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Chapter 1: Introduction

This dissertation is an attempt to bridge the traditional isolation of electrochemistry and
aeronautics, particularly rotary-wing aeronautics, where integration of power and platform is
vital for the development of a viable aircraft. This dissertation addresses the major barriers
of electric Vertical Take Off and Landing (VTOL) aircraft: energy and power. It explores a
promising alternative to traditional Lithium-ion (Li-ion) technology, as advanced Lithium Sulfur
(Li-S) batteries are projected to supply double the energy of Li-ion. The principal conclusions
are: 1. Li-S can indeed achieve double the energy of Li-ion but only at low power settings, 2.
Li-S exhibits high internal resistance compared to Li-ion which results in the loss of energy at
high power, and 3. discharging Li-S only halfway stabilizes the batteries.

Findings presented in this dissertation show that Li-S can be a promising and feasible
alternative to Li-ion at a basic electrochemical level with the potential to double the range and
payload of electric VTOL aircraft. The realization of that potential will require careful scale-up
with thermal, mechanical, and electrical considerations and use in conjunction with high power
alternatives for hover and maneuvers.

Since the first electric manned coaxial helicopter flight of Pascal Chretien in August 2011
[1] and the first electric multirotor helicopter flight of e-VOLO in October 2011 [2] there has

been an explosion of interest in the development of such aircraft. They are inspired by the desire



for clean and quiet vertical flight, enabled by light-weight batteries and motors as replacements
for polluting and loud combustion engines, and driven by the growth of digital design and
manufacturing, access to cheap consumer electronics, and maturation of drone technologies such
as autonomy and mobile computing.

The American Helicopter Society (AHS), which in 2018 was re-named the Vertical Flight
Society (VES), has called these aircraft by various names — Electric-VTOL, electric-VTOL, or in
short just eVTOL. The short nomenclature has stuck and we use that term throughout this thesis.
Formally, per [3] we define eVTOL as a VTOL aircraft that is propelled by electric power and
capable of carrying people. Note that eVTOL need not be battery powered, as fuel cell electric
or engine-hybrid electric also fall within this category as long as the drive is electric. The focus
of this dissertation is on battery powered eVTOL.

Passenger aircraft are more complex than small drones and require more than a clever
combination of scaled-up components from consumer electronics or electric automobiles. Maturation
of eVTOL into a safe, sensible, and commercially viable aircraft requires a clear understanding of
rotary-wing fundamentals, the unique barriers they pose, and ultimately their timely resolution.
The objective of this dissertation is to address the most pressing of these barriers: insufficient
specific energy and power.

This introductory chapter begins with specific energy and power, then covers motivation,
background, introduction to the batteries that are the subject of this dissertation, and ends with

specific objectives and outline of the thesis.



1.1  Specific Energy and Power

Specific energy and power are the energy and power normalized by the weight of the fuel
and the power-plant respectively.

In aviation, the specific energy is characterized indirectly by the Specific Fuel Consumption
(SFC). The SFC is defined as the fuel flow per power in units of kg/lkWh. Thus, it is equivalent
to specific energy inverted. This inverted metric is used with the kilo dropped in favor of just
Wh/kg. This is the familiar metric for electrochemists and battery engineers.

The definition of specific power with electrical power and battery weight alone allows a
direct connection to the C-Rate. C-Rate is a familiar metric for electrochemists and battery

engineers.

1.2 C-Rate

—1 C-Rate is a measure of

C-Rate can be calculated using Eq. (1.1) and has units of hr
the current at which a battery is discharged relative to its maximum capacity. A C-Rate of = hr!
is also written as zC. A C-Rate of 1C means that the battery will fully discharge in 1 hour, 2C
means it will fully discharge in 0.5 hrs, C/20 means it will fully discharge in 20 hrs, and so on.

P 1
C-Rate = ower

== (1.1
Energy  Time

High C-Rate is analogous with high current and therefore high power. A fully charged, 1
Ah battery with a C-Rate of 1C should provide 1 Ampere (A) for one hour. The same battery

discharging at C/2 should provide 500 mA for two hours, and at 2C it should supply 2 A for



30 minutes. However, this is not the case. Internal losses due to battery internal resistances and
heat loss at high C-Rates shorten the discharge time. This also decreases the energy supplied as

energy is dependent on the time of discharge.

1.3 Motivation

Hybrid-electric and all-electric vertical takeoff and landing aircraft are being researched
by various organizations. There are over 600 eVTOL concepts in the Vertical Flight Society’s
(VES) World eVTOL directory, with over 160 eVTOL aircraft having been tested in flight or
a wind tunnel [4]. Most, if not all eVTOL aircraft rely on Li-ion chemistries for batteries. A
commercially viable aircraft has not yet been realized, although some are in an advanced phase
of flight testing. Key barriers to practical aircraft include poor range, endurance, and payload,
all of which stem from a lack of sufficient specific power and energy. Powerful batteries can
extend the range for eVTOL in both civilian and military applications, and secure them as part of
commercially viable on-demand aircraft.

Studies on eVTOL aircraft have shown the urgent need for a high-power and high-energy
battery. In 2014, Datta and Johnson [5] stated that for practical all-electric manned VTOL flight,
the battery technology level should reach a specific energy of 200-300 Wh/kg pack level (usable
on-board) by the year 2020 and 500 Wh/kg by 2030 with C-Rate capabilities up to 5C. Today,
even 300 Wh/kg at a rate of 1C remains hard to achieve. Johnson ef al. [6] states,

“The most important factor in the feasibility of electrical propulsion systems is the requirement
for light-weight, high-power batteries.”

There is a large step from electrochemical energy and power to pack level energy and power



that is available and installed. Recent battery system fabrication has shown from cell to pack a
reduction factor of 1.6 is the best state-of-the-art [7]. The packing factor stems from cooling
systems, fusing, battery management systems, and other electrical and mechanical overhead. It
is clear that higher specific energy cells are needed to avoid such impractical packing factors.
For example, a battery with a pack level, usable on-board specific energy of 300 Wh/kg would
currently decrease by a factor of 1.6 to a usable specific energy of 188 Wh/kg. To have an
available, usable on-board specific energy of 300 Wh/kg, a battery of 480 Wh/kg is needed. This
is far beyond current Li-ion capabilities.

This packing factor is measured relative to cells of around 1 Ah charge capacity, not
laboratory research cells that are typically tiny with 1-2 mAh charge capacity. These tiny cells
suffer from worse overhead by the nature of construction. For these tiny cells it is more appropriate
to measure specific energy and power using electrode mass alone and then apply a factor of
around 2 to assess the corresponding values that might be achieved for a scaled up 1 Ah cell.
For example, for the 480 Wh/kg cell discussed above, the electrochemistry at the coin cell level
should indicate a specific energy of 960 Wh/kg. Only then a 300 Wh/kg battery might be aspired
to at the pack level.

Li-S batteries are an emerging technology with the potential to surpass the performance of
current Li-ion batteries. The high theoretical charge capacity of sulfur leads to a high projected
specific energy, making Li-S a promising alternative to conventional Li-ion technology. The high
projected specific energy of Li-S batteries makes them desirable for light-weight applications,
specifically eVTOL. However, a consistent comparison is hard to find between Li-S and Li-ion
chemistries with identical overhead weight. This is an essential and immediate need for reliable

technology forecast.



1.4 eVTOL Background

eVTOL aircraft are an emerging technology with the promise of electric passenger flights.
Pre-existing companies such as Airbus, Boeing, and Bell started working on eVTOL technology,
and new companies such as Joby Aviation and Lilium emerged to create their own vision of an
eVTOL aircraft.

In 2018, Johnson et al. [6] presented three conceptual eVTOL aircraft designs for various
ranges and number of passengers. The research areas for eVTOL were focused for future research
guidance. Later the same year, Johnson et al. [8] developed a specific mission and determined
performance targets for the three conceptual eVTOL aircraft. The work also compared aircraft
characteristics when using conventional turboshaft propulsion versus electric propulsion. Also
in 2018, Ng and Datta [3] developed steady state and transient models of fuel cells and batteries
and validated the models experimentally. Weight models needed for eVTOL sizing were also
presented.

In 2020, Bills et al. [9] demonstrated the development of a battery performance and degradation
model specifically for electric aircraft operations. Yang et al. [10] published in 2021 on the
challenges and key requirements of batteries for eVTOL. Findings included the importance of
fast charging to downsize aircraft and batteries.

The ongoing research of eVTOL aircraft design and performance has advanced the field
and allowed for the realization of physical aircraft that have been flown. There is still much to be

done, and battery technology remains a key barrier to eVTOL operations.



1.5 Lithium-ion Background

From mobile phones to electric vehicles, Li-ion batteries are widely used for rechargeable
energy storage. Goodenough is credited with the initial development of Li-ion batteries with his
1980 paper on a novel cathode material [11]. This finding was crucial for achieving modern
rechargeable Li-ion batteries. A simple diagram of a Li-ion cell can be seen in Figure 1.1. The
cell consists of a positive electrode, a negative electrode, and an electrolyte. In this case, graphite
is the negative electrode and Lithium Cobalt Oxide (LiCoO,, LCO) is the positive electrode.
These electrodes are the anode and cathode of the cell. The anode is defined as the electrode that
is oxidized (loses electrons), and the cathode is defined as the electrode that is reduced (gains
electrons). Based on these definitions, the anode and cathode are different when charging versus
discharging the cell.

When charging or discharging a Li-ion cell, the lithium ions undergo an intercalation
reaction with the graphite. Intercalation is a reversible reaction and is when an ionic, atomic,
or molecular element is inserted into empty spaces in a host lattice structure [12]. For Li-ion
batteries, the graphite acts as the host structure, and the lithium ions are inserted into the graphite
lattice.

Consider the Li-ion cell with an LCO positive electrode in Figure 1.1. A newly built Li-ion
cell begins in the discharged state, so the cell must begin with charging. During charging, the
lithium ions move from the positive electrode to the negative electrode as seen in Figure 1.2a.
The reactions at the cathode and anode, as well as the overall reaction of the cell, are as seen in
Eq. 1.2.

LCO is a unique cathode in that it is capable of charging up to 4.4 V. However, operation
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Figure 1.1: Simple diagram of Li-ion cell, electrodes are graphite (6C) and LCO.

above 4.2 V changes the cathode material structure and decreases the stability and performance
[13]. So, charging must stop at 4.2 V. This means that only about half of the lithium in LCO
is extracted and used in the cell reactions. This is represented in Eqgs. 1.2 and 1.3 by the factor
2. The maximum value of x is typically 0.5. So, one mole of LCO and one mole of graphite
produces half a mole of electrons.
When discharging, the lithium ion moves from the negative electrode to the positive electrode

as seen in Figure 1.2b. The reactions at the anode and cathode, and the overall cell reaction, are
as seen in Eq. 1.3.

Charging:

Cathode: 6C +aLit +xe- — CglLi,
Anode:  LiC0O4 —  Liy_,C009 4+ zLi™ + ze” (L.2)

Overall: 6C + LiC00, —  CgLiy, + Liyi_,Co00,
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Figure 1.2: Charge and discharge reactions in a Li-ion cell with graphite and LCO electrodes.

Discharging:

Anode: CglLi — 6C +zLit + xe”
Cathode: Li;_,C00y + xLi™ +xe~ — LiC00, (1.3)
Overall: CgLi + Li;_,C00, —  6C 4+ LiC00,

Conventionally, the positive electrode is denoted the cathode and the negative electrode is
denoted the anode regardless of whether the cell is charging of discharging. The typical anode
for Li-ion cells is graphite. Graphite contains layers of graphene, which is a two-dimensional
hexagonal carbon lattice. Graphite is both electronically and ionically conductive.

There are several cathodes that are used in Li-ion cells, such as LCO, Lithium Manganese
Oxide (LiMnO,4, LMO), Lithium Nickel Manganese Cobalt Oxide (LiNiMnCoO,, NMC), Lithium
Iron Phosphate (LiFePO,, LFP), and Lithium Nickel Cobalt Aluminum Oxide (LiNiygCog 15Alj 0503,
NCA). The specific charge and energy capacity, Qqpecific and Egpeciic respectively, of these cathodes

are seen in Table 1.1. The operating voltage range and the average voltage are also shown. The



energy capacity shown in the table is higher than what is usually reported for Li-ion batteries.
This is because the specific energy capacity shown is only for the cathode material and does not
account for the weight of other battery components.

Each type of cathode has its benefits and drawbacks. LCO cannot charge above 4.2 V so
has low energy. LMO supplies high power and does not use cobalt, but has a short lifespan.
NMC is high power and high energy, but is dependent on cobalt. LFP is low power, but is safe.
NCA is high energy but relies on cobalt. Any electrode that contains cobalt is inherently more
expensive, as cobalt is costly and difficult to obtain. The majority of cobalt is mined in the Congo
[14]. The fact that cobalt is not produced in the USA, along with ethical issues concerning the
mining practices in the Congo, means that battery design would benefit from losing dependence

on cobalt.

Table 1.1: Cathodes used in Li-ion cells.

Parameter Units LCO LMO NMC LFP NCA

Molecular —— \ le 979 126 212 158 189
Mass
Voltage Range \Y 30-42 30-42 3.0-42 25-3.65 3.0-42
Average Voltage A% 3.6 3.7 3.7 33 3.6
Qspecific Ah/kg 137 213 126 170 141
Eqpecific Wh/kg 493 786 468 560 510
LMO Cathode:

Consider a Li-ion cell with a LMO cathode. During charge, the reactions at the cathode
and anode, as well as the overall reaction of the cell, are as seen in Eq. 1.4. During discharge,
the reactions at the anode and cathode, and the overall cell reaction, are as seen in Eq. 1.5. One

mole of LMO and one mole of graphite produce one mole of electrons.
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Charging:

Cathode:

Anode:

Overall:

Discharging:

Anode:

Cathode:

Overall:

LFP Cathode:

6C + Lit +e- — CglLi

LiMnO, — MnO,+ Lit + e (1.4)
CesLi — 60+ Lit +e”

MnO, + Li* +e — LiMnO, (1.5)

Now consider a Li-ion cell with a LFP cathode. During charge, the reactions at the cathode

and anode, as well as the overall reaction of the cell, are as seen in Eq. 1.6. During discharge,

the reactions at the anode and cathode, and the overall cell reaction, are as seen in Eq. 1.7. One

mole of LFP and one mole of graphite produce one mole of electrons.

Charging:
Cathode:

Anode:
Overall:

Discharging:
Anode:

Cathode:
Overall:

NMC Cathode:

6C+ Lit +e- — CgLi

LiFePO, — FePO,+ Lit + e (1.6)
6C + L1F6P04 — CﬁLZ + F6P04

CeLi — 60+ Lit +e

FePO,+ Lit +e~ — LiFePO, (L.7)

CsLi + FePO, —  6C + LiFePO,
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Now consider a Li-ion cell with a NMC cathode. During charge, the reactions at the cathode

and anode, as well as the overall reaction of the cell, are as seen in Eq. 1.8. During discharge,

the reactions at the anode and cathode, and the overall cell reaction, are as seen in Eq. 1.9. One

mole of NMC and one mole of graphite produce one mole of electrons.

Charging:
Cathode:
Anode:
Overall:
Discharging:
Anode:
Cathode:
Overall:
NCA Cathode:

6C + Lit + e~ —  C4Li
LiNiMnCoOq — NiMnCoOs + Lit + ¢~ (1.8)

6C + LiNiMnCoOy — CgLi+ NiMnCoO,

CeLi — 6C+ Lit +e”
NiMnCoOs + Lit +e~ — LiNiMnCoO, (1.9)

CoLi + NiMnCoO, —  6C + LiNiMnCoO,

Now consider a Li-ion cell with a NCA cathode. During charge, the reactions at the cathode

and anode, as well as the overall reaction of the cell, are as seen in Eq. 1.10. During discharge,

the reactions at the anode and cathode, and the overall cell reaction, are as seen in Eq. 1.11. One

mole of NCA and one mole of graphite produce one mole of electrons.
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Charging:

Cathode: 6C + Lit + e~ —  CsLi
Anode: LZ.NZ.(),gAl(),%COo,lg)OQ — Nio_gAlo,gg,COo_mOg + LZ+ + e (110)
Overall: 6C + L’iNZ.O.sAlo_05COO.15OQ — C@Ll + Nl.o_gAl[).05COO_1502
Discharging:
Anode: CglLi — 6C + Lit +e”
Cathode: NZ'()_SAZQ.05COO.1502 + L’l+ +e — L?:NZ'O.SAZ0.05COO.1502 (11 1)
Overall: CGLZ + N?;O.SAZ0.0E}COO.;[E)OQ — 6C + LZ’NZ’O'SAZ0.0SCOOJE)OZ

1.6 Lithium Sulfur Background

Li-S batteries have a lithium anode and sulfur cathode. The physical and chemical properties

of lithium and sulfur are found in Table 1.2 [15, 16]. Sulfur is part of the Earth’s crust, so is

abundant and is produced worldwide, including USA [17]. Lithium is also abundant, and the

majority of lithium production is in Australia, Chile, and China [18].

Table 1.2: Physical and chemical properties of lithium and sulfur.

Parameter Units  Lithium Sulfur
Molecular Mass  g/mole 7.0 32
Boiling Point °C 1,342 445
Melting Point °C 180 118-120
Density g/mL 0.534 2.07
Appearance Solid  Solid powder
Enthalpy, H° kJ/mole 4.632 4.412
Entropy, S° J/mole-K  29.12 32.05
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A simple diagram of a Li-S cell can be seen in Figure 1.3. The cell consists of a positive
electrode, a negative electrode, and an electrolyte. Lithium is the negative electrode and sulfur
(Sg) is the positive electrode. These electrodes are the anode and cathode of the cell.

A newly built Li-ion cell begins in the charged state, so the cell must begin with discharging.
Unlike Li-ion, the charge and discharge reactions are not intercalation. When discharging, the
lithium ions move from the negative electrode to the positive electrode as seen in Figure 1.4a.
The positive cathode, sulfur, begins as Sg but breaks down into sulfur atoms that then react with
the electrons and lithium ions to form Li5S. The reactions at the anode and cathode, and the
overall cell reaction, are seen in Eq. 1.12. The overall reaction shows that one mole of sulfur
and two moles of lithium produce two moles of electrons. This is double that of the Li-ion cells
discussed in the previous section. The charge reactions for a Li-S cell at the anode, cathode, and
overall cell reaction are seen in Eq. (1.13). During charging, the lithium ions move from the

positive electrode to the negative electrode as seen in Figure 1.4b.

AWV

Li

Negative Positive Sg(solid)
Electrode Electrode

Electrolyte

Figure 1.3: Simple diagram of Li-S cell, electrodes are lithium (Li) and sulfur Ss.
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Figure 1.4: Charge and discharge reactions in a Li-S cell with sulfur and lithium electrodes.

Discharging:

Anode:

Cathode:

Overall:

Charging:

Cathode:

Anode:

Overall:

2Li

S+ 2LiT 4 2e”

S+ 2L

2LiT + 27 —

LZQS —

LZQS —

— 2Lit + 2e”
S LiyS (1.12)

2Li
S+ 2Lit + 2~ (1.13)

S+2Li

The release of two electrons per sulfur atom contributes to the high theoretical specific

charge capacity of Li-S. Due to the low atomic mass of sulfur, and the two electrons released

from the reaction between sulfur and lithium, the Li-S cell promises a high specific charge

capacity. This high capacity is the main reason why Li-S primary (non-rechargeable) cells have

been studied since the 1960s. However for secondary (rechargeable) cells, complications arise
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due to side reactions which can diminish cell performance.

Figure 1.5 shows the flow of ions and electrons through a Li-S cell during the discharge
process. The ions can be transported through the electrolyte as it is ionically conducting. The
electrons can move through the anode and cathode, but not through the electrolyte as it is electronically
insulating. The external wire connecting the anode to the cathode through a load provides a
path of transport for the electrons to move from the anode to the cathode. The solid electrolyte
interface (SEI) layer forms on the anode due to reactions between the electrolyte and the anode
materials and serves as an ionically conducting and electronically insulating layer. Some electrons
are also caught up in cyclic side reactions called the polysulfide (PS) shuttle effect, a complication

that arises in rechargeable conventional Li-S cells.

— Load —l

2e 2o
Li anode S Electrolyte S cathode
E
2Li o S + 2Li* + 2¢
> 2Li* + 2e S.> {\Sﬁ' > Li,S

Su-xz_ \jsn—xz_

2Li* > P 2Lit

Figure 1.5: Discharge mechanisms and polysulfide shuttle effect in a Li-S cell.

1.7 Lithium Sulfur Benefits and Complications

The PS shuttle effect contributes to both a low cycle life and a self-discharge of the battery.
The reaction at the cathode actually proceeds in a number of steps, with various PS as side
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products. Barchasz ef al. [19] detailed the PS species resulting from this multi-step process. As
seen in Figure 1.5, the high-order PS migrate toward the anode, react with the lithium metal,
reduce to low-order PS, migrate back to the cathode, form high-order PS again, and continue.
The electrons are being caught up in this shuttle instead of traveling through the external wire
and powering the load. This shuttle results in a loss of sulfur and lower efficiency [20]. The
conventional Li-S cathode uses elemental sulfur as the active material and is highly susceptible
to this shuttle effect, but state-of-the-art cathodes have been developed to inhibit this PS shuttle
effect [21-23].

There are other complications that could be critical for eVTOL. Firstly, the cycle count
(one cycle = one charge and one discharge) is poor compared to Li-ion. Secondly, these batteries
self-discharge. However this is not an issue for eVTOL because unlike cars, the charge need
not be retained for weeks or months but only a few hours at a time or a the most one day. The
principal concern is high C-Rates, i.e. high power, as this behavior is unknown and typically less
studied due to the lack of aviation focus in battery research. Fundamentally it translates to high
current per unit area of the electrodes. High C-Rates of 20C or more are available for drones, but
this is misleading as it pertains to low energy, so a small current or low specific power will still

show a high C-Rate.

1.8 Primary Lithium Sulfur Batteries

Primary (non-rechargeable) Li-S batteries have been researched since the 1960s. Danuta
and Juliusz [24] submitted a patent in 1962 detailing the possibility of a battery using a lithium

anode and sulfur cathode. Four years later, Rao [25] patented high specific energy metal-sulfur
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cells that use organic electrolytes. Rao also gave the theoretical specific energy for Li-S cells as
1,136 Wh/lbs (2,502 Wh/kg). The first patent for specifically Li-S cells, that is, a lithium anode
and sulfur cathode, was in 1968 by Nole and Moss [26]. In 1980, Linden and McDonald [27]
published results of a lithium sulfur dioxide (LiSO,) battery that achieved a specific energy of 330
Wh/kg. A study in 1991 by Pitre [28] collected constant current discharge data on Honeywell
LiSO, batteries at various temperatures. Pitre found that these cells performed best at 40°C.
Three years later in 1994, Levy and Bro [29] published a book titled “Battery Hazards and
Accident Prevention” including a chapter on LiSO, batteries. The chapter discusses the dangers
of sulfur dioxide gas exposure, thermal runaway, and fast charging. In 2007, Ratnakumar et
al. [30] researched the LiSO, batteries deployed on NASA’s 2003 Mars Spirit and Opportunity
rovers. While the rovers are powered by Li-ion batteries and solar cell arrays, the entry, descent,
and landing were supported by LiSO, batteries. Based on the voltage data collected from the
rovers, Ratnakumar et al. developed a model for the depassivation of LiSO, cells and were able
to accurately predict the voltage when compared to the experimental data. Depassivation is the
removal of a surface oxide layer from the battery electrodes that would otherwise hinder the
battery performance. More recently in 2015, Ma et al. [31] developed a primary Li-S battery
with a novel cathode design that achieved a specific energy of 504 Wh/kgsuis,,- While this is an
impressive achievement, for eVTOL applications a secondary (rechargeable) battery is required.

Primary batteries do have some advantages that are utilized today. Primary batteries can
immediately provide power and have a long shelf life. This makes Li-S primary batteries desirable
for defense and military uses. Another modern application of primary Li-S batteries is in cardiac
defibrillators, such as the battery pack shown in Figure 1.6a. Figure 1.6b shows another primary

Li-S battery manufactured by the French company SAFT.
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Figure 1.6: Commercial primary Li-S batteries.

1.9 Secondary Lithium Sulfur Batteries

The PS shuttle effect that occurs in secondary (rechargeable) Li-S cells decreases the life
of the batteries due to the loss of lithium and sulfur to PS formation. In the past two decades,
researchers have studied utilizing modern, state-of-the-art materials and methods to suppress the
PS shuttle effect and make secondary Li-S batteries viable.

There are various companies researching Li-S technology, such as Sion Power, Lyten,
Polyplus, and Theion. These companies are working towards unlocking the full potential of
Li-S technology and applying it to aviation, but publications are rare. As of yet, no Li-S battery
powerful enough for passenger eVTOL has been realized. Sion Power’s Licerion Li-S battery
can be seen in Figure 1.7a, and Lyten’s LytCel Li-S batteries can be seen in Figure 1.7b. In 2008,
Li-S batteries were proven capable of flight but only for low/drip power on Airbus’s Zephyr 6
aircraft powered by Sion Power’s Li-S technology.

Research on secondary Li-S chemistries grew in the 2000s with focus on cell degradation,
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(a) Sion Power’s secondary Li-S (b) Lyten’s secondary Li-S battery.
battery.

Figure 1.7: Commercial secondary Li-S batteries.

failure mechanisms, and extending the cycle life [20]. There is a vast literature on rechargeable
Li-S with many reviews focusing on research trends and advances [20,32-34].

As of 2009, studies showed that secondary Li-S batteries could achieve high specific energy
and power, but had poor cycle life, low rate capabilities, and a high self-discharge behavior [20].
Part of this is due to the insulating nature of sulfur. This leads to low electronic conductivity in
the cathode. This was shown to be resolved by Shim e? al. [35] by adding conductive carbon
black to the sulfur cathode, which reduces the electrical resistance of the cathode. While this
addition decreases the overall specific energy of the cell, it is a necessary additive.

These issues also stem from the PS formation and resulting shuttle effect, as shown by
Mikhaylik and Akridge [36]. The self-discharge occurs when the cell is not in use; the sulfur
dissolves into the solvent and is converted to PS. With the dissolution of sulfur in the solvent,
the amount of sulfur available for the cell reaction in Eq. (1.12) decreases and leads to capacity
decrease and poor cycle life. Furthermore, the PS then enter the shuttle effect which consumes

electrons that would otherwise be involved with this reaction, decreasing the efficiency of the
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cell.

There has been a significant effort to improve the performance of secondary Li-S batteries.
Composite sulfur cathodes are widely considered to be a viable solution to the PS formation and
low cycle life of Li-S batteries. In 2002, Wang et al. [21] developed a conductive polymer-sulfur
composite by heating a mixture of polyacrylonitrile (PAN) powder and sulfur at 280°C-300°C
for six hours. This is the first published use of this composite, denoted here as polyacrylonitrile-
sulfur (PANS). Their results showed that this composite PANS material had a high specific
capacity and had potential as a cathode material for advanced rechargeable batteries. Further
research by Wang et al. [22] determined that Li-S cells utilizing this PANS cathode operate in a
lower voltage range of 1.0-3.0 V compared to that of conventional Li-ion cells, 3.0-4.2 V.

In 2005, Yu et al. [37] fabricated PANS at various temperatures and measured the performance.
Results showed that PANS formation at 450°C produced the best stability and performance. An
in-depth comparison of PAN powders was performed by Pu ef al. in 2007 [38]. Findings showed
the importance of homogenous molecular structure on cell performance. He et al. in 2009 [39]
reported an average voltage of 1.9 V. The overcharge characteristics of PANS Li-S cells were also
investigated and after overcharging to 4.0 V the cells were not able to be discharged again.

Expanding on Wang et al.’s research, in 2015 Wei et al. [23] performed a study on the
stability and efficiency of PANS Li-S cells. Results showed complete elimination of the PS
formation and therefore the shuttle effect, thereby stabilizing the cells over numerous charge and
discharge cycles of the cells and increasing the lifetime of the cells. There was also no self-
discharge observed when using the PANS cathode.

In-depth reviews have provided insight into the electrolytes for Li-S cells. For Li-S cells
utilizing a conventional sulfur cathode, there are various electrolytes that have been shown to
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produce relatively high charge capacity [40]. The typical electrolyte for Li-S uses a dioxolane /
dimethoxyethane (DOL/DME) solvent. Mikhaylik [41] proposed the addition of lithium nitrate
(LiNO3) to the electrolyte, as a way to suppress the PS shuttle effect. This additive is now
widely used in conventional Li-S cells [40]. However for Li-S cells using composite sulfur-
carbon cathodes such as PANS, the PS formation is already inhibited and different electrolytes
could be researched. Wei et al. [23] found that Li-S cells with a PANS cathode are more stable
when using a carbonate-based electrolyte, rather than the DOL/DME-based electrolyte found in
conventional Li-S cells.

There have been numerous studies on the various aspects of a Li-S cell and countless
attempts to optimize the performance. A variety of claims are made concerning the specific
capacity and energy of Li-S cells, but a consistent comparison is hard to find between Li-S and
Li-ion chemistries as the overhead weight is not identical. Furthermore, the research on Li-S has

not yet been focused on eVTOL applications.

1.10 Technical Approach

The technical approach is a systematic comparison of Li-S and Li-ion electrochemistries.

A comprehensive sizing analysis was developed and verified with NASA. The sizing analysis
was performed for an intracity mission and demonstrated the need for a high specific energy
battery. The analysis set key battery performance targets for eVTOL applications.

Li-S and Li-ion coin cells were fabricated with identical overhead weight using established,
and easily reproducible and verifiable techniques. For the Li-S cells, a PANS cathode was

fabricated to avoid the PS shuttle effect. Cells were fabricated in batch to verify the repeatability
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of the results. Consistency is a key contribution of this work. For Li-ion, in-house fabrication
was avoided in favor of state-of-the-art materials in order to maximize their performance. This
was important as Li-ion was the baseline relative to which any Li-S was being evaluated, so
any benefits of Li-S discovered were genuine and not simply a result of a poor baseline. The
measured capacities of the Li-S and Li-ion cells were always compared with theory for veracity.
This established not only the accuracy of the fabrication but also the proper basis for theoretical
limits, without ad hoc claims based on pure chemistry that can never be realized.

Testing began with steady-state discharge characteristics at low and high C-Rates. The
charge capacity was measured and verified with theory, then converted to energy and power and
compiled into a Ragone plot of specific power versus specific energy that can be used for design.
The Ragone plot established the higher specific energy of Li-S compared to Li-ion at low C-Rates
while also showing its rapid decrease above 1C.

In the next step, full cycles (fully discharging the cell) were compared to half cycles
(discharging only halfway). Half cycles stabilized the Li-S cells, with no decrease in the specific
energy for the first 100 cycles at least. This has an impact for eVTOL aircraft, as intracity eVTOL
missions can be designed to operate at half cycles to optimize the battery performance.

Transient behavior was then measured. Frequency data were collected using electrochemical
impedance spectroscopy (EIS), where a sinusoidal current was applied to the cells at varying
frequencies from 1 Hz to 100,000 Hz, and the voltage response was determined. The response
revealed the reason behind the low C-Rate behavior. The variation of impedance with cycle life
was also examined.

The frequency data were used to identify internal electrical properties, construct an equivalent

circuit model (ECM), and then extract model parameters. The model was transformed to the time
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domain and step and pulse testing were performed on the cells. The ECM was applied to the

collected time domain data and parameters were extracted.

1.11 Objectives

The overarching objective is to break the traditional isolation of electrochemistry and
aeronautics, in particular rotary-wing aeronautics. The principal barrier to eVTOL is lack of
sufficient power and energy. A comprehensive and consistent comparison of Li-S and Li-ion
batteries is needed to evaluate any potential benefits of Li-S for eVTOL. This is accomplished by

the following steps.

1. Develop a comprehensive sizing analysis and verify with NASA. Demonstrate the need
for a high specific energy battery and set key battery performance targets for eVTOL

applications.

2. Fabricate Li-S and Li-ion coin cells with identical overhead weight and utilize state-of-the-

art materials.

3. Establish steady state discharge characteristics for high and low C-Rates. Compare the

measured specific energy and power of Li-S and Li-ion cells as C-Rate increases.
4. Collect transient data and develop a model in the time domain.

5. Investigate the potential impact of Li-S batteries on eVTOL sizing.
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1.12  Organization

This thesis is organized into seven chapters. Following this introduction, Chapter 2 discusses
the conceptual sizing analysis developed for eVTOL quadrotors, the verification with NASA, and
the determination of key battery performance targets. Chapter 3 details the fabrication of Li-S
and Li-ion coin cells and the calculation of theoretical capacity for both types of cells. Chapter 4
analyzes the steady state characteristics of the Li-S and Li-ion cells and models the steady state
discharge characteristics. Chapter 5 collects and models transient data in both the frequency and
time domain. Chapter 6 discusses the potential impact of the discovered advances on eVTOL
sizing. Chapter 7 lists key conclusions. Throughout the dissertation, fundamental understanding

is a main focus along with implications on eVTOL, where appropriate.
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Chapter 2: Conceptual eVTOL Sizing

This chapter details the development and verification of the sizing analysis for an eVTOL
quadrotor. Verification is performed with NASA for a specified mission with payload of 150 lbs
(1 person), designated as Mission 1. After verification, a second mission, designated as Mission
2, 1s evaluated with a more practical payload of 400 lbs, similar to the Robinson R-22 helicopter.
Various battery specific energies are evaluated, and the results demonstrate the need for a high

specific energy battery. Key battery performance targets for eVTOL are determined.

2.1 Development of Sizing Analysis

To determine the impact of a high energy battery, a conceptual sizing method for an eVTOL
quadrotor has been developed. The method is iterative and utilizes momentum theory which uses
the disk loading and thrust to calculate the minimum power required for flight.

The power required includes the induced, profile, and parasitic power. The induced power
Cp; is calculated using Eq. (2.1), where J; is the induced inflow and C7 is the coefficient of
thrust. The profile power Cpy is calculated using Eq. (2.2), where the advance ratio p is the
cruise speed over the rotor tip speed and o is the solidity factor. The drag coefficient C; was

calculated using Eq. (2.3), where Cyp = 0.0087, Cy; = 0.02, and Cyy = 0.8. Angle of attack «
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is found using Eq. (2.4).

Cpi = A\iCr (2.1)
1 2
Cpo = gaC’d(l +4.64°) 2.2)
Cd = CdO + C’dla -+ CdQOéz (23)
6T
=2 2.4
573 @24

The parasitic power Cp, was calculated using Eq. (2.5), where the aircraft drag area F in ft*
must be determined. This was found by using Harris’s proposed relation in Eq. (2.6), where £ is
the flat plate coefficient and GT'OW is the gross takeoff weight in 1bs [42].

1 F,

== 2.
CPP 2NrotorAM ( 5)

(2.6)

2/3
Pt GTOW
1000

The aircraft empty weight must be determined. This is the weight of the various aircraft
components, and does not include payload weight. Empty weight was determined using Army
Aeroflightdynamics Directorate (AFDD) models [43], as well as equipment weight data presented
in Johnson et al.’s sizing results [6]. Each AFDD weight group model is determined using

historical data from numerous rotorcraft. There are various weight groups included in the AFDD
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models. Table 2.1 shows weight groups for a conventional rotorcraft on the left. These are
modified with eVTOL groups on the right. For eVTOL, the Empennage and Wing Groups are not
necessary. The Air Induction Group is not needed as there is no conventional turboshaft engine.
The Anti-Icing Group is also not necessary as the aircraft will not fly long enough or high enough
for icing to be an issue. The Fuel System Group is now the Battery Group, and the Engine Group
is now the Electric Drive Group. The other groups are common to both. Technology factors used

in the weight models can be found in Table 2.2, and all other necessary factors and constants in

Table 2.3.

Table 2.1: AFDD weight groups.

Conventional Groups eVTOL Groups

Wing -

Rotor Rotor
Fuselage Fuselage
Empennage -

Alighting Gear Alighting Gear
Engine Electric Drive
Air Induction -

Fuel System Battery
Hydraulic Hydraulic
Anti-Icing -

Other Equipment Other Equipment

The rotor group uses the AFDD82 model. The weight of the rotor blades is determined
using Eq. (2.7), which is based on 37 aircraft with an error of 7.7%. The weight of the rotor
hub is found using Eq. (2.8), which is based on 35 aircraft with an error of 10.2%. N, is the
number of rotors, for a quadrotor N, = 4. Npades 1 the number of blades per rotor, R, 18
the rotor radius in ft, c is the blade chord in ft, and V};, is the hover tip speed in ft/s. The blade

and hub flap frequencies, 4.4, and v, respectively, are in per rev. The total weight of the rotor
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group is found using Eq. (2.9).

0.6592 1»1.3371 ,0.99597 70.6682  2.5279
Wblades = Tblade [0'02606NT0t07"Nblades Rrotor ¢ V;ip Vblade ] (27)
W 0.5505
0.2807 p1.53777,0.4290, 2.1414 blades
WhUb = Lhub 0’003722NT0t0TNblades Rrotor V;Sip Vhub ( N. > :| (28)
rotor
WRotor = Wblades + Whub (29)

The fuselage group uses the AFDD82 model and includes the basic fuselage structure
weight and the crashworthiness weight, calculated using Eqs. (2.10) and (2.11), respectively.
These are based on 35 aircraft with an error of 6.5%. The factor f,,, is used to include the
additional weight of a cargo ramp if applicable. The design flight load factor ny was set to
Johnson et al.’s value [6]. The wetted area of the fuselage, Syoqy, is determined using the assumed
radius and length of the fuselage (7 fyseiage aNd { fyseiage, respectively) and assuming a cylindrical
shape. The factor f., is the crashworthiness weight factor. The total weight of the fuselage is

found using Eq. (2.12).

58.254410.6100 ] (2 10)

ody " fuselage

0.4908
GTOW) 0.1323

Wbasz'c — xbasic[5-896framp< 1000 2

ch = Tew [fcwaasic] (2 1 1)
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WFuselage = Wbasic + ch (212)

The alighting gear group uses a fractional method defined in the AFDD documentation,
seen in Eq. (2.13) as a fraction of gross weight. The factor f; is the landing gear weight

fraction.

Wia = f1aGTOW (2.13)

The electric drive consists of gearboxes, electric motors, a power conditioner, and cooling
system. The gearbox weights are determined using the AFDD83 model as seen in Eq. (2.14),
which is based on 30 aircraft with an error of 7.7%. Ppg is the required driveshaft power in
horsepower, N is the number of gearboxes on the aircraft, and €2,,,0¢0r and €2, are the motor
and rotor speeds respectively in RPM. The factors f,; and fq are the rotor shaft weight factor and
the torque factor, respectively. The electric motor weights are determined using Eq. (2.15) from
Ng and Datta [3]. This weight model is based on 17 aeronautical motors and has a maximum
30% error. In this model, W), is the motor mass in kg and () is the maximum required torque
in Nm. The maximum required torque in Nm is determined by Eq. (2.16), where PF,,,, is the
maximum power required in ft-1b/s, ) is the rotor speed in Hz, kgg is the gearbox reduction
factor, and 7 is the gearbox efficiency. The factor 1.356 is used to convert from ft-1b to Nm,
as needed in Eq. (2.15). The power conditioner and cooling system weights are simply fractions
of the motor weight, seen in Eqgs. (2.17) and (2.18) respectively. The total weight of the electric

drive system is found using Eq. (2.19).

Qmotor ) 0.0369

ng = Tgb (1 - fTS)57‘72Pg.§195fg.068N560663%
rotor

(2.14)
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Wonotors = 0.4025Q°17

Pmaac

Q = 1.356 2o —
Qkernes

Wpc = fchmotors

Wmc = fchmotors

WEDrive - ng + Wmotors + Wpc + Wmc

(2.15)

(2.16)

2.17)

(2.18)

(2.19)

The weight of the battery is dependent on the required energy for the mission and the

specific energy of the battery, usable on-board the aircraft. The required energy for the mission

is found using Eq. (2.20), where the energy is calculated using the required power for hover and

cruise, P, and P, respectively, and the hover and cruise flight times, ¢;, and ¢, respectively. The

fuel cruise reserves, t,.s, are included in the required energy. The weight of the battery is then

determined using this required energy and the specific energy of the battery, available on-board

the aircraft, as in Eq. (2.21).

Ereqg = (Puth + Por(ter + tres))
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Ereq

Wbattery = (221)

Ebattery,specific

The flight controls consist of non-boosted flight controls, control boost mechanisms, and
boosted flight controls. The weights of these groups are calculated using AFDD82 models,
seen in Eqgs. (2.22) - (2.24) respectively, where f,;, fnyq, and fp, are the non-boosted weight,
hydraulic weight, and ballistically survivable factors, respectively. Equation (2.22) is based on
20 aircraft with a 10.4% error, Eq. (2.23) is based on 21 aircraft with a 6.5% error, and Eq. (2.24)
is based on 20 aircraft with a 9.7% error. The expression to determine wy. is Eq. (2.25), where
fmbso 18 another ballistically survivable factor and f,.4 is a redundancy factor. The total weight

of the flight controls is found by Eq. (2.26).

Wb = s [ frn(1 — frya)wye (2.22)

Winb = Zimp[(1 — frya)We) (2.23)

Wy = 25[0.02324 fos0 ( Nyotor Notades) - "2 Nt o> 2296001V, ) 577] (2.24)
We = 0.2873fmbsy(Nmtarszades)0'625761'3286(0.01‘42';;)2'1129 &3942 (2.25)
Were = Wop + Wi + W, (2.26)

32



The hydraulic group weight depends on the flight control group weight. The weight of
hydraulics for the flight controls and equipment is determined using Eq. (2.27), where f,q is the
same hydraulic weight factor used in Eqgs. (2.22) and (2.23). This weight model does not directly
translate to quadrotors, as the quadrotor will not have a swashplate with full cyclics. Collective
control is all that is needed to trim the rotors. The control angles for one rotor on a quadrotor
are the collective control, 65, and the shaft tilt angles o, and ¢. Cyclic controls, and hence a
swashplate, are not necessary. This can be accounted for by using a technology factor x4 less

than 1.0. In this case, xp,q = 1 for a conservative estimate.

Whyd = xhyd[fhydwfc] (227)

The weight of other equipment, W .-, was set to 161 Ibs, based on Johnson ef al.’s system
weights [6]. This includes the weight of unusable fluids, automatic flight controls, instruments,
mission equipment, electrical systems, environmental controls, and furnishings.

The empty weight of the aircraft can be found using Eq. (2.28).

Wempty = WRotor + WFuselage + WLG + WEDrive + WBattery + WFC + Whyd + Wother (228)
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Table 2.2: Technology factors used in empty weight calculations.

Group Technology Factor Value
XBlade 0.92
Rotor Xin 076
Xbpasic 0.76
Fuselage Xow 0.90
Electric Drive Xgb 0.74
Xnb 1.0
Flight Controls Xmb 1.0
Xpb 1.0
Hydraulics Xhyd 1.0
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Table 2.3: Parameters used in empty weight calculations.

Group Parameter  Value

VBlade 0.125/rev

Rotor vas  0.125/ev

framp 1.0
Nz 4.0
Fuselage lfuselage 23 ft
Tfyselage 6 ft
fow 0.06
Alighting Gear fig 0.0325
fi 0.13
fo 0.60
kgr 11.83
Electric Drive NGB 0.88
TIMotor 0.85
fpe 0.5
fme 0.5
fop 0.60
fhyd 0.40
Flight Controls fosy 1.0
fmbsv 1.0
frea 1.0
Hydraulics fhyd 0.40
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2.2 Verification of Results

The in-house sizing analysis was verified with NASA’s sizing results for a similar eVTOL
quadrotor and mission detailed by Johnson et al. [6]. The details of this mission, designated here
as Mission 1, are seen in Figure 2.1, with a payload of 250 Ibs, disk loading of 2.5 1bs/ft2, fuel
cruise reserves of 20 minutes, and hover time of 4 minutes. The aircraft and system parameters
are seen in Table 2.4. Figure 2.2 shows the present, in-house results and NASA’s results for
GTOW over varying range in n-miles and with four different battery specific energy values.
Cruise speed is 70 knots, as the calculated best range speed exceeded this maximum cruise speed.
The results shown are with various battery usable specific energy of 150, 200, 300, and 400
Wh/kg. The results match closely at higher specific energy values, but the present sizing code
underpredicts the GTOW at lower specific energies. The error is due to the various assumptions
and uncertainties present in the calculations. The major difference is that the present sizing
analysis utilizes momentum theory as previously described, while NASA’s analysis uses more
refined methods. Given that the data are close and follow the same trends, the in-house present

results are considered verified.
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Figure 2.1: Mission 1, used for sizing analysis verification.
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Figure 2.2: Present and NASA sizing results for an all-electric quadrotor; GTOW vs range for
various battery specific energies; payload 250 Ibs and disk loading 2.5 Ibs/ft>.
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Table 2.4: Aircraft and system parameters used in sizing analysis verification.

Parameter Value
Disk Loading 2.5 Ibs/ft?
Number of Rotors 4
Number of Blades per Rotor 4
Cruise Speed 118 ft/s (70 kts)
Tip Speed 450 ft/s
Fuel Cruise Reserves 20 min
Solidity o 0.0646
Flat Plate Coefficient & 7.375
Installed Power Factor 1.5
Electric Motor Speed 4000 RPM
Induced Power Factor « 1.15
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2.3 Impact of Higher Specific Energy

With the analysis method verified, a second mission was evaluated using various battery
specific energies. This new mission, Mission 2, is focused on intracity travel with a range of 50
n-miles, so 25 n-miles and back. The hover time is set at 5 minutes and cruise occurs at best
range speed (or at maximum cruise speed if best range speed exceeds maximum cruise speed).
The payload is increased to 400 lbs, which is equivalent to that of an R-22 helicopter. The fuel
cruise reserves is decreased to 5 minutes. This allows the design to be closed for a large range of
parameters even when the battery energy is very low.

Figure 2.3 shows the change in gross weight over a range of disk loadings for Mission
2, with an increasing specific energy of 150, 200, 300, and 400 Wh/kg. Note that current Li-
ion technology can achieve a specific energy of approximately 150 Wh/kg and Li-S is projected
to double that value for 300 Wh/kg. It is clear that a low disk loading generally results in the
lowest GTOW, and that a higher energy battery results in a much lower GTOW. Additionally,
implementing an optimal disk loading is critical for the quadrotor, as the GTOW quickly increases
as the disk loading varies from the optimal value of 2.5 lbs/ft>. The optimal disk loading does
not drastically change with varying specific energies, so the aircraft design can remain the same
if using a new, improved battery.

The empty weight breakdown of the aircraft, using either a 150 Wh/kg or 300 Wh/kg
battery, can be found in Table 2.5. In both cases, the battery group is the heaviest. It is noteworthy
that the battery accounts for more than half of the empty weight when using a 150 Wh/kg battery
and only a third of the empty weight when using a 300 Wh/kg battery.

Figure 2.4 shows the change in rotor radius as the disk loading varies. For a battery specific
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Table 2.5: Empty weight of aircraft for battery specific energies of 150 and 300 Wh/kg.

Weight [lbs]
150 Wh/kg 300 Wh/kg
Rotor Group 372 153
Fuselage Group 434 306
Alighting Gear Group 121 59.1
Electric Drive Group 369 211
Battery Group 1,752 461
Flight Controls Group 31.3 17.0
Hydraulics Group 7.11 4.42
Other Equipment 161 161
Total Empty Weight 3,247 1,373

energy of 150 Wh/kg, the rotor radius at the optimal disk loading of 2.5 Ibs/ft? is approximately
11 ft. This decreases to 7.6 ft for a specific energy of 300 Wh/kg. A smaller rotor radius is better
suited for urban air mobility applications.

Figure 2.5 shows the required hover power as disk loading varies. Although the lowest
power required does not occur at the optimal disk loading of 2.5 Ibs/ft?, the increase in required
power at this optimal disk loading is only 2.8% - 4.3% depending on the specific energy. Minimizing
the GTOW still allows for a disk loading with a relatively low power requirement.

Figure 2.6 shows the required hover C-Rate, i.e. the maximum C-Rate, required for the
mission. High C-Rate is analogous with high current. Lower C-Rates (1-2C) are typically better
for battery performance and extending the battery life. Increasing the specific energy from 150
Wh/kg to 300 Wh/kg decreases the required C-Rate from 1.6C to 1.48C.

In Figures 2.3 to 2.6, it is obvious that an increase in specific energy improves the aircraft
design parameters. The results quantify the anticipated improvement. The increase from 150
Wh/kg to 200 Wh/kg, and then to 300 Wh/kg, causes dramatic improvements in all areas shown

here. However, increasing the specific energy further to 400 Wh/kg only slightly improves
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parameters. This shows that there is a diminishing return with regards to specific energy; an
increase to 300 Wh/kg is desirable but improving the specific energy further will not produce a
drastically improved aircraft.

Table 2.6 shows the conceptual quadrotor parameters for Mission 2 at a 50 n-mile range.
The results for this mission for current battery technology (150 Wh/kg) and projected future
battery technology (300 Wh/kg) can be seen. As expected, overall the mission using the highest
specific energy battery is preferred over those using the lower specific energy batteries. Due to

the diminishing return in regards to specific energy, a 300 Wh/kg battery is preferred.
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Figure 2.3: Effect of battery specific energy on GTOW as disk loading varies, payload 400 lbs
and range 50 n-miles.
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Figure 2.4: Effect of battery specific energy on rotor radius as disk loading varies, payload 400
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Table 2.6: All-electric quadrotor sizing results for Mission 2.

Parameter Units

Specific Energy Wh/kg 150 300
Whayload Ibs 400 400
Disk Loading lbs/ft> 2.5 2.5
Range n-miles 50 50
Hover Time min 5 5
Fuel Cruise Reserves ~ min 5 5
GTOW Ibs 3,724 1,818
Rotor Radius ft 10.9 7.6
Hover Power hp 256 125
Ve kts 70 70
L/D - 459 4.20
FM - 0.671 0.671
Total Energy kWh 119  62.8
Battery Weight lbs 1,753 461
C-Rate in Hover hr! 1.60  1.48

Figure 2.7 shows the GTOW and C-Rate versus range for an eVTOL quadrotor, for Mission
2. Four lines are shown corresponding to varying battery specific energies in Wh/kg. In Figure
2.7a, the gross weights of the R-44 and R-22 helicopters are shown as references. A feasible
eVTOL quadrotor with 50 n-mile range requires at least a 300 Wh/kg battery for an equivalent
R-22 gross weight. In Figure 2.7b, the required cruise and hover C-Rates are shown for the
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varying specific energies. At the optimal disk loading of 2.5 Ibs/ft?, the required maximum C-
Rate is approximately 1.5C. The required C-Rate decreases as range increases, and is not affected

by an increase in battery specific energy.

2.4 Summary

A conceptual sizing analysis was developed for eVTOL aircraft. The method was verified
with results from NASA Ames Research Center. The analysis sized an electric quadrotor for 2-3

passengers for an intracity mission. The following key conclusions were found.

1. An increase in battery specific energy from 150 Wh/kg (achievable by current Li-ion
technology) up to 300 Wh/kg improves the aircraft design. Specifically, it decreases the

gross weight and rotor radius, making the aircraft more optimal for city travel.

2. There is a diminishing return when increasing the specific energy, as the increase from 150
Wh/kg to 300 Wh/kg causes dramatic improvements in all areas. Specifically, the GTOW
decreased by 52%. However, increasing the specific energy further to 400 Wh/kg only
slightly improves aircraft parameters - the GTOW only decreased by an additional 6%.

Hence, an increase in specific energy to 300 Wh/kg is desirable.

3. Key battery performance targets were determined for eVTOL: a specific energy of 300

Wh/kg and a C-Rate of 1-2C.

With the key eVTOL targets set, design and fabrication of Li-S and Li-ion cells could

begin.
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Figure 2.7: Predicted gross takeoff weight and C-Rate vs range of an eVTOL quadrotor.
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Chapter 3: Lithium Sulfur and Lithium-ion Cell Fabrication

This chapter details the design and fabrication of Li-S and Li-ion coin cells. A coin cell,
also called a button cell, is a small single-cell battery shaped as a short cylinder. The Li-S and
Li-ion cell designs have an identical overhead weight, which allows for a clear and consistent
comparison. State-of-the-art materials are used to achieve an accurate representation of Li-S and
Li-ion performance. Sulfur content in the Li-S cells is maximized as much as possible. Li-S and

Li-ion theoretical charge capacities are calculated based on the cell designs.

3.1 Lithium Sulfur Coin Cell Fabrication

Li-S coin cells were fabricated using state-of-the-art facilities at the US Army Research
Lab Adelphi. The main equipment used were an argon-filled glovebox, seen in Figure 3.1,
and a Maccor battery cycler, seen in Figure 3.2, for cell fabrication and steady state testing,
respectively. A ThermoScientific tube furnace, seen in Figure 3.3, was used to fabricate PANS
active material. An Electric Aviation lab was also established at the University of Maryland,
Alfred Gessow Rotorcraft Center. A Solartron Analytical Parstat Electrochemical Impedance
Spectrometer (EIS), seen in Figure 3.4, was used to collect both steady state and transient data.
A Tenney temperature chamber, seen in Figure 3.5, was utilized to ensure the steady state and

transient tests were run at a fixed temperature (15°C) when possible.
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Furnace

Figure 3.3: ThermoScientific tube furnace.

The coin cells fabricated were type 2032. The first two digits represent the diameter in cm,
which here is 2.0 cm. The last two digits represent the height in mm, which here is 3.2 mm.

Over 40 Li-S type 2032 coin cells were fabricated and tested to characterize and analyze their
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Figure 3.4: Solartron Analytical Parstat Electrochemical Impedance Spectrometer.

Figure 3.5: Tenney temperature chamber.

behavior. The cell components can be seen in Figure 3.6a. The casings, spring, and spacers are
stainless steel and obtained from MTI Corp. The gasket is a polypropylene O-ring also obtained
from MTI Corp. The separator is Celgard’s 2325 trilayer membrane.

The cathode is fabricated in-house with a PANS active material, a carbon additive, and a
binder. The fabricated cathode has a PANS weight fraction of 0.80. The PANS active material
is fabricated following a process described by Wei et al. [23]. The electrolyte is 1.0 Molar (M)

Lithium hexafluorophosphate (LiPFy) in ethylene carbonate / ethyl methyl carbonate (EC/EMC),
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obtained from Sigma Aldrich. A fabricated coin cell can be seen in Figure 3.6b. A weight
breakdown of the cell can be found in Table 3.1. Note that the scale was not sensitive enough to

capture the mass of the separator. The total Li-S cell mass is 3.445 g.

@ Casing (Positive)

@S> Spring
<> Spacer
e Cathode (In-house PAN-S)
Electrolyte (LiPF6 in EC/EMC)
Celgard Separator
Anode (Li film)
&> Spacer

< > Gasket
= = Casing (Negative)

(a) (b)
Figure 3.6: a) Li-S cell components; b) Fabricated Li-S cell.

Table 3.1: Weight breakdown of Li-S coin cell.

Component Weight [g]
Positive and Negative Casings + Gasket 2.8
Spring and Spacers 0.56
Separator ;0.0001
Electrolyte 0.0762
Electrodes 3.9-10°

The cathode for the Li-S cells uses in-house fabricated PANS active material. To make the
PANS active material, the raw materials, PAN powder (obtained from Sigma Aldrich) and sulfur
powder (obtained from Sigma Aldrich), are mixed as seen in Figure 3.7a to make what is called
the cathode starter. This cathode starter is then put into a glass vial and heated in a tube furnace
as seen in Figure 3.7b. The furnace is heated to 350°C for 1 hour, held at 350°C for 3 hours,
heated to 450°C for 30 minutes, then held at 450°C for 20 minutes. The furnace is then allowed

to cool to room temperature. After this step, the PANS active material is synthesized and is ready
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to use. During synthesis, some sulfur is lost through side reactions such as gaseous hydrogen
sulfide formation. Since sulfur is the contributor of capacity, the amount of sulfur present in the
PANS active material must be determined. To determine the weight fraction of sulfur (Xg) in the
PANS, the masses of the sulfur (S), the input cathode starter mass (Starter), and the output PANS
mass (PANS) are recorded and the change in mass (AS) is calculated, assuming the mass lost

must be only sulfur.

AS = Starter — PANS

S —AS
PANS

Xg =

The ratio of PAN powder to sulfur powder determines the amount of sulfur ultimately
present in the PANS output. For the baseline tests, an initial ratio of 1:3 PAN:S by weight was
used, so the weight fraction of sulfur in the cathode starter was 0.75. The resulting weight fraction

of sulfur in the PANS output was 0.54.
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Figure 3.7: a) Raw materials PAN powder and sulfur powder, mixed to create the cathode starter,
b) Glass vial with cathode starter, tube furnace used to synthesize the PANS active material, and
glass vial with PANS output.
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3.2 Sulfur Content

The sulfur content of the PANS output was investigated systematically. The cathode active
material is the source of energy, and the active material is the PANS, which has a weight fraction
of 0.80 in the cathode. The capacity is dependent on the amount of sulfur present in the PANS.
An increase in sulfur would increase the energy and charge capacity. Towards this end, the initial
ratio of PAN:S by weight was varied. Figure 3.8 shows the percentage of sulfur in the PANS
output for various initial ratios. The results show that the 1:3 ratio ultimately retained the highest

amount of sulfur in the output. Therefore, this ratio was selected in our fabrication.
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Figure 3.8: Percentage of sulfur present in the PANS output for various initial mass ratios 1:X of
PAN:S.
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3.3 Lithium Sulfur Theoretical Capacity

Once the cell is fabricated, the first task is to estimate its theoretical capacity to later validate
the fabrication process. There are charge capacity and energy capacity. The charge capacity is
calculated here; the energy capacity is calculated later using the precise voltage measurements.
The charge capacity reported here is specific charge capacity () in mAh/g, which is charge
capacity divided by the mass of the electrodes, both anode and cathode. Equation (3.1) is used to

calculate (), where n is the number of electrons transferred in the cell reaction from Eq. (1.12),

F'is Faraday’s constant as ' = 26, 800 mAh, and TV is the electrode mass in —5—.
mole mole
nkF
Q= W (3.1)

To calculate the mass of the cathode, all the components - PANS, carbon additive, and
binder - must be included, not just the mass of the sulfur. First, the mass of sulfur W must
be divided by the mass fraction of sulfur in the PANS material, Xg, to calculate the mass of
PANS. This accounts for the non-sulfur components of the PANS. Next, the mass of PANS must
be divided by the mass fraction of PANS, Xpng, to calculate the mass of the cathode. This
accounts for the carbon additive and binder. For this cell design, Xpans = 0.80 and Xg = 0.54.
Wy 1s the molecular mass of sulfur, 32 g/mole. The mass of the anode is 2W; where W, is the

molecular mass of lithium, 7 g/mole. Thus the electrode mass becomes W = 88.5%.

Ws

W= 2Wp, + ——o
BT XpansXs

With n = 2, the Li-S cell specific charge capacity () was then 605 mgAh or ?—g
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3.4 Lithium-ion Coin Cell Fabrication

Fabrication facilities for the Li-ion type 2032 coin cells were identical to those for the Li-
S coin cells. Over 40 Li-ion coin cells were fabricated and tested to characterize and analyze
their behavior. The components of the Li-ion cells can be seen in Figure 3.9, where only the
cathode and anode materials are changed from the Li-S design. Everything else is kept the same.
The cathode active material for Li-ion is a state-of-the-art lithium nickel cobalt aluminum oxide
(NCA, LiNiygCoy 15Alp0505). The cathode is fabricated with the NCA active material, a carbon
additive, and a binder. The weight fraction of NCA in the cathode, X y¢ 4, is 0.80. The electrolyte
is 1.0M LiPF¢ in EC/EMC. Unlike the Li-S cells, the cathode is not fabricated in-house, but
purchased to ensure that our baseline was indeed state-of-the-art. The anode was graphite, a
typical Li-ion anode. The cathode and anode were purchased from SAFT. All components other
than the electrodes remain unchanged, giving the Li-ion and Li-S cells the same overhead weight
and allowing for a direct comparison between the two types of cells.

A weight breakdown of the cell can be found in Table 3.2. All components expect for the
electrodes are identical to the Li-S weight breakdown shown in Table 3.1. The total Li-ion cell

mass is 3.451 g, slightly higher than that of Li-S.

Table 3.2: Weight breakdown of Li-ion coin cell.

Component Weight [g]
Positive and Negative Casings + Gasket 2.7
Spring and Spacers 0.56
Separator ;0.0001
Electrolyte 0.0762
Electrodes 9.4.10°
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Electrolyte (LiPF6 in EC/EMC)
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Figure 3.9: Li-ion cell components.

3.5 Lithium-ion Theoretical Capacity

The same equations can be used to calculate the specific capacity and energy of the Li-ion
cell from the discharge reaction Eq. 3.2. The discharge reaction for a Li-ion cell at the anode and
cathode are simple. A mole of NCA and a mole of graphite produce a mole of electrons.

To calculate the mass of the cathode, all the components - NCA, carbon additive, and binder
- must be included, which is accomplished by dividing the mass of NCA by the mass fraction of
NCA in the cathode, X 4. For this cell design, Xyca4 = 0.80. Wi a is the molecular mass
of NCA, calculated using Eq. (3.2). The molecular masses of the elements present in NCA are
seen in Table 3.3. Note that the mass of lithium is included in W 4. The mass of the anode is
6W e where W is the molecular mass of carbon, 12 g/mole. Thus, the electrode mass becomes

— g
W =189 Tole”

Wyca = Wri + 0.8Wh; + 0.15We, + 0.05W 4, + 2Wo (3.2)
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Table 3.3: Masses of elements present in NCA.

Molecular Mass

Element [¢/mole]
Lithium (Li) 7.0
Nickel (Ni) 58.0
Cobalt (Co) 59.0

Aluminum (Al) 27.0
Oxygen (O) 16.0
W = 61 4 SNCA
NCA

mAh
g

With n = 1, the Li-ion cell specific charge capacity () was calculated to be 141 or

ﬁ—g. This is much lower than that of Li-S.

3.6 Summary

Li-S and Li-ion coin cells were fabricated with identical overhead, allowing for a clear and
consistent comparison. Fabrication utilized state-of-the-art facilities at the US Army Research
Lab Adelphi and the University of Maryland Alfred Gessow Rotorcraft Center. The Li-S cells
were free of the polysulfide shuttle effect, as the PANS cathode does not allow the formation of
polysulfides. The Li-ion cells used a state-of-the-art, modern cathode. The key conclusions are

as follows.

1. Theoretical specific charge capacity of the Li-ion cells was calculated to be 141 Ah/kg and
that of the Li-S cells to be 605 Ah/kg. The charge capacity was normalized by the mass of
the electrodes, including the added carbon and binder. This is the proper normalization, as

the cathodes must have the carbon and binder to operate.
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2. A 1:3ratio of PAN:S by weight maximized sulfur content in a Li-S cell and hence maximized
specific charge capacity and energy capacity. This ratio retained the highest amount of

sulfur in the PANS active material at 0.54 weight fraction of sulfur.

With the Li-S and Li-ion cells fabricated, testing began with steady state discharge analysis.
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Chapter 4: Steady State Analysis and Modeling

This chapter discusses the steady state, i.e. constant current, testing and analysis of Li-S
and Li-ion coin cells. Testing began with discharge of the cells at a very low current - a C-Rate
of C/25. The data from the slow discharge allowed for a comparison of the measured charge
capacity to the theoretical. The discharge characteristics were then collected for higher C-Rates,
which allowed for the construction of a Ragone Plot of specific power versus specific energy. The
cycle life of the Li-S and Li-ion cells was investigated, and the impact of half cycles on the cycle
life was determined. Modeling of the steady state behavior was performed using the Shepherd

model [44].

4.1 Discharge Curves

Testing begins with discharge curves. The first step is to have a slow discharge to measure
specific charge capacity and then verify with the theoretical capacity. For discharge curves,
constant current is drawn and the voltage is recorded. The current was set to a value that would
discharge the cells in 25 hours, which corresponds to a C-Rate of 1/25 hr = 0.04hr'. The
Li-S and Li-ion data of voltage over time for this 25 hour discharge can be found in Table 4.1.
The discharge curve of voltage versus time for the Li-S and Li-ion cells, cycled at a constant

current, can be seen in Figure 4.1. Because the capacity of the Li-S and Li-ion cells were
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different, although the C-Rate was identical, the magnitude of the current was different. The
current magnitude was found by multiplying the specific charge capacity () by the active material
mass m and the desired C-Rate as in Eq. (4.1). The active material is PANS for Li-S and NCA
for Li-ion. The specific charge capacity was as calculated in Chapter 3 and the active material

mass was measured.

1 = mQC Rate “4.1)

The Li-S cells are discharged from 3.0 V to 1.0 V. The Li-ion cells are discharged from
4.2 V to 3.0 V. Over-discharging would cause corrosion of the internal cell materials as well as
electrolyte decomposition, both of which can lead to cell failure. Hence the discharge stopped
at 1.0 V and 3.0 V respectively for the Li-S and Li-ion cells. This state is considered a fully
discharged state.

From this fundamental data, the charge capacity and energy capacity follow. Charge
supplied, (), is calculated by multiplying the current by time of discharge as seen in Eq. (4.2),
where Q(t) is charge supplied until time t. Energy is calculated by multiplying the charge capacity
by the voltage as in Eq. (4.3), where E(t) is energy supplied until time t. The instantaneous power
can be determined with Eq. (4.4). The average power is calculated using Eq. (4.5), where E(T)

is the energy capacity when fully discharged and T is the time of full discharge.

t
Qt) = /0 Idr 4.2)
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Table 4.1: Time and voltage data for C/25 discharge of Li-S and Li-ion cells.

Li-S Li-ion
Time [hr] Voltage [V] Voltage [V]
0 2.935 4.173
0.5 2.224 4.110
1 2.188 4.087
2 2.140 4.045
3 2.110 4.001
4 2.085 3.957
5 2.055 3.919
6 2.023 3.884
7 1.995 3.850
8 1.967 3.811
9 1.944 3.770
10 1.921 3.732
11 1.900 3.698
12 1.880 3.668
13 1.861 3.642
14 1.841 3.618
15 1.823 3.597
16 1.804 3.576
17 1.786 3.550
18 1.765 3.521
19 1.741 3.487
20 1.706 3.446
21 1.650 3.399
22 1.554 3.359
23 1.382 3.317
23.4 1.312 3.281
24 1.180 3.226
25 1.053 3.031
t
E(t) = / IV (r)dr 4.3)
0
P(t) =1V (t) 4.4
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Figure 4.2 shows the voltage plotted against charge supplied Q(t). The charge capacity
Q is the charge supplied at full discharge. The charge capacity divided by the electrode mass
gives the measured specific capacity. This is compared with the theoretical value in Table 4.2.
The measured specific capacities of the Li-S and Li-ion cells are in the general vicinity of the
theoretical specific capacities. Furthermore, the Li-S has a significantly higher specific capacity

compared to the Li-ion, as the Li-S electrode mass is less than half that of Li-ion.

Table 4.2: Measured charge capacity of Li-S and Li-ion cells compared to theoretical charge
capacity.

Units | Li-S Li-ion
Q Measured mAh 1.98 1.25
Electrode Mass mg 39 9.4
Measured Q Specific  mAh/g | 507 132
Theoretical Q Specific mAh/g | 605 141

The state of charge (SOC) is a measurement of how much charge is remaining on a battery.
SOC can be calculated using Eq. (4.6), where Q(t) is the amount of charge supplied at time t, and
Q(T) is the amount of charge supplied at the end of discharge - the charge capacity. Similarly, the
depth of discharge (DOD) is a measurement of how much of the available charge capacity has
been used, and can be calculated using Eq. (4.7). Figure 4.3 shows the Li-S and Li-ion data of

voltage over SOC for the C/25 discharge, and the corresponding data can be found in Table 4.3.

_ Q@
S0C=1- 5 (4.6)
o QW)
DOD =1 - S0C = 7773 4.7)

Figure 4.4 shows the voltage plotted against energy capacity E(t). The Li-ion cells have a
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Table 4.3: SOC and voltage data for C/25 discharge of Li-S and Li-ion cells.

Li-S Li-ion
SOC [%] Voltage [V] Voltage [V]
100 2.935 4.173
97 2.293 4.127
94 2.188 4.086
91 2.150 4.054
88 2.125 4.021
85 2.101 3.988
82 2.082 3.955
79 2.060 3.926
76 2.037 3.900
73 2.013 3.874
70 1.989 3.848
67 1.969 3.820
64 1.951 3.789
61 1.934 3.758
58 1.918 3.730
55 1.900 3.700
52 1.885 3.681
49 1.870 3.66
46 1.855 3.640
43 1.841 3.623
40 1.826 3.606
37 1.812 3.591
34 1.798 3.575
31 1.784 3.557
28 1.769 3.535
25 1.749 3.511
22 1.727 3.485
19 1.699 3.454
16 1.656 3.421
13 1.593 3.384
10 1.483 3.356
7 1.342 3.327
4 1.191 3.271
1 1.080 3.189
0 1.006 3.004

higher energy than Li-S, as the operating voltage is higher. Figure 4.5 shows the instantaneous

power versus the energy capacity. The average power is also shown. The Li-ion cells show a
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higher power and energy compared to the Li-S cells. The discharge plots here are for the lowest

C-Rate, hence are expected to show the highest energy and lowest power compared to higher

C-Rates.

Li-ion

1= 0.052mA

Voltage [V]

0 5 10 15 20 25 30
Time [hr]
| | ! |

c/1o CI25 CI30
C-Rate [hr1]

Figure 4.1: Voltage versus time of a Li-S cell and a Li-ion cell for constant currents.

4.2 High C-Rates of Lithium Sulfur

To test high power capabilities, Li-S cells were cycled at high C-Rates. High C-Rate is
analogous with high current. Energy capacity decreases with an increasing C-Rate due to the
reduction in the amount of transferred ions. Figure 4.6 shows the high C-Rate behavior of the

Li-S cell, specifically how increasing the current diminishes the voltage drastically.

P 1
C-Rate = —2¢ — _
ate E T
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Figure 4.2: Voltage versus charge supplied for a Li-S and a Li-ion cell for constant currents.
Maximum charge supplied is the charge capacity.
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Figure 4.3: Voltage versus state of charge of a Li-S cell and a Li-ion cell for constant currents.
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Figure 4.4: Voltage versus energy supplied by a Li-S and a Li-ion cell for constant currents.
Maximum energy supplied is the energy capacity.

Figure 4.7 shows the voltage versus charge supplied of the Li-S cell at various constant
currents. As expected, the lowest current has the highest charge capacity. Figure 4.8 shows the
voltage versus SOC for the constant currents, and the corresponding data can be found in Table
4.4.

Figures 4.9 and 4.10 show the energy and power for these constant currents. The lowest
C-Rate supplies the most energy, but the highest C-Rate supplies the most power. Table 4.5
shows the charge capacity, energy capacity, and power calculations for the operating currents of
the Li-S cell, including the low current discussed in the previous section. Table 4.6 shows the
specific charge capacity, specific energy capacity, and specific power for the same cell, obtained
by dividing the values by the electrode mass of 3.9 mg. As the operating current increases, the

discharge time decreases and so does the energy. However, the power increases. High C-Rates
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Figure 4.5: Instantaneous and average power versus energy supplied by a Li-S and a Li-ion cell
for constant currents. Maximum energy supplied is the energy capacity.

correspond to high power. The charge capacity and energy capacity increase with a smaller

current, while the power increases with a larger current.
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Figure 4.6: Voltage versus time of a Li-S cell for three constant currents: 3.127, 1.563, and 0.782
mA.
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Figure 4.7: Voltage versus charge supplied of a Li-S cell for three constant currents: 3.127, 1.563,
and 0.782 mA.
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Table 4.4: SOC and voltage data for discharge of Li-S cell at various constant currents.

Voltage [V]
SOC[%] C/25 C/2 1C 2C
100 2923 2.872 2.567 2.456
97 2.821 2595 2418 2.267
95 2.745 2493 2345 2.198
92 2.599 2366 2284 2.15
90 2.497 2308 2247 2.146
87 2.354 2241 2.196 2.111
85 2.293 2.197 2.164 2.100
82 2206 2.165 2.113 2.061
79 2.160 2.123 2.089 2.042
77 2.140 2.113 2.075 2.033
74 2.115 2.082 2.048 2.025
72 2.101 2.072 2.007 2.019
69 2.082 2.051 2.007 1.993
67 2.067 2.041 1995 1976
64 2.045 2.021 1969 1.963
62 2.029 2.011 1.957 1.94
59 2.005 2.000 1944 1.935
56 1.982 199 1932 1.191
54 1.969 198 1908 1.893
51 1.951 196 1.896 1.885
49 1940 195 1.884 1.862
46 1921 194 1.873 1.842
44 1911 193 1.862 1.839
41 1.895 192 185 1.818
38 1.880 1.899 1.839 1.802
36 1.870 1.889 1.828 1.796
33 1.855 1.879 1.806 1.775
31 1.845 1.869 1.802 1.772
28 1.830 1.849 1.785 1.756
26 1.821 1.839 1.774 1.756
23 1.807 1.819 1.764 1.736
21 1.798 1.808 1.753 1.718
18 1.784 1.788 1.733 1.700
15 1.767 1.768 1.722 1.666
13 1.755 1.758 1.712 1.649
10 1.736  1.748 1.692 1.633

8 1.719 1.728 1.682 1.602
5 1.686 1.707 1.651 1.557
3 1.656 1.677 1.621 1.502
0 1.000 1.000 1.000 1.000
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Table 4.5: Charge, energy, power, and C-Rate for Li-S discharge curves at various constant
currents.

Current Time C-Rate Q E Pive
mA hr hr! mAh mWh mW

0.078 25 0.04 198 359 0.14
0.782 24 0.4 1.88 3.08 1.27
1.563 1.0 1.0 1.563 207 2.07
3.127 0.18 5.6 0.532 0.608 3.44

Table 4.6: Specific charge, specific energy, and specific power for Li-S discharge curves at various
constant currents.

Current Time C-Rate QSpeciﬁc ESpeciﬁc Pave, Specific

mA hr hr! mAh/g mWh/g  mW/g
0.078 25 0.04 507 921 35.9
0.782 2.4 0.4 482 790 326
1.563 1.0 1.0 401 530 530
3.127 0.18 5.6 136 156 882
3 -
25

)

b 2

S I =0.782 mA

1=3.127 mA

100% 80% 60% 40% 20% 0%

SOC

Figure 4.8: Voltage versus SOC of a Li-S cell for three constant currents: 3.127, 1.563, and 0.782
mA.
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Figure 4.9: Voltage versus energy supplied by a Li-S cell for three constant currents: 3.127,
1.563, and 0.782 mA.
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Figure 4.10: Power versus energy supplied by a Li-S cell for three constant currents: 3.127,
1.563, and 0.782 mA.
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4.3 High C-Rates of Lithium-ion

Li-ion cells were also cycled at high C-Rates. Figure 4.11 shows the high C-Rate behavior
of voltage versus time for the Li-ion cell. For the Li-ion cells, increasing the current does not
drastically diminish the voltage.

Figure 4.12 shows the voltage versus charge supplied of the Li-ion cell at various constant
currents. As expected, the lowest current has the highest charge capacity, but there is not a large
difference for operation at constant currents of 0.65 mA to as high as 2.6 mA. Figure 4.13 shows
the voltage versus SOC for the constant currents, and the corresponding data can be found in
Table 4.7.

Figures 4.14 and 4.15 show the energy and power for these constant currents. The lowest
C-Rate supplies the most energy, but the highest C-Rate supplies the most power. Table 4.8
shows the charge capacity, energy capacity, and power calculations for the operating currents of
the Li-ion cell, including the low current discussed in the previous section. Table 4.9 shows the
specific charge capacity, specific energy capacity, and specific power for the same cell, obtained
by dividing the values by the electrode mass of 9.4 mg. Similarly to Li-S, the charge capacity and

energy capacity increase with a smaller current, while the power increases with a larger current.
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Figure 4.11: Voltage versus time of a Li-ion cell for three constant currents: 2.6, 1.3, and 0.65
mA.
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Figure 4.12: Voltage versus charge supplied of a Li-ion cell for three constant currents: 2.6, 1.3,
and 0.65 mA.
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Table 4.7: SOC and voltage data for discharge of a Li-ion cell at various constant currents.

Voltage [V]
SOC[%] C/25 C/2 1C 2C
100 4.173 4.1714 4.155 4.123
97 4095 397 3939 3928
95 4.070 3.889 3.888 3.878
92 4.038 3.838 3.827 3.817
90 4.015 3.808 3.797 3.786
87 3981 3.768 3.767 3.745
85 3960 3.748 3.747 3.725
82 3931 3.717 3.716 3.695
79 3.904 3.697 3.696 3.674
77 3.887 3.677 3.676 3.654
74 3.861 3.657 3.656 3.634
72 3.843 3.647 3.646 3.624
69 3.814 3.626 3.625 3.603
67 3.793 3.616 3.605 3.583
64 3.762 3.596 3.595 3.563
62 3.743 3586 3.575 3.553
59 3716 3.566 3.556 3.532
56 3.692 3,556 3.534 3.512
54 3.677 3.535 3.524 3.491
51 3.656 3.515 3.504 3.471
49 3.643 3505 3.484 3.461
46 3625 3475 3.464 3.431
44 3614 3.465 3.444 342
41 3.598 3434 3424 3.39
38 3.583 3414 3403 3.37
36 3572 3394 3383 3.359
33 3553 3374 3.363 3.339
31 3.538 3.353 3.322 3.319
28 3.515 3.333  3.322 3.299
26 3498 3.313 3.312 3.288
23 3.469 3.283 3.282 3.258
21 3.448 3273 3.262 3.248
18 3414 3.232 3.231 3.218
15 3.379  3.202 3.200 3.187
13 3.360 3.182 3.180 3.166
10 3.332  3.151 3.149 3.146
8 3302 3.131 3.139 3.136
5 3.231 3.100 3.108 3.115
3 3.167 3.079 3.088 3.095
0 3.0 3.0 3.0 3.0
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Table 4.8: Charge, energy, power, and C-Rate for Li-ion discharge curves at various constant
currents.

Current Time C-Rate Q E Pive
mA hr hr! mAh mWh mW

0.052 25 0.04 1.300 4.771 0.1908
0.65 1.8 0.54 1.212 4303 2.313
1.3 0.89 1.1 1.161 4.160 4.656
2.6 0.42 24 1.103 3.952 9.348

Table 4.9: Specific charge, specific energy, and specific power for Li-ion discharge curves at
various constant currents.

Current Time C-Rate QSpeciﬁc ESpeciﬁc Pave, Specific

mA hr hr! mAh/g  mWh/g mW/g
0.052 25 0.04 138 508 20.3
0.65 1.8 0.54 129 458 246

1.3 0.89 1.1 124 442 495

2.6 0.42 2.4 117 420 994

1=0.65mA
1=2.6 mA

100% 80% 60% 40% 20% 0%
SOC

Figure 4.13: Voltage versus SOC of a Li-ion cell for three constant currents: 2.6, 1.3, and 0.65
mA.
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Figure 4.14: Voltage versus energy supplied by a Li-ion cell for three constant currents: 2.6, 1.3,
and 0.65 mA.
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Figure 4.15: Power versus energy supplied by a Li-ion cell for three constant currents: 2.6, 1.3,
and 0.65 mA.
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4.4 Ragone Plot

To obtain the specific energy and specific power of the Li-S and Li-ion cells, the energy
and power are divided by the electrode mass. The electrode mass of the Li-S cell is 3.9 mg. The
electrode mass of the Li-ion cell is 9.4 mg. Note that this is allows for a consistent comparison
between the Li-ion and Li-S cells as the overhead is identical.

Figure 4.16a shows the Ragone plot of specific power versus specific energy. Data for the
Li-S and Li-ion cells can be found in Tables 4.10 and 4.11, respectively. Dashed diagonal lines
represent different C-Rates. At the lower C-Rates, Li-S has almost twice the specific energy of
Li-ion. At 1C they cross over yet the Li-S specific energy is still slightly higher. At C-Rates
above 1C, the specific energy drops rapidly, and above 4C it essentially vanishes for Li-S. Note
that at the highest C-Rate shown for Li-S, the C-Rate is unrealistically high as the high current
draw of 4.7 mA caused high internal resistance and the cell discharged in only 10 seconds. This
is not a feasible operating C-Rate for Li-S, as the battery would be spent far too quickly.

The results in the Ragone plot are of great import to eVTOL design. Twice the energy
means either dramatic expansion of range or dramatic reduction in gross weight. A limitation
of C-Rate means that expansion of range is the preferred solution. Thus, this has significant
implications even on vertiport infrastructure.

Trendlines for the data in Figure 4.16a are shown in Fig. 4.16b. The trendlines are in
Egs. (4.8) and (4.9), respectively, where P is in W/kg and E in Wh/kg. Note that mW/g and
mWh/g are the same as W/kg and Wh/kg, respectively. Equations (4.8) and (4.9) can be written
in terms of C-Rate and energy which is better suited for aircraft design purposes. In this form,

the proposed models for Li-S and Li-ion are Eqgs. (4.10) and (4.11), respectively, where F is in
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Table 4.10: Specific energy and power of Li-S cells at various C-Rates.

C-Rate Specific Energy Specific Power

[hr'] [Wh/kg] [W/kg]
0.04 921 35.9
0.10 913 68.3
0.50 800 329
1.0 530 530
5.6 156 882
347 3.03 1,102

Table 4.11: Specific energy and power of Li-ion cells at various C-Rates.

C-Rate Specific Energy Specific Power

[hr!] [Wh/kg] [W/kg]
0.04 508 20.3
0.10 500 50.0
0.54 458 246
1.1 442 495
2.4 420 994
6.6 351 2,320

Wh/kg and C-Rate in hr'!.

P=—1.1F + 1,096

P = —14E + 6,984

1,096
~ C-Rate + 1.1

B 6,984
~ C-Rate + 14

(4.8)

4.9)

(4.10)

4.11)

Note that these models use the weight of the electrodes only, not the entire coin cell. This is
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appropriate as it is uncontaminated with the construction type of the cell - coin, pouch, prismatic,
etc. The construction adds overhead. The coin cell overhead is inherently exorbitant due to its
small size and layers of encapsulation. It is recommended that these values are divided by an
overhead factor of 2.0, and then further divided by a packing factor of 1.6 to reach installed

numbers on the aircraft [7].
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Figure 4.16: Ragone plot of Li-S and Li-ion cells.
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4.5 Cycle Life

Li-S and Li-ion cells were tested to determine the impact of cycle life on charge and energy
capacity. One cycle is one charge and one discharge. Figure 4.17 shows the voltage versus SOC
for one cycle of a Li-ion cell cycling at C/25. Cycle life is the number of charge and discharge

cycles a cell can achieve before the charge capacity falls below 80% of its initial charge capacity.

447

Voltage [V]

100% 80% 60% 40% 20% 0%
s0OC

Figure 4.17: Voltage versus SOC for charge and discharge of a Li-ion cell, current of C/25.

The Li-S and Li-ion cells were cycled at 1C. Figure 4.18a shows the measured specific
charge capacities for the first 100 cycles. The Li-S cells have a high specific charge capacity, but
it steadily decreases with cycles. The Li-ion cells have a lower specific charge capacity, but are
stable and do not decrease in charge capacity at all. Note that the capacity drop after the first
two cycles is due to the formation of the SEI layer, a phenomenon that is common to both Li-S
and Li-ion chemistries but is dramatic for Li-S. This SEI layer formation and the resulting loss
of capacity after the first two cycles account for the gap between the theoretical and measured
specific charge capacities.
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Figure 4.18b shows the specific energy capacities. The Li-S specific energy capacity is
initially significantly higher than that of the Li-ion cell, with mean values of 675 and 450 Wh/kg
respectively. However after 100 cycles the specific energy capacities are more comparable, with
mean values of 533 and 450 Wh/kg respectively. Note that this is seen when operating at a C-Rate
of 1C. As shown in the Ragone plot in Figure 4.16a, Li-S specific energy can be twice that of
Li-ion at C/2 and half that of Li-ion at 2C. The gradual loss in cycle life is important for eVTOL

operations, as the decrease in energy capacity will decrease the range of the aircraft.

4.6 Half Cycles

The charging bottleneck and the fact that batteries are dead weight, whether full or empty,
may favor fractional cycles for regulated missions with immediate recharge at stopover destinations.
Tests were conducted where the cells were discharged only halfway, referred to as half cycles.
The results in Figure 4.19a show the specific energy capacity per cycle versus cycle number for
Li-S, with the y-axis enlarged in Figure 4.19b to provide a clear view of the relative stability in
specific energy capacity. The results in Figure 4.20a show the specific energy capacity per cycle
versus cycle number for Li-ion, with the y-axis enlarged in Figure 4.20b to provide a clear view
of the relative stability in specific energy capacity. The results demonstrate that the half cycles
improve the energy of the Li-S cells, and also seem to mitigate the cycle instability issue seen
in the full cycle discharge. This energy increase and stability gain in Li-S cells would have a
significant beneficial effect on eVTOL aircraft, as the higher specific energy would allow for a
lighter battery pack for a specified mission. The stability of energy capacity would solve the

issue of range decreasing with cycle count. Furthermore, intracity eVTOL aircraft will likely be
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operating at half cycles (or other fractional cycles), as each flight can be controlled to not drain

the battery fully. The battery would be able to recharge often.
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Figure 4.18: Li-S and Li-ion specific charge and energy capacities versus cycle number, current
of 1C. Different shades of blue and red reflect data from 4 different Li-S and Li-ion cells,

respectively.
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Figure 4.19: Impact of half cycles on Li-S, specific energy capacity vs cycle number. Different
shades of blue reflect data from 4 different Li-S cells.
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shades of red reflect data from 4 different Li-ion cells.
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4.7 Modeling

For a constant current draw, the voltage can be predicted by the classic Shepherd model
[44]. The Shepherd model is the simplest of circuits, given by Equation (4.12), where V' is the
output cell potential in volts, F, is an open circuit voltage in volts, R is the internal resistance
times unit area, and ¢ is current density in Amps per unit area. The area is defined as the area of
the cathode; here the area is 0.97cm?. The term Ri accounts for the voltage drop due to internal

resistance.

V=E —Ri (4.12)

The crux of the model is F,., the open circuit voltage. It is modeled using Equation (4.13),
where F; is a constant potential in volts, () is the charge capacity per area, ¢ is time elapsed, and ¢
is current density. The term K &z accounts for the resistance as lithium ions diffuse through the
electrolyte. The term Ae @ accounts for the voltage drop due to the charge transfer resistance,
which is the voltage drop over the electrode-electrolyte interface.

In total, there are five constants that are measured empirically: F,, K, A, B, and R. K is

in units of Q- cm?, A in volts, B is unitless, and R is in 2-cm?.

Q

Q_ﬁi+A€§ﬁ (4.13)

E, =E,— K

The factor (Q —it)/Q is (1—DOD), defined earlier as SOC in Eq. (4.6). The factor (it/Q)
is DOD, defined earlier in Eq. (4.7). So the Shepherd model gives the open circuit voltage E,. as

a function of SOC as in Eq. (4.14), or as a function of DOD as in Eq. (4.15).

88



E, =E, - KS(Z)—C + AeB(1-50C) (4.14)

E =E, — Kﬁ + Ae—B(DOD) (4.15)

The Shepherd model is a crude fit to the data, but is based on underlying phenomena. The
open circuit voltage cannot be easily measured, so the voltage measured at the lowest current can
be approximated as the open circuit voltage. The constants £ and K are extracted from this
data. The constants A and B are determined empirically.

R is extracted from the jump in voltage at SOC = 1, with change in current. Note that at
SOC =1 (i.e., DOD = 0 or time t = 0), the jump in voltage AV with a change in current A
is AV = (K + R)Ai. It is easier to determine (K + R) first, then R, to get good fits at higher
currents.

Figure 4.21a shows the discharge curves of voltage versus time for a Li-S cell cycling
at three C-Rates: C/25, C/2, and 1C. The data are represented as symbols and the model as
lines. Figure 4.21b shows the discharge curves of voltage versus time for a Li-ion cell cycling at
same three C-Rates: C/25, C/2, and 1C. The data are represented as symbols and the model as
lines. Model parameters for the Li-S and Li-ion models are found in Table 4.12. Overall, Li-S

parameters show a higher resistance compared to Li-ion.
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Table 4.12: Constants used for the Shepherd model for Li-S and Li-ion discharge curves.

Parameter Units | Li-S Li-ion
Vv 1.40 3.70
Q-cm? | 45.0 5.0
\Y 0.80 0.45
1.0 4.0
Q- cm? | 150.5 1.50

x = >R
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Figure 4.21: Shepherd model applied to discharge voltage versus time data of Li-S and Li-ion

coin cells, cycled at various C-Rates.
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4.8 Summary

Steady state testing was performed on Li-S and Li-ion coin cells. Measured specific charge
capacities for these cells were compared to the theoretical values. The discharge characteristics
were collected for a range of C-Rates, which allowed for the construction of a Ragone Plot of
specific power versus specific energy. The cycle life was investigated, and the impact of half
cycles was determined. Modeling of the steady state behavior was performed using the Shepherd

model. The following key conclusions can be made.

1. Measured specific charge capacity of the Li-ion cells at a current of 1C was 127 Ah/kg and
remained steady with cycles. Li-S cells was 401 Ah/kg at a current of 1C. The measured

charge capacity of the fabricated cells match well with the theoretical prediction.

2. SEI layer formation appeared to be a major problem in the Li-S cells, leading to a high loss

in charge and energy capacity during its formation in the first 1-2 cycles.

3. The measured specific energy capacity after the first 2 full discharge cycles of the Li-ion

cells was 460 Wh/kg, and that of the Li-S cells was 533 Wh/kg, both at a C-Rate of 1C.

4. For C-Rates up to C/2, Li-S has twice the specific energy of Li-ion. Around 1C see they
crossover but thereafter Li-S drops rapidly. By 4C, the specific energy for LiS almost
vanishes. These numbers, if valid, upon scale-up have dramatic import on eVTOL and
infrastructure. It favors a dramatic expansion of range of eVTOL over a reduction in gross

weight.

5. The cycle life of Li-S is poor, but only when it is fully discharged. If only half cycles are
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allowed, the loss in capacity is almost eliminated. Operating at half cycles results in higher
Li-S energy output compared to that of Li-ion, and more importantly stabilizes the Li-S

cells where there is no decrease in specific energy capacity at least for the first 100 cycles.

6. The Shepherd model can predict the behavior of voltage in response to a steady current.
However the dynamic behavior is more complicated than what can be modeled by an open
circuit voltage and a resistor. Model parameters were chosen for best fit at C/2 and adequate
fit at higher and lower C-Rates. Overall, Li-S modeling showed that Li-S cells have a higher

internal resistance than Li-ion.

With steady state analysis and modeling complete, attention turned to transient behavior.

93



Chapter 5: Transient Data and Modeling

Transient operations are crucial for eVTOL, as various in-flight maneuvers such as take-off,
ascent, hover, and turns require varying amounts of power. Power is equal to rotor speed times
torque. The speed is controlled by the voltage, and the torque determines the current.

Transient data under varying current is collected for the Li-S and Li-ion cells. First,
Electrochemical Impedance Spectroscopy (EIS) data is collected and analyzed. An Equivalent
Circuit Model (ECM) is developed based on the impedance data. The model is then converted
from the frequency domain to the time domain. Voltage response of Li-S and Li-ion cells to step

and pulse currents are collected, and the model in the time domain is applied to the data.

5.1 Electrochemical Impedance Theory

In EIS, a sinusoidal current is drawn and the corresponding voltage measured. The impedance
Z is equal to voltage/current as in Eq. (5.1). With a sinusoidal current input of I = [ysin(wt),
the measured voltage response can be split into sine and cosine components as seen in Eq. (5.2).
Eq. (5.1) then becomes Eq. (5.3), where the impedance is split into an in-phase voltage response

and an out of phase voltage response.

‘/out
Iy

Impedance = Z = (5.1
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Vour = vssin(wt) + vecos(wt) (5.2)

vgsin(wt) 4 Yecos (wt)

7 —
I Iy

(5.3)

To find the output voltage, an ECM can be developed as seen in Figure 5.1, where the circuit

model varies for different types of batteries.

I = lpsin(wt
osin(wt) Circuit

Model |

E Vﬂl.lt

Figure 5.1: Battery Internal Circuit

The components of the ECM affect the impedance of the model. Consider an ECM that is
simply a resistor as in Figure 5.2a. The impedance would be simply equal to the value of that
resistor as seen in Eq. (5.4), shown in Figure 5.2b. Impedance is plotted with the frequency of
the sinusoid as a parameter. This is essentially a Nyquist plot, as it is a frequency response plot.
The in-phase voltage response to unit current, Z.,, is plotted on the x-axis and the out of phase,
Zimag, On the y-axis. Zy, 18 Vi/lp and Zim,e 15 vc/lp. The y-axis is inverted, so negative values are

plotted.

_V _El

7 -~ —
Iy Iy

=R (5.4)
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I = lysin(wt)
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Figure 5.2: a) Single resistor model and b) Impedance Nyquist plot for single resistor model.

If the ECM is a Resistor-Capacitor (R//C) block as in Figure 5.3a, the impedance would
take the shape of a semi-circle as seen in Figure 5.3b. The value of the resistor is the diameter of
the semi-circle. The capacitance can be found by C' = (Rf*)~!, where f* is the frequency at the
highest point of the semi-circle. To find the impedance expression for this circuit, the following
procedure is followed. The impedance of a capacitor is Eq. (5.5), where C' is the capacitance of
the capacitor in Farad, w is the frequency, and i = /—1. The impedance of this R//C circuit is

found in Eq. (5.6). Separating this equation into real and imaginary terms gives Eq. (5.7).

Zo=—H (5.5



P _ _ ! (5.6)
% % + (szl’)—l % + ZCL)C
—wRC
Z = » = Zrea 'Zima 5.7
[+ (BeC)? T+ (RoC)? L P imag 7
AV
R
[l
| i
E Cc
(a)
1
08¢
N
1:5 2

Figure 5.3: a) R//C-block model and b) Impedance plot for R//C-block model.

Adding a resistor in series with the R//C block, seen in Figure 5.44a, shifts the semi-circle to

the right by the value of the additional resistor, as seen in Figure 5.4b. The impedance equation

for this circuit is Eq. (5.8). When split into real and imaginary components, the equation becomes

Eq. 5.9.

Z=Zp + —r
fo L"‘_ _+iw01

1
F=Rot (5.8)

ZRr Zc Ry

1
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R1 . wC’l R%

Z =R —
0 + 1 + (R1w01)2 21 + (R1WC1)2

(5.9)

R1

o
RO1
B 0

(a)

0.8

imag

Figure 5.4: a) Ry-R//C-block model and b) Impedance plot for this model.

Adding an additional component called the Warburg element, the circuit becomes Figure
5.5a. In Nyquist plots, it is seen as a 45° line in the low frequency region, as in Figure 5.5b. The
impedance equation for this circuit is Eq. (5.10). Z,, is defined by Eq. (5.11), where o is the
Warburg coefficient in Q//s. The Warburg element has a strong influence at low frequencies
(0.01 - 1.0 Hz scale), and is used to account for resistance due to diffusion. This low frequency
region is important for eVTOL as it covers the typical rotor frequency range. The Warburg
element is named after Emil Warburg, and was first developed in oncology research by his son

Otto Warburg in the early 1930s [45].
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Z = Zpy + — —=— (5.10)

TriZa ¥ 7o, Fovzw T WO
Zy = ow Y2(1 — 1) (5.11)
R1
WA o
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c1 | |
] | .
I
|
(a)

081

06+

imag

real

(b)
Figure 5.5: a) Ry-(R{-W)//C-block and b) Impedance plot for this model.

Consider the Ry-R;//C; circuit shown in Figure 5.4a. The output voltage can be solved for
using the following method. The voltage equation is shown in Eq. (5.12), where [ is the current
over Ry and [ is the current over R;. Let / be equal to Eq. (5.13). Let /; and consequently I, be

equal to the expressions in Eq. (5.14). An expression for I, as a function of total current I can
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also be found using a current balance, as seen in Eq. (5.15).

I = Iysin(wt) (5.13)
L = acos(wt) + bsin(wt)
(5.14)
I = —awsin(wt) + bwcos(wt)
I'= Ipi+ I

I'= Ip + Civen
(5.15)
I= Ip+CilmRy

1 .
I=1
R101 L RICI

I

Substituting Egs. (5.13) and (5.14) into Eq. (5.15) gives the expression in Eq. (5.16).
Comparing the coefficients of the sine and cosine terms gives Eqgs. (5.17) and (5.18) respectively.

Solving this system of equations gives expressions for a and b, seen in Egs. (5.19) and (5.20)

respectively.
Tysin(wt !
OZ?C(:J ) = —awsin(wt) + bwcos(wt) + R, acos(wt) + R bsin(wt) (5.16)
Iy b
- 5.17
rRC . “TRG (5.17)
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a

— 1

0 W+R101 (5.18)
wIORlC'l

— ot 5.19

T TR+ 1 (5.19)

b= lo (5.20)

(wR1C1)2 +1

The output voltage can now be determined as in Eq. (5.21). Splitting this into cosine and

sine components gives expressions for v, and vy, seen in Eqgs. (5.22) and (5.23) respectively.

I
V=F-— Rolgsin(wt) — Rl — %COS(W@ +

Iy

CUR%I()Cl
S ol S 5.22
Ve T WRIC)? 1 1 (5-22)
I
vs = —Roly — I lo (5.23)

(wR101)2 + 1

5.2 Electrochemical Impedance Measurement

EIS was used to measure cell impedance with a Solartron Analytical PARSTAT instrument,

shown in Figure 5.6.
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Figure 5.6: Solartron Analytical PARSTAT instrument used to collect transient data for coin cells.

A measured impedance test of a Li-S cell can be seen in Figure 5.7 and that of a Li-ion
cell in Figure 5.8. The data are collected from high to low frequency, where each data point
corresponds to a unique frequency. From these Figures, it is clear that not only is the Li-S cell
impedance an order of magnitude higher than Li-ion, but it also is more affected by the low
frequency Warburg region. In fact, it appears as though the Li-ion impedance for this frequency
range contains no Warburg.

Impedance tests subject the cells to many full charge and discharge cycles. This stresses
the cells and gradually changes their internal properties. Here, the data was collected when the

cells reached 20 steady state cycles of charging and discharging at 1C.

5.3 Electrochemical Impedance Model

The impedance data gives insight to the internal aspects of the cell. The shape of the
data helps to determine an ECM. Semi-circles in the data indicate the presence of R//C blocks.
Position of the data on the x-axis indicates the value of the single resistor in series with the

R//C blocks. A linear portion of the data in the low frequency range indicates the presence of a
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Figure 5.8: Li-ion impedance data.

Warburg element. Figure 5.9 shows the developed ECM for the Li-S cells. E is the open circuit

voltage. The circuit consists of Resistor-Capacitor (R//C) blocks. The capacitor is in general
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non-ideal and is represented as a Constant Phase Element (CPE). The impedance of a CPE can
be calculated as in Eq. (5.24), where C' is the capacitance in Farad and 0 < a < 1. If & = 1, the
CPE is an ideal capacitor. Additionally, a Warburg element, shown as Zw, is needed to represent
the linear behavior of impedance at low frequencies. The low frequency region is important as it

covers the typical rotor frequency range.

(5.24)

The utility of this model is that each component corresponds to a physical mechanism of
the cell. The anode is represented by the first R;//CPE; block, and represents the resistance
due to mass and charge transfer over the electrode-electrolyte interface. The electrolyte and
other component electronic resistances are represented by R;. The cathode is represented by
the Rcp//CPE, block, and represents the resistance due to ion transfer. The Warburg element is
included in the cathode block and accounts for the resistance due to diffusion. This model was

used to understand the impedance data.

A 2w |

R1 RCT W ay

Rs

E % \"

CPE1, a CPE2, a, |

Figure 5.9: Equivalent circuit model developed for Li-S cells
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5.4 Impedance versus Cycle Life

The impedance of Li-S and Li-ion are compared versus cycle life. With cycles, the cells
degrade and the impedance analysis reveals why. The variation of impedance is seen in Figures
5.11 and 5.12 for Li-S and Li-ion respectively. Several cells were used for repeatability. Results
from two cells are shown for each type of cell. Data is shown as points and the model as lines.
Parameters extracted from the model provide insight into the changing physical mechanisms
inside the cells. First, Li-S impedance is an order of magnitude greater than Li-ion. Second, the
Li-S impedance increased with cycles, although was fairly stable up to 80 cycles. The Li-ion
impedance also increased with cycles but more slowly.

The Li-S impedance is very different when compared to the Li-ion cells, both in magnitude
and shape. Not only is the Li-S cell impedance an order of magnitude higher than Li-ion, but
it also is more affected by the low frequency Warburg region. In fact, it appears as though the
Li-ion impedance for this frequency range contains no Warburg, so a simpler ECM is used as
seen in Figure 5.10. Table 5.1 shows the ECM parameters for the Li-S and Li-ion cells shown
in Figures 5.11a and 5.12a, at 20 cycles and at over 100 cycles. The values demonstrate that the
Li-S cells have consistently higher combined resistances, meaning that the internal cell resistance

is much higher for Li-S compared to Li-ion.
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Table 5.1: ECM parameters used to model Li-S and Li-ion impedance at 20 cycles and over 100
cycles.

Li-S Li-ion
Parameter Units 20cycles 160 cycles 20 cycles 120 cycles
R, Q 6.2 31.0 4.5 5.2
R, Q 2.0 77.0 7.5 13.0
CPE, Farad 2.6-107 2.2-10° 2.2:107 6.2-10*
o 1.0 0.85 0.75 0.5
Rer Q 84.0 93.0 44.0 64.0
CPE, Farad 9.5-107 6.5-10°  1.01-10°  4.1-103
Qo 0.55 0.80 0.7 0.7
\u4 Farad 1.20 0.80 - -
Qly 0.65 0.65 - -
R1 RCT
4 4
Rs
= o ) v

CPE1, a, CPE2, a, I

Figure 5.10: ECM developed for Li-ion cells.
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Table 5.2: Impedance data for Li-S cell 1. All impedance measurements shown are in units of €.

Frequency 20 cycles 40 cycles 60 cycles 80 cycles 160 cycles
[HZ] Zreal 'Zimag Zreal 'Zimag Zreal 'Zimag Zreal 'Zimag Zreal 'Zimag
100000 8.180 4.810 10.17 5.130 9.47 5.35 12.67 5.41 31.09 7.93
63095.74  9.380 6.760 11.53 7.070 1092 7.390 14.01 7.35 3274 1047
39810.72 11.35 9.140 13.73 9380 1324 9.780 16.11 9.8 35.29  14.09
25118.87 1421 11.78 1692 11.76 16.61 12.21 19.22 1259 3946 18.74
15848.94 18 1456 2097 1397 2085 1433 2341 1544 4591 23.78
10000 2281 1742 2580 1588 25.72 16.10 2872 18.12 54.67 28.06
6309.58 28.88 20.09 31.35 17.30 31.10 17.52 35.07 2034 64.85 30.77
3981.07 36.16 2199 3742 1794 3698 18.48 423 21.7 7542  31.97
2511.89 4406 2254 4352 1761 43.14 1878 49.89 21.87 8579 32.03
1584.89 51.80 21.66 49.18 1648 49.22 1841 57.16 20.87 95.63 31.38
1000 58.62 19.83 54.03 1491 5488 1750 63.59 19.14 104.64 30.47
630.96 64.29 17.62 58 13.40 60.01 1639 69.04 17.19 11298 299
398.11 68.93 15,57 6147 12,12 6449 1530 73.58 154 120.93 30.33
251.19 72.86 13.86 64.61 11.23 68.66 1435 77.52 13.84 12952 31.69
158.49 76.18 1245 67.40 1051 7233 13.52  80.95 126  139.39 332
100 7898 11.67 69.84 10.11 7549 13.16 83.61 11.84 15033 33.67
63.10 81.46 11.58 7191 10.28 78.15 13.65 85.8 1191 16091 32.56
39.81 83.86 1254 7380 11.48 80.60 1553 87.74 1336 169.38 30.7
25.12 86.48 1452 7591 14.10 8347 19.10 89.87 16.71 175.77 30.51
15.85 89.63 17.56 78.55 18.23 87.18 2448 9253 21.81 181.21 33.35
10 93.10 2196 8223 2401 92.02 33 96.52 299 185.54 40.62
6.310 98.01 27.02 8588 31.76 99.16 4379 103.19 39.11 194.24 51.57
3.980 102.33 36.25 91.60 42.56 106.14 59.47 109.92 5449 20421 69.63
2.510 110.31 51.61 98.86 6032 11735 81.01 121.58 77.25 214.01 96.94
1.580 118 69.37 109.72 8436 134.72 1139 13574 10441 241.21 140.2
1 129.44 93.07 123.05 114.71 155.11 153.2 162 138.15 259.09 193.52
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Table 5.3: Impedance data for Li-S cell 2. All impedance measurements shown are in units of €.

Frequency 20 cycles 40 cycles 60 cycles 160 cycles
[HZ] Zreal 'Zimag Zreal 'Zimag Zreal 'Zimag Zreal 'Zimag
100000 1299 451 2234 479 11.79  4.56 27.59 7.33
63095.74 1382 656 2336 6.64 12.81 6.28  29.08  9.65
39810.72 1524 944  25.08 9.16 14.37 8.57 3122 12.99
25118.87 1775 13.23 279 1227 1682 1148 3453 17.55
1584894  21.77 17.75 32.1 1556 2045 1482 39.72  23.27
10000 27.67 2266 3774 1852 2553 1828 47.61 29.53
6309.58 35.65 2735 4458 20.61 32.16 2132 584  35.12
3981.07 45.6 31.1 52.15 214 40.06 2324 7141 38.89
2511.89 5696 33.16 59.56 20.8 4851 2358 8532 40.19
1584.89 68.66 3322  66.2 19.19 56.52 2238 98.63 39.29
1000 79.73 3152 71.74 17.16  63.43 203  110.33  37.37
630.96 89.56 28775 7637 1525 69.12 1795 120.18 35.81
398.11 9778 2536  80.2 13.67 73.84 1591 129.66 35.59
251.19 104.6 21.89 83.71 1253 77.88 14.16 139.47 36.67
158.49 110.1 18.7 86.96 11.55 8137 12,69 150.74 38.27
100 11428 16.17 89.67 10.81 84.13 11.64 163.32 38.68
63.1 117.62 14.66 9192 10.57 86.44 11.4 175.6  37.11
39.81 12041 1429 938 11.34 8828 12.29 185.18 34.74
25.12 12321 1533 9585 1324 9036 1471 19255 34.1
15.85 126.19 174 9832 1698 92.81 19 198.29 37.01
10 129.74 21.56 101.35 21.84 96.59 25.65 204.88 43.29
6.31 133.6 2644 10596 30.78 102.02 34.14 213.74 57.52
3.98 138.28 357 11192 41.78 108.45 46.18 225.61 7647
2.51 147.14 4945 11627 5835 116.6 6497 241.59 99.62
1.58 152.62 65.84 130.57 79.49 1284 89.67 255.85 142.46
1 168.2 87.41 14205 119.8 149.07 122.19 28593 184.25
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Figure 5.11: Impedance for Li-S cells as cycle count increases, points are data and lines are
models.
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models.
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Table 5.4: Impedance data for Li-ion cell 1. All impedance measurements shown are in units of
Q.

Frequency 20 cycles 40 cycles 120 cycles
[HZ] Zreal 'Zimag Zreal 'Zimag Zreal 'Zimag
100000 5.24 1.56 6.02 1.36 7.3 2.12
63095.74  5.81 1.92 6.50 1.70 8.04 2.55
39810.72  6.51 2.22 7.12 2.01 8.95 2.90
25118.87  7.30 2.41 7.84 224  10.00 3.11
15848.94 8.14 2.50 8.63 236  11.06 3.17
10000 8.96 2.50 9.42 238 12.07 3.11
6309.58 9.73 242 10.17 233 1299 2.99
3981.07 1043 231 1084 224 13.83 2.89
2511.89 11.06 224 1146 217 1459 2.83
1584.89 11.65 221 1203 2.15 1533 2.86
1000 1223 225 1260 220 16.08 2098
630.96 1282 236 13.19 231 16.88 3.16
398.11 13.47 2.56 13.8 251  17.74 349
251.19 14.18 2.80 1449 278 18.66 3.90
158.49 1499 310 1527 3.11 19.68 447
100 1588 346 16.14 350 20.85 524
63.1 16.85 387 17.12 398 2225 6.26
39.81 1790 436 1821 456 2393 7.56
25.12 19.03 5.03 1943 531 2623 9.15
15.85 2030 595 2076 635 2891 10.84
10 2174 7.19 2219 7.78 32.18 12.65
6.31 2378 9.23 24.4 9.39 36.05 14.57
3.98 27.07 11.2 27.18 1200 40.88 17.41
2.51 3142 1321 3197 15.16 46.86 19.12
1.58 36.57 13.76 37.67 16.16 549 19.26
1 4199 1320 4456 1627 62.60 18.60
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Table 5.5: Impedance data for Li-ion cell 2. All impedance measurements shown are in units of
Q.

Frequency 20 cycles 40 cycles
[HZ] Zreal 'Zimag Zreal 'Zimag
100000 5.78 1.28 4.95 1.23
63095.74  6.23 1.52 5.38 1.51
39810.72  6.76 1.72 591 1.77
25118.87  7.34 1.87 6.52 1.98
15848.94  7.95 1.98 7.18 2.13
10000 8.60 2.05 7.89 2.22
6309.58 9.23 2.07 8.60 2.25
3981.07 9.83 2.07 9.28 2.24
2511.89 1041 2.08 9.92 2.22
1584.89 1097 2.13 1052 2.23
1000 11.53 224 11.11 2.31
630.96 12.13 243  11.73 246
398.11 1278 271 1238 271
251.19 13.53  3.07 13.12 3.04
158.49 14.4 352 1396 346
100 1542 4.03 1493 397
63.1 16.6 461 16.08 4.58
39.81 1791 527 1737 527
25.12 19.37 6.02 1881 6.05
15.85 2090 6.98 2041 7.00
10 22.68 845 2216 8.34
6.31 24.64 10.31 2448 10.65
3.98 2724 1354 274 13.21
2.51 31.22 17.10 3092 16.44
1.58 37.64 21.15 379 20.83
1 45.68 23.51 45.88 238
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5.5 Fractional Derivative for Time Domain

Time domain models are needed to calculate state of charge (SOC). The SOC gives the fuel
level remaining in flight, so its accurate prediction is crucial. The presence of a Warburg element
or CPE complicates the conversion to the time domain. A time domain model of a Warburg
or CPE involves fractional derivatives. There is a vast literature on fractional calculus, see for
example, books by Miller and Ross [46] and Oldham and Spanier [47]. The implementation here
follows [48].

The Warburg or CPE is essentially a capacitor with some leakage current, characterized by
a factor . In time domain, the voltage V' of a capacitor C is related to the current / through a
fractional derivative seen in Eq. (5.25), where « is a non-integer value between 0 — 1. o = 1 for

an ideal capacitor.

C @V =1 (5.25)
dt>

In Laplace domain, this becomes Eq. (5.26), assuming zero initial conditions without any

loss of generality.

C = — (5.26)

So to find V' in time domain, the inverse Laplace of 1/s* must be found. This is easily
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found. For an integer n, the Laplace transform of the function ¢" is:

n!
Sn+1

L{t"} =
For a general non-integer «, the factorial is generalized by the Gamma function I':

o Dla+1)
EY ==
I'(n + 1) = n! for integer n.
I+ 1) = al'(«) always.

Some commonly needed values are as follows.

L(1/2) = V7

['(1/3) =2.679

['(1/4) = 3.626

Replacing a with o — 1, and remembering the Gamma function evaluation is a constant, it

follows that the inverse Laplace of 1/s* is as seen in Eq. (5.27).

o i _ ta—l 2
et o

Using Eq. (5.26) and Eq. (5.27), analytical solutions of Eq. 5.25 can be found for simple
currents.

For a step current, the expression for 7(t) is shown in Eq. (5.5), where u = 0 for ¢ < ¢; and
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1 afterward. I(s) = 1/s, hence V(s) = 1/C s**!. Taking the Laplace inverse using Eq (5.27)

and the identity I'(a + 1) = a I'(«v), the voltage is found as below in Eq. (5.5) where V; is V'(0).

I(t) = u(t — t,)

tCl{
~ Cal'(a)

V(t) + W

For a square pulse current, the expression for /() is seen in Eq. (5.28), where v = 1

between ¢ and ¢, and O everywhere else. Following the same procedure as before, the voltage is

found, as in Eq. (5.29).

(5.28)
I(s) = % (e_”2 B_Stl)
hence
1 —sto —sty
Vi(s) = O gotl (e e ")
1
V(t) = Cal' () [(t =) u(t —t1) — (t —t2)"u(t — t2)] + Vo (5.29)

The pulse current can be used as a template for any generic current variation with time.
Any continuous current can be decomposed into a series of square pulses of step size h where

h = ty — t;. For simplicity, consider a constant 4. Then the current at any time step when
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t = (k + 1) h can be written as an accumulation of square pulses.

Ty = D Llu(t = ih) = u(t = (i + 1)h)

The voltage response follows as seen in Eq. (5.30).

k
hOé
Virr = W + Ca—l“(a) ;fiwi

where
(5.30)

wp = (k+1—i)"— (k—i)°

Eq. 5.30 is the time domain solution to Eq. 5.25. Note that the solution is not local but
requires current at all previous time steps, including the initial current /.

It can be checked that for o = 1 the simple Euler forward scheme is recovered:

h
Vigr = Vi + Ejk (5.31)

The solution in Eq. 5.30 is verified with analytical solutions to step and pulse currents (Egs.
5.5 and 5.29 respectively) for C' = 1 and various « in Figure 5.13. As « decreases from the ideal

value of 1.0, the capacitance becomes lossy and the voltage response lags.
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Figure 5.13: Verification of fractional finite difference with analytical solutions.
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5.6 Blocks and Full Model in Time Domain

The ECM shown in Figure 5.9 are converted to the time domain block by block. The
fractional derivative discussed in the previous section is used for the Warburg element and CPE:s.

Block 1:

Figure 5.14: A R-C block.

Block 1 represents the anode and is modeled with a resistor R in parallel with a capacitor
C (R//C) as shown in Figure 5.14. The capacitor in general is a CPE of order a. o = 1 for an
ideal capacitor. Given a current /, the voltage drop across the R//CPE block must be found.

Let the branch currents be /; through the resistor R and /> through the CPE. The current
balance is as follows.

I =1+ 1

The voltage is the same across the resistor and CPE. The CPE has capacitance C' and is of order

. If this voltage is denoted V-, then the voltage balance is as follows.

Ve =5LR
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The current through the CPE is as follows.

1_2:d Ve CRd I

dte dte

Substitution in the current balance equation gives the governing differential equation for /5

of fractional order o where 0 < o < 1.

d“I

CR +hL =1

It follows that /; is solved for in terms of a fractional derivative as in Eq. (5.6).

d*I 1
go o1

Consider N time steps of size h so that the time at the k-th step is {; = kh where k =

0,1,2,...N. The current at step k + 1 is obtained as follows.

(5.32)

Given current I, the branch current /; can be solved as above. The branch current /5 and
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the block voltage V- then fall out of the current and voltage balance respectively.

IQZI—[l

Volock 1 = Ve = LR

As an example, the output block voltage in response to an input step current is calculated

for the following parameters, and the results are shown in Figure 5.15.

R =1 0Ohm
C =1 Farad
a=1and/,

Figure 5.15a shows that the current is initially drawn from the capacitor and as a consequence
its voltage increases. For o = 1, the voltage reaches a steady state eventually, when dV /dt
becomes zero, so the current through the capacitor C' dV/dt becomes zero. The current is then
drawn entirely through the resistor. For & = 1/2, d*V/dt* never becomes zero, which means
there is always a current through the capacitor. Thus, the constant phase element acts like a

capacitor with leakage.

Block 2:

Block 2 represents the cathode. A resistor R is in series with a Warburg capacitor (R-
W) and the combination is in parallel with a CPE (R-W//CPE) as shown in Figure 5.14. The
Warburg capacitor is a CPE with o = !/5. Let the branch currents be I; through the resistor R

and /5 through the capacitor C.
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Figure 5.15: Output block voltage response to step current drawn through a R//C block circuit.
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Figure 5.16: A R-W//C block.

The current and voltage balances are

L+ 5L =1
Ve=5LR + Vi
The current through the CPE is
d*Ve d*I d*“Vi
Ih=C——=CR C——-—-
? dte ae Y e

Substitution in the current balance equation gives the governing differential equation for /;

of fractional order o where 0 < o < 1.

T Vi
e+ O+ L =1

CR dt dt

This equation contains two unknowns /; and Vyy.
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But

d“w Vi
dtow

Now consider: o = ayy

This is normally a good assumption. This assumption is needed for a simple arrangement
of the derivatives. Unlike non-negative integer derivatives, fractional orders do not follow the

composition rule of exponents. Then the equation becomes,

and the governing equation reduces to

d*1, C
1+— )L =1
CR 7o +( -I-W) 1

It follows

L I L l+i (5.33)
d* CR R \C W

which has the same form as Eq. 5.6 and therefore the same solution as Eq. 5.32 with the

only change being,

/= I I 1+1
‘" " CR R \C W
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Thus, given current [, the branch current /; can be solved.

Next, the voltage across the Warburg element is found from its definition,

vV L

dtew W

which has the same form as Eq. 5.6 and therefore a similar solution as Eq. 5.32.

aw k

Wi = Vwo + ———— 5 W;
Wk+1 wo aw F(OéW) ; f
where

w; = (k+1—0)"— (k—19)"

Ilz
fi= o

(5.34)

With [; and Vi known, the branch current /, and voltage V> fall out of the current and

voltage balance respectively.

Iy =1—-1,

VblOCk = Ve=LR+ Viy

Full circuit:

The full circuit consists of two blocks and a resistor as shown earlier in Figure 5.9. The
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output voltage of the full circuit is determined by Eq. (5.6). F is the open circuit voltage from

the Shepherd model in Eq. (4.12). The iR term from the Shepherd model is now replaced with

IRs — Vplock 1 — Vblock 2-

V =FE—1IRs— Vplock 1 — Vblock 2

Forblock 1, R = R;,C = Cyand o = a.
For block 2, R = Rer, C = Cs, @ = ayw, and W is the Warburg capacitance. The

capacitance is related to the Warburg coefficient o by W =1/ Vio

5.7 Lithium Sulfur and Lithium-ion Measured Voltage Response

The voltage response of the Li-S and Li-ion cells were measured for step and pulse currents
of magnitude C/2. Various pulse frequencies were applied: 0.20 Hz, 1.0 Hz, and 10 Hz. The
voltage responses of the Li-ion cell to the step and pulse currents are shown in Figures 5.17-5.20.
The voltage responses of the Li-S cell are shown in Figures 5.21-5.24. Li-ion has a much lower
voltage drop for the same applied C-Rate of C/2. This is consistent with the lower impedance
measured earlier.

The difference in the capacitative behavior is also apparent. Li-ion responds faster. The
nature of the response makes it clear that the Shepherd model with just a resistance does not
begin to capture the internal dynamics of the cells, particularly for the Li-S cells. Note that the
current drawn is plotted negative in Figures 5.17-5.24 only for convenient axes - in the models,

current drawn is positive.
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Figure 5.17: Measured Li-ion cell voltage response (solid line) to step current (dashed line),
I =C/2=0.649 mA.
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Figure 5.18: Measured Li-ion cell voltage response (solid line) to 0.20 Hz pulse current (dashed
line), I = C'/2 = 0.649 mA.
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Figure 5.19: Measured Li-ion cell voltage response (solid line) to 1 Hz pulse current (dashed

line), I = C'/2 = 0.649 mA.
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Figure 5.20: Measured Li-ion cell voltage response (solid line) to 10 Hz pulse current (dashed

line), I = C'/2 = 0.649 mA.
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Figure 5.21: Measured Li-S cell voltage responses (solid line) to step current (dashed line),
I =C/2=0.782 mA.
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Figure 5.22: Measured Li-S cell voltage responses (solid line) to 0.2 Hz pulse current (dashed
line), I = C'/2 = 0.782 mA.
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Figure 5.23: Measured Li-S cell voltage responses (solid line) to 1 Hz pulse current (dashed line),
I =C/2=0.782 mA.
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Figure 5.24: Measured Li-S cell voltage responses (solid line) to 10 Hz pulse current (dashed
line), I = C'/2 = 0.782 mA.
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5.8 Fitting the Time Domain Model

The developed time domain model should be able to predict the measured transient data
shown in Figures 5.17-5.24. The model parameters are determined by best fit to the collected
step response data.

The goal was to find the best fit for the simplest model first, with only Vs and Vjjock 1

V=FE—-1Rs— Vplock 1

The model is then progressively refined to understand the impact of additional blocks. The
parameters extracted for Li-ion are given in Table 5.6. The first column gives the parameters that
best represent the step, 0.20 Hz pulse, and 1.0 Hz pulse response. For these voltage responses, a
single R//C block is adequate. The higher frequency 10 Hz pulse current required the full circuit
model. The parameters required for the 10 Hz pulse current are found in the final column of Table
5.6. The corresponding predictions are shown in Figures 5.25 and 5.26.

The extracted parameters for Li-S are in Table 5.7. The first column gives the parameters
that best represent the step response. For a step response, a single R//C block is adequate. The
second column gives the parameters that best represent the 0.20 Hz and 1.0 Hz pulse response.
These pulse responses require the full circuit with both R//C blocks and the Warburg element.
The third column shows new parameters required to accurately model the behavior for the higher
frequency 10 Hz pulse current. The corresponding predictions are shown in Figures 5.27 and

5.28.
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Table 5.6: Time domain model parameters extracted from Li-ion step and pulse current data.

Step
Parameter Units 0.20 Hz Pulse 10 Hz Pulse
1.0 Hz Pulse

E \Y% 4.1 4.1

R, Q 5.60 5.6
R, Q 79.4 28.8
C Farad 9.12:10* 1.09-10°¢
ayq 0.65 0.77
Rer Q - 32.0
C, Farad - 4.69-107
%) - 0.60
W Farad - 0.92
aw - 0.60
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Table 5.7: Time domain model parameters extracted from Li-S step and pulse current data.

0.20 Hz Pulse
Parameter Units Step 10 Hz Pulse
1.0 Hz Pulse
E \Y% 2.5 2.5 2.5
R, Q 230 180 110
R, Q 681 230 130
C Farad 1.20-107 1.20-10°3 1.20-10°3
a 0.90 0.90 0.90
Rer Q - 7.0 7.0
G Farad - 4.20-1073 3.12:10*
ap - 0.83 0.88
W Farad - 2.35-10° 1.05-10°3
aw - 0.83 0.83
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Figure 5.26: Predicted and actual voltage response of a Li-ion coin cell for square currents of
1Hz and 10Hz frequency, [ = C'/2.
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(b) Voltage response to pulse current between 1 < ¢ < 3 seconds.

Figure 5.27: Predicted and actual voltage response of a Li-S coin cell for step and pulse currents
with [ = C/2.
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Figure 5.28: Predicted and actual voltage response of a Li-S coin cell for square currents of 1Hz
and 10Hz frequency, [ = C/2.
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5.9 Summary

Transient data in the frequency and time domain were collected for Li-S and Li-ion cells.
An ECM was developed and model parameters were extracted. The model was converted from
the frequency domain into the time domain. Voltage responses to step and pulse currents were
collected for Li-S and Li-ion cells, and model parameters were extracted for this time domain

data.

1. Differences in behavior are explained by the internal nature of the cells. The Li-S cells
exhibited an order of magnitude higher internal resistance. They also exhibited a marked
Warburg-like behavior at the low frequencies of 1-100 Hz, a frequency range important in

rotor response.

2. In general, a transient model of the type R-R//CPE-RW//CPE is adequate to capture the
impedance behavior. There is significant variation from cycle to cycle, hence the transient

time domain response is not always consistent with EIS.

3. The dynamic behavior of the cells is characterized generally by a first-order lag in cell
voltage in response to changing current. The nature of the lag is difference between Li-ion
and Li-S. The Li-ion is faster with a smaller time constant and is well represented by a
resistor and a resistor-capacitor block. The Li-S is slower with a longer time constant and
requires a non-ideal capacitor, i.e., a constant phase element, and for lower frequencies in

the 1-100Hz range, the Warburg.

With transient testing of the Li-S and Li-ion cells completed, focus shifted to the impact of
advanced Li-S batteries on eVTOL sizing and battery pack design.
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Chapter 6: Impact of Advanced Batteries on Sizing

The impact of advanced batteries on eVTOL sizing is investigated. The benefits of using
Li-S and Li-ion batteries in tandem are discussed and sizing results are shown for this scenario.

The steps for designing and sizing a battery pack are described.

6.1 Impact on Range

A decrease in battery capacity has a drastic impact on the achievable range of a quadrotor.
For Mission 2 (400 lbs payload, 5 minute hover time, 5 minute fuel cruise reserves), the effect of
capacity decrease as mission number increases can be seen in Figure 6.1. Beginning with a fresh
cell, the specific energy was set to 300 Wh/kg. After 200 missions, so 200 cycles for the battery,
the capacity decreases by 20% and the range for a set GTOW decreases. Increasing the mission
count to 800 decreases the capacity to half that of a fresh cell, and the range for a certain GTOW

decreases by at least half.

6.2 Battery Sharing

The Ragone plot shown in Figure 4.16a determined that at C-Rates at and under 1C, Li-S
surpasses Li-ion in specific power and energy. Above 1C, Li-S energy drastically decreases and

Li-ion is preferred. The implications for eVTOL are that an all-electric quadrotor could carry both
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Figure 6.1: Effect of battery capacity decrease on quadrotor range.
a Li-S and a Li-ion battery, and switch between them based on the required power and C-Rate.
For example, the Li-ion battery could be used in high power situations such as hovering, and the
Li-S battery could be used while in cruise. Figure 6.2 shows the GTOW as range increases, when
using Li-S batteries for cruise and Li-ion batteries for hover. The weights of the Li-S and Li-ion
batteries as range increases are shown. As the Li-ion battery would be only used for hovering,
the weight is constant as the hover time remains the same for all ranges. The weight of the Li-
S battery increases with range, as the cruise time also increases and therefore more energy is
required. The GTOW for the 50 n-mile range is 1,469 lbs. This is an improvement on the sizing

GTOW results reported in Table 2.6.
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Figure 6.2: Effect of battery sharing on GTOW as range increases.

6.3 Battery Pack Sizing and Design

To precisely size a battery for an eVTOL flight, the power, current, and time for the flight
are needed. Figure 6.3 shows an example mission with three segments of varying power required.
The first segment requires the most power for the shortest amount of time. The second segment
has the lowest power requirement for the longest amount of time. The third segment has a
middling power requirement. The end of flight (EOF) occurs after the third segment.

To size the battery, the following steps are followed. First, the charge capacity for each
segment must be calculated. Then, the C-Rate of each segment can be determined. Next a charge

capacity margin is set. The energy for each segment can then be calculated, and then the weight
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Figure 6.3: Example mission with three segments of known power, time, and current
requirements.

of the battery can be determined. Next the number of cells in series and parallel are found,
and the weight of each cell can be calculated. Finally, the method of in-flight battery analysis is

determined.

Calculate charge capacities:

The charge capacities for each segment can easily be calculated as in Eq. (6.1), where (), is the
charge capacity for segment 1, ()5 for segment 2, and ()3 for segment 3. The charge capacity for

the full flight is the summation of the charge capacity of each segment as in Eq. (6.2).

Q1 =1Lty
Q2 = Ity (6.1)
Qs = Ists
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Q=0Q1+Q2+ Q3 (6.2)

Calculate C-Rates:

Next, the C-Rates of each segment must be found. Take the maximum current, /;.

Cy = (6.3)

L
Q

If C] is greater than a specified maximum C-Rate, then the average charge capacity is as in

Eq. (6.4). This would leave some excess charge capacity, found in Eq. (6.5).

(6.4)

h 4 (6.5)

Qextra = Qave - Q = Cmaz Cl

Otherwise, the average charge capacity is equal to () as calculated in Eq. (6.2) and there is no

Qextra .

The total charge capacity is as calculated in Eq. (6.6), where A() is an additional margin

that is set if needed. The C-Rates of each segment are then determined using Eq. (6.7)

Qtotal = Qave + AQ (66)
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I

C pu—
' Qtotal
I
Cy = (6.7)
2 Qtotal
I3
C pr—
’ Qtotal

Set AQ) Margin:

The A margin is now set. Ensure a certain cell voltage at EOF, vgor. From this specified vgor,
find the depth of discharge at the end of flight, DODgor (or SOCgor = 1 — DODgor) from
the discharge data for the C-Rate at the end of flight. Here, it is the C-Rate for segment three.
Figure 6.4 shows an example of a voltage versus DOD discharge curve for a certain C-Rate. With
vgor known, DO Dgor can easily be determined. DO Dgor can then be used to calculate AQ)

as in Eq. (6.8).

<

Voltage [V]
m
)

0 DOD. 1.0
DOD

Figure 6.4: Example of Voltage vs DOD curve for a certain C-Rate. End of flight voltage and
DOD are marked.
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Calculate energies:

Qave o Qave

DODEOF B Qtotal B Qave + AQ
o Qave
AQ - DODEOF Qave

(6.8)

To calculate the energies, the voltages for each segment are needed. Let vy, v,, and v3 be the

average voltages over each segment as in Eq. (6.9), where v is the instantaneous voltage. The

energy of each segment is then found using Eq. (6.10). As there is extra charge capacity, there

will also be extra energy capacity. This extra energy capacity is calculated using Eq. (6.11),

where the voltage used depends on where the extra energy will be spent - segment 1, 2, or 3. This

is left up to the aircraft and battery designer to decide. Finally, the AE from the A() margin is

found by Eq. (6.12).

1 [

V] = — vdt
tl 0
1 [*

Vg = — vdt
ta Jo

1 [P
VU3 = —/ vdt
t3 Jo

t1
E1 = Il/ vdt = Iltlvl
0
to
E2 = Ig/ vdt = IQtQ’UQ
0

ts
E3 = Ig/ vdt = Igt3U3
0

I I
c - Cl)ULQ, or 3

Eextra = (Qave - Q)ULQ» ors3 = (
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AE = AQus = ( — 1) Quvets (6.12)

DODs

Calculate weights:

To find the specific energy (SE) at each segment C-Rate (C,, C,, and C3), use data from a Ragone
plot such as the one shown in Figure 4.16a. Figure 6.5 shows the SE versus C-Rate data as points;
the trend of these data, shown as a black dashed line, can determine the SE at various C-Rates.

These SE values are then used in Eq. (6.13) to find the weight of the required battery.
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Figure 6.5: Specific energy vs C-Rate data and trendline.

El E2 E3 Ee;rtra AFE

_ 6.13
SE(Cy) " SE(Cy) T SE(Cs) T SE(Cia ors)  SE(Cs) (©.13)

W

Only power and energy:

Consider the situation where only power and energy are given. The battery sizing can still be
determined, but only if the voltage is the same for all segments. This is because C-Rate is defined
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by Eq. (6.14). Now, consider Eq. (6.15). So C} = Py /FEjpar, only if v1 = ve = vs.

Normally, voltage is proportional to motor RPM. So this situation is acceptable for conventional
helicopters with a constant RPM, as the voltage is constant (v; = vy, = v3). However for eVTOL,
RPM varies with each segment. Therefore it is important to calculate C-Rate based on charge, as

in Eq. (6.7), not based on energy.

. Il o ]1 _ Il
Qtotal Q + Qemtra + AQ Lty + Ity + I3t3 + (CrInlaz o é_11) + AQ

4 (6.14)

Py . Ly
Etotal [1t1@1 + IQtQUQ + Igth3 + (Cilm — é—ll)vm, or 3 + AQULZ or 3

(6.15)

Determine number of cells:

Cells connected in series increase the voltage of the system. Figure 6.6a shows an example of
three cells connected in series. The voltage V' supplied by this circuit can be calculated using Eq.

(6.16), which comes out to be 6.0 V. The charge capacity does not add for series connections, so

would be 10 Ah.

V= Z V; (6.16)

Cells connected in parallel increase the charge capacity of the system. Figure 6.6b shows
an example of three cells connected in parallel. The charge capacity () supplied by this circuit

can be calculated using Eq. (6.17), which comes out to be 30 Ah. The voltage does not add for
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parallel connections, so would be 2.0 V.

m
Q=) Qi (6.17)
i=1
|+ cent
| 20V
10 Ah
| |+ Cell 2
| | 20V
10 Ah
(| | L
' 'l '
Cell 1 Cell 2 Cell 3
12 60A‘:1 1260A\|I1 1260AY1
| |+ Cell 3
I | 20V
10 Ah
(a) (b)

Figure 6.6: 3-cell batteries connected in a) series, 6.0 V and 10 Ah, and b) parallel, 2.0 V and 30
Ah.

For the eVTOL flight shown in Figure 6.3, the number of cells required in series (/Ng) for
each segment can be determined using Eq. (6.18), where v..; is known. Choose the largest of
Ng1, Ngo, and Ngs, as that will cover all three segments. The number of cells required in parallel
(Np) can then be found using Eq. (6.19). The weight of each cell can then be found using Eq.
(6.20), where W is the weight of the battery. Figure 6.7 shows an example of cells connected in

series and parallel to power a load.
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Ucell(SOCI)
V2
e B 6.18
Ne: = (50Cy) (©19
Nss = i (50Cy)
NSNPQCEZZ = Qtotal
(6.19)
NP _ Qtotal
NsQcen
w
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Figure 6.7: Example of number of cells in series and parallel, powering a load.

Consistency of charge and energy capacity:

Equation (6.13) can be rewritten in terms of specific charge capacity (SQ) as in Eq. (6.21).

Dividing by the weight I/ gives a similar expression using the SOC as in Eq. (6.22). Starting at
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the beginning of flight with SOC' = 1.0, each segment changes the state of charge.

It Iyt Ist A
1t1 + 202 + 303 _|_ Q t + Q (621)

W'=50c) T 50(¢) T 500 T 50(Chs ors) T SQ(CH)

. Ql Q2 Q3 Qea:tra AQ
' soeaw Tt 5w T ST SQC orW T SQIC)W

(6.22)
1= SOC, + SOC, + SOC; + SOC.ptra + ASOC

Similarly, it is possible to define the state of energy (SOE) as in Eq. (6.23). Starting at the
beginning of flight with SOE = 1.0, each segment changes the state of energy. It follows that
the loss of SOC and SOE for each segment are given by Eq. (6.24), where the subscript ¢ denotes

the segment and varies from 1 to number of segments.

B B B Bu. . AE
SE(C)W SE(Cy)W SE(C3)W SE(Cy2, or3)W SE(C)W (6.23)
1= SOF, + SOE, + SOFE; + SOEepira  + ASOFE
1 f = —L
oss of SOC S%(fz)w 620
iliU;

loss of SOE = _W

Flight analysis:

During flight, no guaranteed design mission will be flown, and any current can be drawn. Starting
from the start of flight where SOC = 1 and SOE = 1, the changes in SOC and SOE must be kept

track of as in Eq. (6.25). However, the issue arises of how to determine the C-Rate at which to
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find the specific charge capacity SQ and specific energy capacity SE. It is not simply as in Eq.
(6.7), as Qyota; 1s known only for the mission. For any other current, ()., Will change. Another

data set is needed to carry out flight analysis.

Idt
dSOC = ————
seOw (6.25)
Tvdt
dSOFE = _—SE(C)W

The discharge data of voltage versus specific charge capacity can be seen in Figure 6.8.
The various lines represent discharge at various currents, not related to the currents required by
the mission. Based on the known discharge times, the C-Rates are also known. For any current
drawn I, the specific current / /T can be found and the corresponding C-Rate determined using
a trend as in Figure 6.9. The corresponding specific charge and energy capacities can then be
found and the change in SOC and SOE can be calculated using Eq. (6.25).
Summary
To precisely size a battery for eVTOL, various data are needed. The aircraft design must supply
the required power, current, and voltage over the time of flight. The battery data must include
the cell voltage versus depth of discharge at various C-Rates, as well as the specific energy and
charge capacity and specific current versus C-Rate.

To obtain this battery data, basic discharge data must be measured. The discharge curves
of voltage versus time, charge capacity, energy capacity, and depth of discharge, all performed at
various C-Rates, must be measured. These discharge curves were shown and discussed in detail

in Chapter 4.

150



Voltage [V]

Specific Charge Capacity [Ah/kg]
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Figure 6.9: Specific current versus C-Rate for various currents.
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6.4 Summary

The impact of capacity loss on aircraft range was discussed. The possibility of sharing
power and energy responsibilities between Li-S and Li-ion batteries on an aircraft was investigated
and sizing results for this scenario were shown. A conceptual battery pack was designed step by

step.

1. Capacity decrease as cycle number increases has an impact on the range achievable by an

eVTOL aircraft. A 50% decrease in capacity decreases the range by at least half.

2. eVTOL aircraft could use both Li-S and Li-ion batteries during flight, with the Li-S used
for low power operations and Li-ion used for high power maneuvers. Sizing results for this

scenario show a lower GTOW at 50 n-miles compared to the sizing results in Chapter 2.

3. To precisely size a battery for eVTOL, various data are needed. The aircraft design must
supply the required power, current, and voltage over the time of flight. The battery data
must include the cell voltage versus depth of discharge at various C-Rates, as well as
the specific energy and charge capacity and specific current versus C-Rate. If an eVTOL
aircraft is carrying two types of batteries, the sizing procedure does not change. Simply

break up the mission and apply the method to each mission.
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Chapter 7: Summary and Conclusions

This dissertation is an attempt to integrate electrochemistry and aeronautics, particularly
rotary-wing aeronautics, where integration of power and platform is vital for the development
of a viable aircraft. The principal barriers of electric-VTOL aircraft, energy and power, were
addressed. The promising alternative of Li-S was investigated thoroughly in the context of
eVTOL.

Findings presented in this dissertation showed that Li-S can be a promising and feasible
alternative to Li-ion at a basic electrochemical level with the potential to double the range or
payload of eVTOL aircraft. The realization of that potential will require careful scale-up with
thermal, mechanical, and electrical considerations, and use in tandem with high C-Rate alternatives
for hover and maneuvers.

A conceptual sizing method was developed and verified with results from researchers at
NASA Ames. A mission was evaluated, with a range of 50 n-miles and payload of 2-3 people.
Various battery specific energies were evaluated, and the results demonstrate the need for a high
specific energy battery. Key battery performance targets for eVTOL were determined.

Li-S and Li-ion coin cells were fabricated with identical overhead, allowing for a clear and
consistent comparison. The Li-S cells were free of the polysulfide shuttle effect, as the PANS

cathode does not allow the formation of polysulfides. The Li-ion cells used a typical, modern
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NCA cathode. Sulfur content in the Li-S cells was maximized as much as possible. Li-S and
Li-ion theoretical charge capacities were calculated based on the cell designs.

Steady state testing and analysis was performed on the Li-S and Li-ion coin cells. Testing
began with discharge of the cells at a very low current - a C-Rate of C/25. The data from the
slow discharge allowed for a comparison of the measured charge capacity to the theoretical.
The discharge characteristics were then collected for higher C-Rates, which allowed for the
construction of a Ragone Plot of specific power versus specific energy. The cycle life of the Li-S
and Li-ion cells was investigated, and the impact of half cycles on the cycle life was determined.
Modeling of the steady state behavior was performed using the Shepherd model.

Transient data was collected for the Li-S and Li-ion cells. First, electrochemical impedance
data was collected and analyzed. An ECM was developed based on the impedance data, and
model parameters were extracted. The model was converted from the frequency domain to the
time domain. Voltage responses of Li-S and Li-ion cells to step and pulse currents were collected,
and the model in the time domain was applied to the data.

Finally, the impact of advanced batteries on eVTOL sizing was investigated. The impact
of capacity loss on aircraft range was discussed. The possibility of sharing power and energy
responsibilities between Li-S and Li-ion batteries on an aircraft was investigated. A conceptual
battery pack was designed step by step.

Based on this work, the following key conclusions can be made, listed in order they were

presented in the dissertation.
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7.1

Key Conclusions

. Sizing analysis found that there is a diminishing return when increasing the specific energy,

as the increase from 150 Wh/kg to 300 Wh/kg causes dramatic improvements in all areas.
However, increasing the specific energy further to 400 Wh/kg only slightly improves aircraft

parameters.

Key battery performance targets were determined for eVTOL: a specific energy of 300

Wh/kg and a C-Rate of 1-2C.

. Theoretical specific charge capacity of the Li-ion cells was calculated to be 141 Ah/kg and

that of the Li-S cells to be 605 Ah/kg. The charge capacity was normalized by the weight
of the electrodes, including the added carbon and binder. This is the proper normalization,

as the cathodes must have the carbon and binder to operate.

Measured specific charge capacity of the Li-ion cells was 127 Ah/kg and remained steady
with cycles. Li-S cells was 401 Ah/kg at a current of 1C. The measured charge capacity of

the fabricated cells match well with the theoretical prediction.

. The measured specific energy capacity of the Li-ion cells was 460 Wh/kg, and that of the

Li-S cells was 533 Wh/kg at a current of 1C.

For C-Rates up to C/2, Li-S has twice the specific energy of Li-ion. Around 1C they
crossover but thereafter Li-S drops rapidly. By 4C, the specific energy for LiS almost
vanishes. These numbers upon scale-up have a dramatic impact on eVTOL and infrastructure.

It favors a dramatic expansion of range of eVTOL over a reduction in gross weight.

155



10.

11.

The cycle life of Li-S is poor, but only when it is fully discharged. If only half cycles are
allowed, the loss in capacity is almost eliminated. Operating at half cycles results in higher
Li-S energy output compared to that of Li-ion, and more importantly stabilizes the Li-S

cells where there is no decrease in specific energy capacity at least for the first 100 cycles.

. Differences in behavior are explained by the internal nature of the cells. The Li-S cells

exhibited an order of magnitude higher internal resistance. They also exhibited a marked
Warburg-like behavior at the low frequencies of 1-100 Hz, a frequency range important in

rotor response.

. The dynamic behavior of the cells is characterized generally by a first-order lag in cell

voltage in response to changing current. The nature of the lag is different between Li-ion
and Li-S. The Li-ion is faster with a smaller time constant and is well represented by a
resistor and a resistor-capacitor block. The Li-S is slower with a longer time constant and
requires a non-ideal capacitor, i.e., a constant phase element, and for lower frequencies in

the 1-100Hz range, the Warburg element.

eVTOL aircraft could use both Li-S and Li-ion batteries during flight, with the Li-S used
for low power operations and Li-ion used for high power maneuvers. This would help

minimize GTOW and optimize aircraft parameters.

To precisely size a battery for eVTOL, various data are needed. The aircraft design must
supply the required power, current, and voltage over the time of flight. The battery data
must include the cell voltage versus depth of discharge at various C-Rates, as well as

the specific energy and charge capacity and specific current versus C-Rate. If an eVTOL
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aircraft is carrying two types of batteries, the sizing procedure does not change.

7.2 Contributions

This work has three major contributions.

1. The developed sizing analysis established battery performance targets: a specific energy
of 300 Wh/kg and a C-Rate of 2C. A diminishing return was observed when increasing
the specific energy past 300 Wh/kg. These targets are essential to guide battery research

specific to aviation.

2. A consistent comparison of Li-S and Li-ion cells with identical overhead. The Ragone plot
showed the decrease of Li-S specific energy when discharging at C-Rates above 1C. An
aircraft could carry both Li-S and Li-ion battery packs, and use Li-S at low power settings

then switch to Li-ion when requiring high power, such as in hover or maneuvers.

3. Characterization showed feasibility of Li-S for eVTOL, especially when operating using
half cycles. Half cycles stabilized the Li-S cells and no loss in energy was observed for at
least 100 cycles. This stability gain would have a significant effect on eVTOL design, as

missions can be controlled to operate at half cycles and the battery can recharge often.

7.3 Future Work

There are many factors that go into battery design for eVTOL. This work focused on
fundamental understanding and characterization of state-of-the-art Li-S technology, but on a

small scale. Based on the completed tasks in this dissertation, the following tasks are recommended
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for future work.

1. The Li-S batteries discussed in this work must be scaled up. The small scale coin cells
analyzed in this work have demonstrated the benefits on Li-S in the context of eVTOL.
The process of scaling up the cells to larger, more powerful cells will bring to light any

thermal, mechanical, or electrical issues in fabricating larger cells.

2. The larger, more powerful Li-S batteries must be integrated with an in-house 20 1bs aircraft
for flight testing. Data collected from flight testing can validate the models of steady state
and transient behavior shown in this dissertation. Flight test data can also validate the

specific power and energy supplied during varying maneuvers.

3. Combination of Li-S and Li-ion should be explored where Li-S is used for cruise power
and Li-ion for peak power boost in hover and maneuvers. There should be two packs, one

for high energy and one for high power, connected in parallel.

4. The fundamental reasons for cycle life extension with half cycles should be explored in
further depth. Scanning Electron Microscopy should be used to study the surface topology
of the solid electrolyte interface. Energy Dispersive Spectroscopy should be used to study

any evolution of chemical composition.

5. The fractional derivatives in the CPE and Warburg require very small time steps and information
from all previous steps which is very intensive. A recursive formulation should be found
instead which, even if approximate, would be more efficient and effective for real time

SOC calculation.

6. The impact of temperature should be assessed between -40°C to +40°C and corresponding
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models developed.
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