Fig. 7.11: Voltage filtering error for the evaluated drive cycle at 0°C and 25°C

It can be seen for either the SOC estimation accuracy or the filtered voltage accuracy, the
results are better for the 25°C case. This can be because the battery internal resistance is higher at
low temperatures and leads to more severe hysteresis.

Overall, the EKF performs well and the SOC estimation is quite accurate with only 3% of

error at 25°C and less than 10% at 0°C. This SOC estimation algorithm is then ready for integration

with the extra capability of providing an estimated SOC value for other algorithms if necessary.



256

7.1.3 SOP Estimation Using a Linear Kalman Filter

Normally battery power capability refers to either the max charge power or the max
discharge power that will not cause the battery to exceed the maximum or minimum voltages. It
can be particularly interesting when integrated with the ROD control algorithm. As shown before,
the ROD control algorithm is enforced based on current or power limit. Therefore, the voltage-
protected power limits that are estimated using an estimation algorithm for SOP can interact with
the power limits posed by the ROD control algorithm. By adopting an estimation algorithm for
SOP using a linear Kalman filter with a nonlinear Butler-Volmer (BV) battery model, a standard

SOP estimation algorithm is evaluated for the Sony cells.

The SOP algorithm adopted in this research was introduced in [17], where a nonlinear
battery BV model was used. The following Fig. 7.12 shows the equivalent circuit of the battery

BV model. The associated discrete-time model equation can be found in (4.10).

Vimp +

+ lo hop LPF(Vct(i)) +
\' i :> — Vgt —_rvocv

Fig. 7.12: Nonlinear battery BV model [17]

A linear Kalman filter (LKF) is formulated based on the difference form of the model
equation. Fig. 7.13 summarizes the LKF structure based on the battery BV model, in which the
identified parameters can be used for SOP estimation. As seen in Fig. 7.13, R is the gas constant

and can be eventually combined with either E; or G and the difference form of the model can be
expressed as in (4.12).

As introduced in [17], a1, E,, B, and G are predetermined via a Gauss-Newton optimization
algorithm based on different drive cycle datasets at different temperatures. A similar procedure is

used in this research to pre-identify these four values for the Sony cell. A summary regarding the
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four predetermined parameters is provided in Table 7.2.
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Fig. 7.13: LKF structure based on the battery BV model [17]

o(k) =

Table 7.2: Summary of predetermined BV model parameters

Predetermined
Parameter 4 Ea B G
Value -0.921 2.135e+3 8.7e-7 3.628e+3

To estimate the power capability, [17] introduced a Vo, estimator, which represents the

predicted low voltage at any sample instant with a certain amount of current for a period of time
of interests. (7.3) shows the dynamic estimation equation of Vu,. With the LKF-estimated

1 . . .
parameters [Vocv, A b;] at each sample instant, Vo, can be dynamically estimated.

_ l & . blT S | imax
Viow = Vocv — AeXp RT Imax — 1+ a sinh 2Bexp[ﬁj (73)
RT

There are two issues regarding using this LKF for SOP estimation. The first issue involves
the determination of the imax in (7.3). In [17], imax Was chosen as the maximum discharge current
during the drive cycle. This can be a reasonable number given the prior knowledge of the whole

drive cycle and the SOP, typically the maximum discharge power can be estimated using (7.4). It

also had been suggested in [17] that Vo, could be compared with Vi, the battery operational

minimum voltage, to determine whether the battery has the power capability to deliver a current
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of imax. This can lead to a potential adjustment of imax as Viow IS close to Vpmin.

Pdismax = Viow * Tmax (7.4)

The other issue is that the fact that the standard battery power capability characterizations
result in an indication of capable maximum (dis)charge power for a certain amount of time until
the battery reach either the upper or the lower voltage limits. One standard time period is 10
seconds, referring to maximum 10-second (dis)charge power. However, (7.3) is not predicting the
battery voltage exactly after 10 seconds, and neither is (7.4) predicting the 10-second power
capability. With a small modification of (7.3), however, the 10-second standard can be complied.

As the third term in (7.3) is essentially a low pass filter, the time constant t that can be
calculated based on a; and the data sample frequency T following (7.5). Therefore, the voltage
response after 10 seconds can be easily estimated by modifying the third term in (7.3). The
modified Vo 105 can be calculated following (7.6). It should be noted that (7.6) can be easily

changed for predicting the power capability with a different time period.

_ ks 7.5
"= TogCay) (79)
. E, b1 G -10
Viow_10s = Vocv + Imax * Aexp(?) 1T ay aS|nh(|maX*B*exp(?))*(l-exp(T)) (7.6)

As Viow 105 Can be estimated, 10-second discharge power capability can be calculated
using (7.7).
Pdismax_10s = Viow_10s * Imax (7.7)
To evaluate this SOP estimation algorithm, the drive cycle evaluated in the previous section

for SOC estimation is used again. Both 25°C and 0°C cases are evaluated.
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Fig. 7.14: Meas./filt. volt., est. OCV, and Vlow for the evaluated drive cycle at 0°C and 25°C
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Fig. 7.15: Power capability predictions for the evaluated drive cycle at 0°C and 25°C

Fig. 7.14 plots the measured voltage, estimated voltage with the KF, estimated OCV, 1-sec

Viow, and 10-sec Vo for both temperature cases. For both cases, the OCV and 1-sec Vow

estimation is quite stable, confirming the effectiveness of the applied LKF. It can be seen that the

10-sec V|ow for the 0°C case can be extremely low and less than OV. This is due to the large
resistance of batteries at low temperatures and resulting limited power capability especially for the

10-second case. This also causes the 10-second power capability estimation at 0°C shown in Fig.
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7.15 to be unstable. This instability can be also attributed to the fact that the i, had been set to a
constant value and is actually not a realistic value at low temperature conditions. This drawback

can be resolved by combining a different power capability calculation procedure with an iterative

algorithm calculating the suitable imax dynamically. Such an approach will be discussed in a later

section.
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Fig. 7.16: Estimated series resistance for the evaluated drive cycle at 0°C and 25°C
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Fig. 7.17: Estimated LPF coeff. for the evaluated drive cycle at 0°C and 25°C



261

7.1.4 Improved SOP Estimation Combining LKF and Imax
Adjustment

In [130], the commonly-used standard discharge power characterization procedure is
introduced and (7.8) shows the equation to calculate the maximum discharge pulse for 10 second.
As the discharge resistance, Rgis, requires previous characterization and can be dependent on
current, SOC, temperature, and aging status, it cannot be accurately characterized beforehand and

can lead to inaccuracy especially during a dynamic profile like a drive cycle.

Vmin*(Vocv - Vmin)
Pdismax_10s = Ryis (7.8)

An alternative equation of (7.8) that can be used during a dynamic condition is shown in
(7.9), where Imax_iter refers to an estimated maximum discharge current that, after being applied
for 10 seconds, would result in the battery voltage dropping to Vpmin, i.e., 2.5V. However, based
on (7.6), usually the current is the input variable and the voltage is the output variable. It requires
an iterative process to estimate the required maximum current that results in a voltage of Vpin.

Pdismax_10s = Vmin™ Imax_iter (7.9)

In order to better utilize the proposed SOP estimation algorithm in [17] especially for low
temperature conditions, an iterative process is inserted in the LKF process to replace the original

V)ow €stimation algorithm to achieve a more stable SOP estimation. In Matlab specifically, a
“fzero” function is used to iteratively calculate the Imax iter at every sample instant and estimate
the maximum 10-second discharge power. Typically, the iterative calculation is to find the imax_iter
that forces “f” in (7.10) to be almost zero. The subsequent SOP estimation is then calculated by
(7.9).

. E by G -10
f=Vocv + imax_iter * AeXp(f) 1+ ay asmh('max_iter*B*EXp(?))*(l'EXp(T)) -Vmin  (7.10)

The improved SOP algorithm is evaluated for the same validation drive cycle previously

for both 25°C and 0°C temperature conditions. The maximum 10-second discharge power for both
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temperatures is plotted in Fig. 7.18. For the 25°C case, the improved SOP estimation achieves
similar values as that using the previous method shown in Fig. 7.15. For the 0°C, however, the

improved algorithm results in a stable SOP estimation and the estimation is reasonable, generally

lower than the 25°C SOP values as expected.
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Fig. 7.18: Improve SOP for the evaluated drive cycle at 0°C and 25°C
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Fig. 7.19: Iterative maximum discharge current for the evaluated drive cycle at 0°C and 25°C

In Fig. 7.19, the maximum discharge current, imax_iter, resulting from the iterative process,

is plotted for both temperature cases. The values are now realistic and generally at 0°C, it allows
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lower maximum discharge current rates as expected.

The improved SOP estimation algorithm and the previously-introduced SOC estimation
algorithm using EKF will then be integrated with the ROD control algorithm. The performance

and interactions within such an integrated algorithm will be discussed in the next section.

7.2 Integration of ROD Control and SOC/SOP Estimation

As seen from Chapter 5, the ROD control algorithm proposed mostly enforces current or
power limits at the high SOC region and high discharge current conditions. This can be
supplemental to the standard SOP algorithms since most SOP algorithms can provide crucial
information as the battery reaches to low SOC region and has a low voltage. Moreover, the
proposed ROD control algorithm used coulomb counting as the SOC estimation method, while in
practical it would be better to have a voltage-based SOC estimation algorithm available to provide
battery SOC information. Therefore, in this section, the 2RC battery ECM is used as the pseudo-
battery system and an integration of the ROD control with the SOC/SOP algorithms introduced in

the previous sections is evaluated with drive cycle simulations.
7.2.1 Integrated Algorithm System Structure

The integrated algorithm system structure is shown in Fig. 7.20 below, where the SOC

estimation, SOP estimation, and ROD control algorithm are integrated together.

As shown in Fig. 7.20, the actual battery physical system is replaced by the 2RC battery
equivalent circuit model and therefore the evaluation of the integrated algorithm system is done in
simulation only, aiming for a proof of concept. Moreover, to avoid additional model error sources,

current profiles, instead of power profiles, of the drive cycle is used.
The algorithm sequence at one typical sample instant can be described as the following
Table 7.3. At one sample instant, the operation sequence can be divided into six steps, resulting in

a selection of the optimal current value that may or may not be modified from the current command
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based on the limitations enforces by both the ROD control algorithm and the SOP algorithm.
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Fig. 7.20: Integrated battery algorithm system structure

Table 7.3: Sample operation sequence of the proposed integrated algorithm system

Receive the current command I"(k) and the 2RC battery model estimates the
voltage V(K)

Step 2 Either the EKF method or the coulomb-counting method estimates S(’)\C(k)

Step 1

Thermal model estimates the core temperature '/I\'C(k) based on 1"(k), \A/(k), and

Step 3 SCA)C(k)

Step 4 The LKF SOP method estimates the maximum allowed current Iynay sop(K)

Step 5 The ROD model and ROD control law estimate the maximum ROD-allowed

current Iymax rop(K) based on the ROD-limiting current boundary.

1"(k), Imax_sop(K), and Imax rop(K) are compared and the minimum value is

Step 6 chosen as the optimized current command lgut(k) to feed into the pseudo-battery

(2RC model in simulation).

To evaluate the proposed integrated algorithm system, the drive cycle used in the previous

sections is adopted. Both 25°C and 0°C cases are evaluated.
7.2.2 Integrated Algorithm System Evaluation

The integrated algorithm system is evaluated at two different temperature conditions.

Coulomb-counting method is used for SOC estimation and provide the SOC information to the
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other algorithms, while the EKF is also running and provides another independent SOC estimation.

Fig. 7.21 shows the control signal during the evaluation drive cycle. The control signal is
enabled whenever the current command “violates” the current limit enforced by either the ROD
control or the SOP 10-second requirement. The SOP 10-second requirement refers to the
maximum discharge current allowed for 10 seconds before the battery voltage reaches the low
voltage limit. For the 25°C case, a total of 324 control events are observed while 601 control events
are observed for the 0°C case. This is as expected since current limits enforced by either the ROD

control law or the SOP 10-second requirement are stricter at low temperatures.
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Fig. 7.21: Control signal during the evaluated drive cycle at 0°C and 25°C

Fig. 7.22 shows the original current profile, the modified current profile, the ROD-limit
current, the SOP-limit current, and the final current limit considering both current limits. In both
temperature cases, the final current limits both exhibit a “V” shape meaning that more control
events occur either at the high SOC or at the low SOC. Comparing the final limit to the two current
limits, the ROD control is more dominant at high SOC and the SOP algorithm is more dominant

at low SOC.
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Fig. 7.23: Power modification and limits during the evaluated drive cycle at 0°C and 25°C

Fig. 7.23, instead of current, shows the similar quantities of power during the drive cycle.

As expected, similar observations can be made compared to the results for the battery current. One

difference is that both 1-second and 10-second power limits are plotted here, and the resulting

battery power profile follows the 1-second power limits since the sample frequency is 1Hz. In

practical, however, 1-second power limits do not hold much significance since mostly the SOP

considers a longer duration of discharge power.
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Fig. 7.24: Estimated aging resistance growth for the evaluated drive cycle at 0°C and 25°C
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In Fig. 7.24, the estimated aging resistance growth during one cycle for both temperature

cases are plotted. It can be seen that the resistance grows slightly faster at 0°C, consistent with the

results shown in Chapter 5 that low temperature can lead to faster aging.

In Fig. 7.25 and Fig. 7.26, the coulomb counted SOC referred as the “true” SOC is

compared to the estimated SOC by the EKF approach and the estimation error is within 5% for

25°C case and within 10% for 0°C case. This result also suggests that if the SOC values estimated
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by the EKF were provided to the other algorithms in the system, instead of the “true” SOC, slightly
degraded performance would have been achieved for the 25°C, while worse performance would
the 0°C case have had.
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Fig. 7.26: SOC estimation error for the evaluated drive cycle at 0°C and 25°C

7.3  Chapter Summary

In this chapter, the potential of integrating the proposed ROD control algorithm with more

conventional state estimation algorithm in the literature has been investigated.

An accurate 2RC equivalent circuit model (ECM) is formulated for the Sony cell to fast
conduct investigations about the algorithm integration over a wide range of simulation conditions.
An extended Kalman filter (EKF) based on the 2RC battery ECM is formulated for the Sony cell
to construct a voltage-based SOC estimator. By selecting correct tuning parameters, the SOC
estimator based on a EKF can achieve excellent SOC estimation accuracy with less than 10%

errors.

Moreover, an estimation for SOP based on a linear Kalman filter (LKF) from the literature

is adopted. It has been shown that such an algorithm for SOP had one drawback that the maximum
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discharge current value was predetermined at a constant value and was not dynamically adjusted
based on different operating conditions. An improved version of this SOP estimation algorithm
has been proposed, adding an iterative maximum discharge current estimation algorithm. The
resulting improved SOP algorithm can be more robust for different operating conditions and

achieve accurate power capability diagnosis.

Both the SOC estimator and the improved SOP estimator are then integrated with the
previously proposed ROD control algorithm, formulating an integrated algorithm system.
Different algorithms interact with each other and provide necessary battery state or parameter
information among them. Typically, the improved SOP estimator heavily cooperates with the ROD
control algorithm and provide the current and power limits over the whole SOC range. Such an
integrated system has been evaluated through simulations and has shown effective current and

power control, as well as accurate SOC/SOP estimation during drive cycles.
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Chapter 8 Conclusions, Contributions, and
Recommended Future Work

8.1 Conclusions

The following lists summarize the key conclusions of this research. The conclusions are

listed based on significant topics.

8.1.1 Key Conclusions from the State-of-the-Art Review

Conventional battery equivalent circuit models (ECMs) and physics-based electrochemical

models commonly have utilized battery current as the input.

Testing batteries with drive cycles commonly have used power command profiles, and the

resulting measured current has been used to evaluate conventional battery models.

Lumped thermal models based on the battery thermal equivalent circuit have been formulated

to estimate both the battery surface temperature and core temperature.

Fading capacity and increasing electrical resistance have been used as the two major battery

degradation indicators.

Solid-electrolyte-interphase (SEI) layer growth due to insoluble components formed by side-

reactions has been shown to be a major source of lithium-ion battery anode aging.

The SEI layer thickness has been used as a metric to describe the anode aging and estimate

battery aging quantitatively.

The side-reaction current, proportional to the rate-of-change of SEI layer thickness, has been

considered as a metric to evaluate the lithium-ion battery ROD.

Pack-level active degradation controls such as electrical and thermal loading equalization have

been commonly utilized to improve the overall battery pack durability.

For battery charge and constant low-rate discharge cases, cell-level active degradation controls
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by manipulating battery ROD have been investigated.
8.1.2 Power-commanded Battery Electro-thermal Modeling

Machine learning technique such as neural networks (NN) can be promising candidates to
model the battery electrical responses during drive cycles with a power input.

A recurrent neural network (RNN) with gated recurrent unit (GRU) and deep feature selection
(DFS) can model the time-dependent battery system with long time constants.

A thermal equivalent circuit with proper modeling of the internal heat sources such as the
reaction heat and the entropy change can accurately model battery thermal responses.

The RNN model and a lumped battery thermal model can be cross-coupled to formulate an
electro-thermal battery model.

The developed battery electro-thermal model can accurately model both the electrical and
thermal responses during drive cycles over a wide range of temperature conditions.

The electro-thermal model can be applicable for different batteries and achieve comparable
model accuracy as the conventional equivalent circuit models.

8.1.3 Drive Cycle Properties Affecting Battery Rate-of-degradation
Aging effects of the current RMS, the presence of regeneration, and their interaction effects
with temperature can be investigated by a three-way design of experiments.

An analysis methodology containing ANCOVA, log regression, and Student’s t-test can be
used to statistically analyze the significance of interested aging factors.

The analysis suggests that higher RMS current can result in faster aging, while the presence of

regeneration in the current profile may not affect aging.

The analysis suggests that low-temperature can result in faster aging, and the interacting aging

effect between the RMS current and temperature appears to be significant.
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8.14 Reduced-order Lithium-ion Battery ROD Model

The partial differential equations (PDEs) related to charge transfer and mass transport can

significantly complicate the physics-based lithium-ion battery ROD models.

The exchange current and the side-reaction exchange current density resulting from the PDEs

can be both offline estimated using battery experimental data.

The resulting exchange current estimation can be formulated as a function of the battery

current, the battery state-of-charge (SOC), and the battery core temperature.

The proposed reduced-order ROD model can be PDE free by incorporating the exchange

current function and the estimated side-reaction exchange current density.

The reduced-order ROD model can accurately predict battery resistance growth due to SEI
layer growth during dynamic-cycling aging tests.

Variables such as battery current, voltage, and temperature of the developed reduced-order
ROD model can be manipulated input candidates for battery active ROD controls.

8.1.5 Region-based Lithium-ion Battery ROD Control

Thresholds that monitor and control battery current, voltage, SOC, and temperature, can be

enabled to maintain the battery in acceptable safe and durable ranges.

The reduced-order ROD model characterization suggests that high current, high SOC, and low

temperature can result in worse side reaction current (i.e., worse ROD).

ROD transition curves shown from the characterization can be used as the current/power

shielding boundaries to manipulate battery ROD during operations.

The electro-thermal model, reduced-order ROD model, and region-based current (power)

shielding ROD control can be integrated to an active ROD control methodology.

The proposed sequential ROD control method can be enabled to detect ROD boundary crossing

events, limit the allowed battery power, and actively reduce battery ROD.
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Slower resistance growth (degradation) can be observed for batteries cycled with the proposed

active ROD control enabled, or lower operating SOC range.

The reduced-order ROD model can be applied to different batteries but requires separate
characterization tests to identify the battery-specific side-reaction exchange current density.
The proposed ROD control method can be applied to different batteries and achieve
degradation reduction for other lithium-ion batteries.

The proposed ROD control method can be extended to low temperature conditions, showing
degradation reduction capability while limiting the battery performance more frequently.
8.1.6 Trade-off Between ROD Control and Performance Compromise
Different ROD thresholds can be utilized for different temperature conditions to allow
practically reasonable current (power) over regions where ROD is most severe.
Temperature-dependent ROD boundary limits can be formed by an adjustable factor that
manipulates current limits at various temperatures and keep a smooth boundary transition.
Quantitative summaries based on simulations suggest that desirable balance can be achieved
by selecting a suitable adjusting factor for different operating conditions.

More flexibility from the ROD boundary manipulations can be observed for highway driving
scenarios, while city drives have limited flexibility at low temperatures.

8.1.7 ROD Control Algorithm Integration with State Estimation

2RC equivalent circuit model (ECM) with offline parameter identification can be used to
accurately model lithium-ion battery electrical responses during drive cycles.

A voltage-based SOC estimation algorithm using the extended Kalman filter (EKF) can be
effective for lithium-ion battery online SOC estimation.

An algorithm for SOP using a linear Kalman filter (LKF) and a nonlinear Butler-VVolmer (BV)

battery model can effectively predict battery power capability in real-time.



274

e An iterative maximum discharge current estimation algorithm can improve the robustness of
the SOP algorithm for power capability prediction at low temperatures.
e The proposed ROD control algorithm can be combined with the SOC/SOP estimation

algorithms to formulate an integrated battery algorithm system.

e The ROD control algorithm can interact with the SOC/SOP estimation algorithms, providing

consistent power monitoring and managing over a wide operating range.

8.2 Contributions

Contributions of this research are listed in this section. Several major contributions are first

listed as follows.
e Developed an integrated lithium-ion battery ROD control methodology

This work developed an integrated battery ROD control system that incorporates the
power-commanded electro-thermal model, the reduced-order ROD model, and the region-based
battery current (power) shielding ROD control via a sequential method. Such ROD control system
can reduce battery aging progression during drive cycles and can be extended to different batteries

and various temperature conditions.
e Developed a reduced-order, control-oriented lithium-ion battery ROD model

This work developed a reduced-order lithium-ion battery ROD model that is applicable for
different batteries and can estimate battery ROD in real time during drive cycles. The developed
model is PDE free and has the capability to be integrated to the real-time active ROD control of

lithium-ion batteries.
e Developed an enhanced electro-thermal model for EV drive cycle simulation

This work developed a power-commanded RNN battery electrical model integrated with a

lumped battery thermal model. This electro-thermal model can accurately predict both the
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electrical responses and the thermal responses of the battery during different power-commanded

drive cycles over a wide range of temperature conditions.
e Developed an integrated ROD/SOC/SOP control & monitoring algorithm system

This work developed an integrated algorithm system combining the proposed ROD control
with the filter-type lithium-ion battery SOC and SOP estimation algorithm. The associated
algorithms interact with each other, extending the power monitoring and managing capabilities to

a wide operating range.
e Proposed a ROD limit selection guideline for desirable control-performance balance

This work analyzed the trade-off between the degradation reduction due to active ROD
control and battery performance (power) compromises. A temperature-dependent ROD boundary
selection procedure based on an adjusting factor is proposed to achieve a desirable trade-off

balance for different driving scenarios and temperature conditions.
e Determined the aging impacts from less well-known drive cycle properties

The work investigated the battery aging impacts from unique factors related to drive cycles.
The individual aging effects from the current RMS value and the presence of regeneration, as well

as the interaction effects between the current RMS value and the temperature, have been identified.

The following part summarizes the other contributions that support the major contributions

listed above.
e Developed parameter estimation algorithms for exchange current estimation

This work proposed a set of algorithms that includes nonlinear regression and separation
of variables to estimate the exchange current in terms of battery current rate, SOC, and

temperature.

e Developed a methodology evaluating both individual and interacting aging effects
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This work proposed a comparable three-way design of experiment based on the factorial
experimental design approach. The proposed design of experiment efficiently allows explicit

identification of the individual aging effects and the interacting aging effects.
e Improve SOP algorithm robustness with iterative maximum current estimation

This work proposed an iterative algorithm that estimates the max allowable discharge
current in real-time. Such current values can be used for battery SOP estimation, improving the

algorithm robustness over a wide temperature range.
e Developed a temperature-dependent ROD boundary shifting procedure

This work proposed an algorithm that uses an adjusting factor to manipulate the ROD
thresholds at different temperatures. The resulting temperature-dependent ROD thresholds can

lead to practically reasonable battery current (power) limits at different temperatures.
e Developed a battery modeling approach for power-commanded drive cycles

This work recognized the time dependency and long time constant feature of the batteries
and developed a suited modeling approach incorporating the gated recurrent unit (GRU) and the

deep feature selection (DFS) structures.

8.3 Recommended Future Work

Based on the work presented in this document, the following is a list of the recommended

future work.
¢ Investigate system level means to reduce required battery performance compromises

The region-based ROD control laws developed in Chapter 5 require compromises from
battery performance, and this could be undesirable for EV operators. Methods such as
incorporating a hybrid-energy system, or active cell-level thermal management should be

investigated for their potential to reduce the performance compromises.
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e Investigate real-time battery ROD estimation methods to enhance ROD control

The proposed ROD control method is limited to open-loop due to the difficulty of
measuring battery ROD. There is a need to investigate using data-based state estimation methods
to extract battery ROD information. This can facilitate the online tuning of the ROD model

parameters, as well as the formulation of a closed-loop control structure.
e Investigate the capability of extending the ROD control method to charge process

The aging mechanisms during charge can be more complicated compared to discharge, and
more sensitive to the temperature. An investigation can be made to enhance the proposed ROD
modeling by including other aging mechanism such as lithium plating. The ROD control

methodology can be potentially extended to charge case as well.
e Investigate module/pack level ROD control algorithm integration

The proposed ROD control algorithm is evaluated for single cells. However, as cells are
connected together either in series or in parallel, inherent cell difference and thermal unbalance
require adjustments from the algorithm. Additional algorithms may be needed to compensate such

differences.
e Investigate the aging effect of operating SOC range through statistical experiment

The proposed reduced-order ROD model suggests the battery SOC has a significant effect
on battery aging. A statistical aging experiment can be conducted to investigate the SOC effect on

the lithium-ion battery aging more comprehensively.
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Appendix

Battery Test Equipment:
Most of the experiment results in this thesis are obtained in the Johnson Controls Advanced
Systems Test Lab located in the High-bay lab on the first floor of the Wisconsin Energy Institute

(WEI) building. An overview of the battery test lab is shown in Fig. A.1, including three battery

cyclers, three thermal chambers, and a workstation.
B p

Fig. A.1: Johnson Controls Advanced Systems Test Lab

Safety systems are also equipped with the test system including hexane/hydrogen gas

sensing and CO» fire suppression. Fig. A.2 shows the schematic of the whole test system including

the safety equipment.
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Fig. A.2: JCI/UW-Madison battery test lab safety systems design

Three Digatron battery testing power units are available for testing batteries or other energy

storage devices with different ratings. The three power units are shown in Fig. A.3, and the

specifications are listed in Table A.1. Besides the voltage sensors equipped with each channel,

there are extra 96 voltage sensing channels and 48 temperature sensing channels available.
Table A.1: Channel specs for the Digatron testing units

Current / Voltage Limits

# of Channels

Low Rating Circuits 25A 118V 12
Medium Rating Circuits 100A / 18V 6
High Rating Circuits 100A / 100V 8
1

Ultra-high Rating Circuits 1000A
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Fig. A.3: Digatron testing power units

There are two medium-size thermal chambers and one large-size thermal chamber
available for placing the batteries of different sizes, shown in Fig. A.4. All three CSZ thermal
chambers are fully monitored and can be controlled either through the on-surface screen or through

the software installed in the computer on the workstation.

Fig. A.4: Fully-monitored thermal chambers from CSZ
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There are also 12 channels of EIS-meters which perform electrochemical impedance

_ IR

spectroscopy. Fig. A.5 shows a picture of the EIS-meter and its specs are listed below.

Fig. A.5: Digatron EIS-meter
Table A.2: Digatron EIS-meters specs

Resistance range

Qutput current AC
Resolution AC current
Frequency range AC current
Accuracy frequency

Voltage range measurement
Input impedance (typical)
Resolution voltage channel
Meas. accuracy abs{Z}
Meas. accuracy arg(Z)

Power consumption
Power supply

Casing (W x D x H)
Weight

Environment temperature

0.3 — 3000 mQ

2 A (max. peak)

<100 pA

10 mHz - 6.5 kHz

0.005 % from displayed value

ov-20V
10 GQ
5uVv
<1%
<1°

65 W per channel / EIS card (typical)
115V /60 Hz, 2.3 A for 4 EIS cards
500 x 500 x 150 mm

4,43 kg + 2.47 kg per channel
0°C-40°C
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Battery Graphite Anode Characteristics

The OCV-SOC curve of the graphite anode is shown in Fig. A.6, and the associated

equations are shown in (A.1).

vs. Li/Lit [V]

ref
n

U

0 1I0 2‘0 3‘0 4‘0 5‘0 6‘0 7‘0 8I0 9‘0 100
SOC [%]
Fig. A.6: Graphite anode OCV vs. SOC

emin =0.03
emax =0.886
0 = Omin + SOC * (Omax - Omin)

ref 0.0172 (A1)
Uy = 0.7222+0.1387%0 + 0.020%605 + =

0.0019
o5+ 0.2808*exp(0.9 - 15%6) - 0.7984*exp(0.4465*6 - 0.4108)




