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SUMMARY

Urban Air Mobility (UAM) is emerging as a revolutionary transportation concept aimed
at alleviating ground traf c congestion in densely populated urban areas. By utilizing elec-
tric Vertical Takeoff and Landing (eVTOL) aircraft, UAM promises to provide rapid, ef -
cient, and environmentally friendly air transportation for short to medium distances within
and between cities. The increasing urbanization of the global population, coupled with
advancements in electric propulsion, battery technology, and automation, has motivated
signi cant interest in UAM as a potential solution to ground transportation challenges.

However, the realization of UAM operations faces several critical barriers. These in-
clude the need for comprehensive airspace management, the development of reliable air-
craft, and integration with existing urban infrastructure and communities. Particularly, the
motivation for this research stems from the unique operational complexities associated with
managing multiple eVTOL ights in complex urban environments. These aircraft are antic-
ipated to operate at low heights in obstacle-rich settings, relying on limited battery energy
storage and subject to speci c electrical and thermal powertrain constraints. The verti-
cal takeoff and landing capabilities, while advantageous for urban operations, also impose
signi cant power demands and rapidly deplete energy reserves. Additionally, the current
technological limitations in battery energy density and their non-linear discharge behavior
present challenges in energy management and ight planning.

Currently, trajectory management for conventional aircraft is primarily handled through
a combination of pre- ight planning by airline dispatchers and real-time adjustments by
pilots and air traf ¢ controllers. Given the novel operational characteristics of UAM, how-
ever, traditional human-driven trajectory management systems may not suf ce for the an-
ticipated high traf ¢ densities, rapid-paced operations envisioned for UAM, where a nu-
merous number of aircraft will need to navigate through constrained urban airspace while

adhering to strict energy and safety constraints. Moreover, the need for rapid decision-

XXii



making in dynamic urban environments, especially during contingencies such as en-route
diversions, necessitates more agile and automated management approaches. Consequently,
these challenges underscore the necessity for an advanced automated system capable of
ensuring safe, energy-ef cient, and scalable management of eVTOL trajectories.

In response, this dissertation addresses these challenges through the development of an
automated trajectory management framework for eVTOL UAM aircraft. The framework is
designed to enable safe, energy-ef cient trajectory generation and dynamic adjustments in
response to evolving ight circumstances. Speci cally, it consists of two primary compo-
nents: a strategic planner and a tactical planner.

The strategic planner, developed using mixed-integer linear programming (MILP), gen-
erates pre-departure trajectories that optimize battery energy ef ciency and collision avoid-
ance, taking into account intricate powertrain constraints. This component successfully
integrates operational constraints speci ¢ to manned eVTOL ghts into the MILP formu-
lation, allowing for the generation of trajectories that adhere to aviation regulations and
standard ight procedures. Additionally, the development of a battery discharge model and
thermal prediction capability enables to generate battery energy-ef cient trajectories for
multiple aircraft with the prediction capability of electrical and thermal pro les of power-
train along trajectories. Notably, this prediction of electrical and thermal behaviors along
the trajectory help enable accurate pre-departure safety assessments to prevent potential
energy de cits and powertrain issues during ights.

The tactical planner, built upon a Receding Horizon MILP (RH-MILP) approach, pro-
vides real-time trajectory adjustments and manages in- ight contingencies. This compo-
nent demonstrates rapid computational ef ciency, with trajectory recalculations completed
in less than a second, allowing for dynamic adaptation to changing ight conditions. Fur-
thermore, the creation of a diversion decision-making and planning tool aids pilots in se-
lecting optimal alternate landing sites during contingencies, considering real-time aircraft

and powertrain states.
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Complementing the strategic planner, the tactical planner facilitates real-time adjust-
ments to planned trajectories in response to evolving ight conditions and unforeseen con-
tingencies. It employs a Receding Horizon MILP (RH-MILP), which allows for dynamic
trajectory modi cations while maintaining computational ef ciency. Experiments demon-
strate that the RH-MILP can generate real-time, energy-ef cient trajectories for multiple
eVTOL aircraft within a fraction of a second, signi cantly outperforming standalone MILP
in terms of computational time. In addition, the tactical planner incorporates a diversion
decision-making and planning tool that helps pilots manage in- ight contingencies by auto-
matically selecting the best alternate landing sites and continuously adjusting the trajectory
until safe diversion is completed. Several case studies demonstrate the tool's effective-
ness in managing contingency scenarios, such as unexpected vertiport closures and partial
battery pack disconnections.

The integration of these components forms a trajectory management framework capa-
ble of effectively managing UAM trajectories under both regular and irregular operational
scenarios. To validate the proposed framework, several real-world use cases were simulated
in the Southern California region, chosen for its unique geographical and urban character-
istics. These use cases demonstrated the framework’s capability in generating con ict-free
trajectories through complex terrains and urban environments. One case study showcased
the optimization of trajectories for a ight, navigating mountainous terrain while adhering
to airspace regulations and powertrain constraints. Another case study simulated high-
density UAM operations in Los Angeles city, optimizing trajectories for 50 aircraft depart-
ing or arriving at 10 vertiports within a 30-minute period. These simulations validated the
framework's scalability and its ability to handle diverse operational scenarios, including
multi-hop missions and in- ight contingencies such as unexpected vertiport closures and
partial battery pack disconnections.

Ultimately, this automated trajectory management framework is expected to offer con-

siderable bene ts to UAM stakeholders, including pilots, operators, and air traf ¢ con-
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trollers. UAM operators could leverage this framework to optimize ight planning and
improve operational ef ciency, pilots is able to receive enhanced decision support, partic-
ularly during off-nominal situations, and nally air traf ¢ controllers could more effec-
tively manage high-density urban air traf c. In conclusion, this research contributes to the
advancement of UAM by addressing critical challenges in trajectory management. The
developed framework demonstrates the potential for safe, ef cient, and scalable eVTOL
operations in complex urban environments, potentially accelerating the integration of this

innovative transportation mode into urban airspace.
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CHAPTER 1
INTRODUCTION

1.1 Motivation

Urbanization of the global population has been steadily increasing over the years, with
around 57 % of the world's population residing in urban cities as of 2022 [1]. According
to projections by the United Nations (UN), this trend is expected to continue with an esti-
mated 68 % of the world's population projected to reside in urban areas by 2050 [2]. This
growth in urban population intensi es the strain on existing road infrastructure, exacerbat-
ing traf ¢ congestion and air pollution. Accordingly, this has naturally urged the necessity
of new mobility solutions that can rapidly and effectively move people and goods in three
dimensions (i.e., in the sky).

As an alternative air transportation that can reduce ground traf c, rotary-wing aircraft,
such as helicopters, had received increased attention due to their ability of vertical take-
off and landing (VTOL) and exible maneuverability. Speci cally, they can take off and
land vertically at con ned spaces, such as helipads on top of buildings, making their ights
ideal in urban areas where spaces for take-off and landing are limited, compared to tradi-
tional xed-wing aircraft that require a lot of physical spaces like runways. Furthermore,
their exibility, such that they can hover in one spot and make rapid changes in altitude
and direction, enables low-level operations in metropolitan areas. Despite these advan-
tages, rotary-wing aircraft have limitations, including high operating costs, which are one
of the major barriers to public use as the transportation system, and signi cant noise and

air pollution, which impede their frequent operations in densely populated areas.



1.1.1 TheEmergence®f UrbanAir Mobility andBarriers

With technological advances in distributed electric propulsion, battery, and automation
technologies, a new air transportation system, called Urban Air Mobility (UAM) [3, 4,
5, 6], has been in the limelight as a promising solution to alleviate ground traf ¢ conges-
tion in urban areas. The concept of UAM aircraft is proposed in the form of novel electric
propelled, vertical takeoff and landing (eVTOL), aimed at overcoming the high operat-
ing costs and environmental downsides of fuel-based rotary-wing aircraft by employing
electric energy sources. This aircraft also maintains the exibility for urban operations
through vertical takeoff and landing capabilities. Consequently, eVTOLs aims for short-
range, high-frequency operations in urban environments, offering a sustainable and faster
alternative to ground transportation.

National Aeronautics and Space Administration (NASA) has identi ed key pillars and
barriers that enable and simultaneously hinder the realization of UAM ecosystems [7], as
illustrated in Figure 1.1. These barriers, includiigspace and Operationdircraft De-
velopmentandCommunity Integrationpose distinct challenges to the successful deploy-

ment of UAM services. Speci callyAirspace and Operationsarriers involves the design

Figure 1.1: Key Barriers for UAM (Adpated from reference [7])

of urban airspace structure and management of single and multiple ight operations in the
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designed urban airspace. This barrier demands innovative ight management solutions to
safely integrate eVTOLSs into existing air traf c and complex urban skidgcraft De-
velopmenbarriers relate to the design, certi cation, and manufacture of eVTOL aircratft,
including advancements in battery technology and electric propulsion syst@omsmu-

nity Integrationbarriers pertain to achieving public acceptance by addressing UAM-related
concerns about safety, noise, privacy, and local regulatory compliance [8]. Focusing on the
Airspace and Operationbarriers, this research concentrates on advancing eVTOL ight
management systems to achieve safe, ef cient, and scalable UAM operations in densely

populated urban areas.

1.2 Challenges to Flight Management of Urban Air Mobility

Transitioning from the broader context of UAM, this section delves into the speci c chal-
lenges faced in managing eVTOL ights within the intricate urban airspace. These chal-
lenges are multifaceted, stemming from the unique operation characteristics of eVTOL

aircraft and the dynamic nature of urban environments.

1.2.1 UniqueOperationalCharacteristics

Various concept of operations (ConOps) documents [3, 9, 10, 11, 12] have described that
eVTOL UAM aircraft may present unconventional operational characteristics that have
not typically been observed in traditional fuel-based aircraft. These characteristics largely
include 1) low-level operations in urban cities, 2) vertical takeoff and landing, 3) limited
energy reserves, 4) non-linear battery behavior and 5) electric powertrain constraints. The
core challenge for eVTOLSs is operating at low heights, often b&®00 ft above ground

level (AGL), in urban city environments. This low- ying nature raises the risk of potential
collisions with urban infrastructure and exposes the aircraft to erratic wind patterns in city
landscapes, which could complicate their stability and navigation.

The VTOL capabilities offer the urban-centric advantages, enabling takeoffs from com-



pact spaces without the need for runways. However, despite these bene ts, VTOL opera-
tions demand intense power, placing a burden on the battery and generating considerable
heat in electric propulsion systems, such as motors, inverters, and batteries. Furthermore,
VTOL missions entail high energy requirements, which constrain the usable energy stored
in batteries. This limitation persists even in light of recent advancements in battery tech-
nologies, as the energy density of batteries remain markedly lower than that of conventional
aviation fuels. These restricted energy reserves not only impact the overall ight range and
endurance of aircraft but also become critical in unforeseen ight circumstances, such as
aborted landings or diversions to alternate landing sites.

The energy challenge is further complicated by non-linear performance of batteries,
which varies with operational conditions, making it dif cult to predict the exact amount
of available power and energy. Besides, the electric components of eVTOLs have speci c
safe operational thresholds to prevent and extend their lifespan. For instance, batteries
have maximum rates at which they can be charged or discharged without causing damage
or reducing their lifespan, and the temperature of motors and inverters must be controlled
within safe temperature thresholds to prevent operational failures.

These unique operational traits of eVTOLSs distinct from conventional aircraft highlight
the need for a new approach to ight management in UAM. These lead to the following

motivating observation:

Motivating Observation 1

Flight management of eVTOL UAM aircraft must consider their unconventiongl
operational characteristics, which signi cantly differ from conventional aircraft.
These characteristics introduce new challenges, necessitating an overhaul of the

existing ight management systems tailored to conventional aviation.




1.2.2 StrategicandTacticalFlight Management

In conventional aviation, strategic and tactical ight management has played a crucial role
in ensuring safe ights. Strategic planning entails the creation of a comprehensive ight
plan, which encompasses route, speed, altitude, and fuel or energy consumption estima-
tions, taking into account atmospheric conditions, energy and performance limits of the
aircraft, and compliance with airspace rules and regulations [13, 14]. This allows airline
dispatchers and pilots to predict and mitigate potential en route challenges, such as adverse
weather or airspace restrictions. Tactical planning, on the other hand, involves adjusting
the planned trajectory during the actual ight to address continuously evolving conditions
or unforeseen en-route events. This can include rerouting to avoid hazardous weather or
changes in destination due to onboard emergencies.

Traditionally, ight trajectory management is a collaborative effort by human stake-
holders, including airline dispatchers, pilots, and air traf ¢ controller (ATC). Dispatchers
are responsible for creating the pre-departure plan and securing ATC approval. Once autho-
rized by ATC, pilots initiate ights and generally adhere to the planned trajectory. Under
Visual Flight Rules (VFR), pilots visually navigate to avoid hazards, responding to in- ight
situations by themselves. Conversely, Instrument Flight Rules (IFR) ights require pilots
to follow traf ¢ separation services from ATC, maintaining communication with both air-
line operators and ATC throughout the journey. Figure 1.2 and Figure 1.3 depict these
processes in detail for ights adhering to or deviating from the initial plan due to factors
like severe weather. Comprehensive descriptions of these planning procedures are provided
in Appendix B, highlighting the extensive human involvement and communication integral
to traditional ight management.

However, this traditional, human-centric approach encounters signi cant barriers when
applied to UAM operations due to the anticipated high traf ¢ densities, fast operational
tempos, and constrained traf ¢ separation in urban airspace. Traditional VFR and IFR

may not be adequate for the dynamic and congested urban environments envisioned for
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Figure 1.2: The actions taken by stakeholders and their collaborations during each phase
of ight under IFR in case of which ight progresses as planned (Adapted from [12])

Figure 1.3: The actions taken by stakeholders and their collaborations during each phase
of ight under IFR in case of which in- ight replanning is needed



UAM. Besides, the reliance on verbal communications and human-driven systems could
lead to inef ciencies and a higher likelihood of human errors within the complex UAM
operational framework. To overcome these challenges, NASA has proposed the concept
of Digital Flight Rules (DFR) [15], which promotes a shift from verbal to digital commu-
nication supported by automated systems. The DFR can facilitate the rapid sharing of in-
formation, including real-time weather updates and automated alerts of airspace violations,
thereby allowing for more agile and timely ight path changes. As a result, automation as
a cornerstone of DFR will serve a critical role in the safe ight management of UAMs.

Given the assumption that UAM operations will adhere to DFR protocols, the motivat-

ing observation is formulated as follows:

Motivating Observation 2

Given the expected high traf c densities, face-paced operations, and constrained
traf c separation in urban airspace, traditional human-driven ight management
may be inadequate for UAM. The complex and dynamic nature of urban airspace

demands more agile and automated management approaches.

1.2.3 En-RouteContingencyManagement

In situations where severe off-nominal events occur beyond simple route changes, pilots
must declare in- ight contingency. This entails executing immediate actions in response
to unexpected in- ight events. The severity of the situation dictates whether pilots opt for
either a precautionary landing and a forced landing. As de ned in the Federal Aviation Ad-
ministration (FAA) Airplane Flying Handbook [16], a precautionary landing, also known
asen-route diversionis “a premeditated landing on or off an airport when continued ight

is possible but inadvisable.” In contrast, a forced landing refers to “an immediate landing
on or off an airport necessitated by the inability to continue further ight.” The distinction

lies in the degree of control that pilots retain over the aircraft. Precautionary landings afford



pilots some decision-making time to select an alternate aerodrome before conditions deteri-
orate. Conversely, forced landings may leave little time and force to land at less-than-ideal
sites, such as a eld or a road; thus, this may bring a greater degree of risk to the aircraft,
crews, and passengers. Among these landing types, this research particularly focuses on
the application of precautionary landings,esr-route diversion

Human error is the predominant factor in the majority of general aviation accidents, ac-
counting for more thaA0 %of incidents [17, 18, 19]. When pilots are suddenly confronted
with sudden critical situations or unexpected events, they may experience a startle response,
which can trigger a range of physiological reactions and impair their decision-making ca-
pabilities. Such a response can lead to delayed or improper pilot actions, increasing the
likelihood of accidents [20, 21]. In the realm of UAM ights, the unconventional opera-
tional traits further complicate contingency decision-making for tactical management and
handling distressed aircraft. For instance, low-altitude ights and constrained battery re-
serves of UAM vehicles may limit the time available for pilots and traf ¢ controllers to
react, assess alternate diversion options, and navigate the aircraft to safety. Thus, relying
solely on human decision-making in these critical situations appears impractical, which
highlights the need for an automated system that can quickly evaluate off-nominal events,
aid in selecting suitable diversion aerodromes, and safely manage the trajectory of aircraft
during diversion with other airborne traf c [22].

Considering these points, the following motivating observation is articulated:

Motivating Observation 3

The necessity of an automation system becomes evident to assist with prompt and

informed tactical decisions during en-route diversions.




1.3 Summary

With the steady rise of urbanization over decades, the request for new modes of air trans-
portation to alleviate ground traf ¢ congestion has been made. Concurrently, advances
in distributed electric propulsion, battery, and automation technologies have prompted the
emergence of UAM through eVTOL aircraft. While eVTOLSs offer vast potentials, they
encounter a range of barriers that must be addressed. Among these barriers, managing the
operations of single and multiple eVTOL vehicles stands out due to their unique operational
characteristics, which signi cantly differ from those of traditional fuel-based aircraft. In
addition, the expected increase in traf ¢ densities and rapid pace of operations within the
constrained spaces of urban environments add layers of complexity to their management.

These considerations led to the following key observations:

Motivating Observations

1. Flight management of eVTOL UAM aircraft must consider their unconven-
tional operational characteristics, which signi cantly differ from convent
tional aircraft. These characteristics introduce new challenges, necessitating
an overhaul of the existing ight management systems tailored to conven-

tional aviation.

2. Given the expected high traf ¢ densities, face-paced operations, and cpn-

strained traf ¢ separation in urban airspace, traditional human-driven igt

—1

management may be inadequate for UAM. The complex and dynamic na-
ture of urban airspace demands more agile and automated management ap-

proaches.

3. The necessity of an automation system becomes evident to assist with prampt

and informed tactical decisions during en-route diversions.




These motivating observations result in the overarching motivation:

Overarching Motivation

There is a necessity of an automated system to enable safe, energy-ef cient,|and

scalable eVTOL UAM operations.

1.4 Structure of Dissertation

The dissertation is structured into six main chapters, each addressing a signi cant aspect of

the research:

1. Chapter 2: Background and Literature Review: This chapter provides the founda-
tional background about unconventional operational characteristics and anticipated
operating environment of UAM to better understand the research context. Subse-
quently, it conducts a literature review of current UAM research regarding ight
management, identifying the overarching research gap that this dissertation aims to

address.

2. Chapter 3: Research Formulation This chapter outlines overall framework of the
dissertation, delineating the research objective, formulating two principal research
guestions, and detailing the sub-questions, hypotheses, and experiments that struc-

ture the thesis.

3. Chapter 4: Strategic Trajectory Management This chapter elaborates on the de-
velopment of the strategic planner, presenting the methodologies and technical ap-
proaches employed to design pre-departure trajectories that are energy-ef cient and

collision-free under powertrain limitations.

4. Chapter 5: Tactical Trajectory Management. This chapter details on the devel-
opment of the tactical planner to facilitate the real-time trajectory adjustments and

handling in- ight contingencies.
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5. Chapter 6: Automation Trajectory Management Framework: This chapter dis-
cusses the culmination of the research efforts in the proposed automation trajectory
management framework. It covers the framework's overview, real-world use cases,

and potential usage scenarios.

6. Chapter 7: Concluding Remarks The nal chapter concludes the dissertation by
summarizing the research ndings, emphasizing the main contributions, and dis-

cussing the implications of the study.

Additionally, the dissertation includes appendices that provide supplementary information,
technical details, and supporting data to enrich the reader's understanding of the research.

Figure 1.4 illustrates overall decomposition and recomposition of Ph.D. process.

Figure 1.4: Overall decomposition and recomposition of Ph.D. process [23])
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CHAPTER 2
BACKGROUND AND LITERATURE REVIEW

2.1 Unconventional Operational Characteristics of UAM

2.1.1 VariousVehicle DesignsandPerformances

UAM marks a radical shift from conventional aviation characterized by diverse vehicle
designs and performance capabilities. Unlike the more uniform design standards of con-
ventional aircraft, UAM vehicles span a broad spectrum of con gurations. According to
the Electric VTOL News by the Vertical Flight Society (VFS) [24], there are over 500 pro-
posed UAM concepts and design con gurations from legacy aerospace original equipment
manufacturers (OEMSs), automotive companies, and emerging startups. Key con gurations
include vectored thrust, lift+cruise, and multicopter, each offering different levels of ma-
neuverability, range, and endurance.

Vectored thrust vehicles manipulate their thrust in various directions to improve con-
trol and maneuverability. Lift+cruise con gurations separate lift and horizontal propulsion
mechanisms by leveraging dedicated lift systems for takeoff and landing and xed-wing
propulsion systems for cruising. Multicopters, characterized by their multiple rotor system,
provide excellent hover and VTOL performance; however, they are typically constrained
by limited range and endurance, a consequence of less ef cient lift mechanisms during

cruise phases.

Observation

Heterogeneous aircraft performances of various UAM con gurations must be care-

fully considered in ight management.
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2.1.2 Low-LevelFlying in UrbanCities

Many ConOps documents [5, 12, 9, 25, 11] anticipate UAM operating at low heights,
mostly 1;000to 5;000 ft AGL, which presents several potential problems. One of the pri-
mary challenges of low-level urban operations is the increased risk of encountering obsta-
cles, including permanent structures (e.g., high-rise buildings and communication towers)
and temporary structures (e.g., tower cranes). Additionally, operating at low altitudes make
aircraft subject to turbulent air ows and variable wind patterns created by the urban to-
pography, which affects the stability and control of UAM vehicles. Moreover, UAM may
intersect with other concurrent low- ying traf ¢, including helicopters engaged in medi-
cal or law enforcement missions. Given that existing airspace regulations were not initially
designed to accommodate UAM traf c, new regulations and procedures for trajectory man-

agement need to be established.

Observation

Low-level operations in the compact and obstacle-rich environments of urban cities

increase collision risks, complex air ows, and airspace congestion.

2.1.3 \Vertical TakeoffandLanding

Vertical takeoff and landing enables aircraft to operate from compact spaces without the
need for extensive runways that require larger spaces. This allows VTOL aircraft to take
off and land at populated urban areas, offering point-point transportation solutions. How-
ever, VTOL operations demand the intense power levels to achieve vertical lift, placing
immense demands on the battery system and rapidly depleting energy reserves. Moreover,
these operations generate considerable heat. If not properly managed, the resulting high
temperatures in the electric propulsion systems can lead to thermal degradation of battery
cells, diminishing their performance and lifespan. Effective cooling mechanisms are es-

sential to prevent heat accumulation and mitigate safety risks, including the potential for
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thermal runaway in batteries.

Vertical takeoff and landing exert high power and energy requirements, thereby] re-
sulting in accelerated depletion of energy reserves and considerable heat generation

within the electric powertrain systems.

2.1.4 Limited EnergyReserves

Limited energy storage capacity is a primary concern for the UAM operations. Despite
advancements in lithium-ion battery technology that enable the emergence of UAM, these
also inherently limit the operating range and endurance. Current battery technologies offer
an energy density markedly lower than traditional aviation fuels, approximately two orders
of magnitude less [26]; for instance, lithium batteries provide araB@W h=kg com-

pared to jet A-1 fuell1;888 W h=kg. The insuf ciency in usable energy can induce “range
anxiety” for pilots, restricting not only the mission's range and endurance but also the ca-
pacity for in- ight adjustments and responding to contingencies. The traditional aircraft
have historically bene ted from the reserve fuel to accommodate deviations from planned
routes, which provide pilots a broader margin for operational decision-making under un-
certainties. In the case of eVTOLSs, the constrained energy reserves require more rigorous
energy management in the stage of strategic trajectory management to leave margins for

unforeseen in- ight events and safe completion of missions.

The lower energy density of contemporary batteries, relative to conventional avia-

tion fuels, not only limits the operational range but also constrains in- ight exibil

ity necessary for handling unpredictable en-route circumstances.
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2.1.5 NonlinearBatteryDischargeBehaviors

The shift from internal combustion engine (ICE) propulsion to electric propulsion intro-
duces batteries as the primary energy source in eVTOL aircraft, presenting complex and
non-linear power and energy extraction behaviors. Unlike ICE aircraft, where power and
energy extractability remain relatively constant and predictable throughout ights based on
remaining fuel quantity, battery-powered aircraft face challenges in accurately determin-
ing extractable power and energy owing to the dynamic behavior of batteries depending
on various factors, such as remaining energy onboard, battery's health, and operating tem-
peratures. Speci cally, the power and energy output from batteries can signi cantly be
in uenced by factors, such as battery voltage under load, current draw, SOC, and tempera-
ture during discharges. Particularly, lithium-ion batteries are highly sensitivity to ambient
temperature conditions; for example, in colder environments, chemical reactions within the
battery decelerate and internal resistance escalates, consequently diminishing the available

power and energy output [27].

Observation

Batteries exhibit non-linear discharge behaviors that complicate the estimation of

available power and energy for ights.

2.1.6 ElectricalandThermalConstraints

Effective thermal prediction and management of batteries and powertrain components be-
come imperative by the adoption of electric propulsion. Electrical and thermal constraints
must be thoroughly managed to avoid operational failures. For instance, batteries must op-
erate within speci ¢ temperature ranges to avoid thermal runaway—a condition where ex-
cess heat causes a self-sustaining chemical reaction leading to potential failure or re [28].
Similarly, powertrain components, such as inverters and motors, also have prescribed ther-

mal thresholds to prevent overheating and ensure longevity. If these components are not
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maintained within safe operating limits, they may experience accelerated wear, decreased
performances, or sudden failures.

In addition to thermal constraints, electrical constraints, such as voltage drop and cur-
rent limits within batteries, are equally critical in electric propulsion systems. \oltage
drop, which is the decrease in voltage as current travels through an electrical circuit, must
be maintained to ensure optimal performance of electrical systems. Excessive voltage drop
can lead to insuf cient power delivery, directly affecting the ability of aircraft to generate
suf cient thrust for ights. All in all, all components need to operate within their speci ed

electrical and thermal limits for the safety and performance of eVTOL UAM vehicles.

Precise electrical and thermal prediction and their management are required to en-
sure that components operate within safe temperature ranges and prevent potential

safety hazards during ights.

2.2 The UAM Operating Environment

Diverse UAM operating environments have been proposed to meet the needs of different
types of urban areas and the unique challenges that they present, as delineated in Table 2.1.
The different urban environments have different characteristics, such as building heights,
population densities, traf c ows, and land use patterns. These characteristics can affect
the type and frequency of UAM operations that can be supported, as well as the safety,
ef ciency, and social acceptability of these operations. For example, in a dense downtown
area with tall buildings, it may be more dif cult to establish takeoff and landing zones
(TLZs) due to limited space and potential con icts with other infrastructure, such as utility
lines and tall buildings. In this case, a layer or corridor-based UAM operating environment
may be more appropriate, as it allows UAMs to y at different altitudes or along prede ned

routes that avoid obstacles and minimize noise and visual impacts.
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In contrast, in a suburban or rural area with low-density housing and dispersed land
uses, there may be more space for establishing dedicated TLZs, which could enable direct
point-to-point UAM operations without the need for corridors or layers. However, the lower
population density may also mean that there is less demand for UAM services, which could
affect the economic viability of UAM operations in that area.

Overall, the choice of UAM operating environment depends on a variety of factors, in-
cluding the local context, regulatory requirements, technology readiness, and stakeholder
preferences. By developing diverse UAM operating environments that are tailored to dif-
ferent urban contexts, it may be possible to expand the range of UAM applications and
improve their overall feasibility, safety, and acceptability.

During the early stages of UAM operations, ights may be limited to structured airspace,
as stated in the FAA's concept of operations [5]. Structured airspace may make detour
routes, leading to inef cient ights in time and energy aspects. As electric aircraft are sub-
ject to their limited energy storage capacity, it requires more ef cient routes. In response, as
UAM operations advance, ights are expected to be conducted in more widespread opera-
tional areas [7]. With advanced technologies under the DFR ights, the UAM aircraft may
bene t signi cantly from the application of a user-preferred optimal 4DT in Free Route
Airspace. On top of the free route airspace concept, NASA [7] has de ned the UAM op-
erating environment (UOE) in metropolitan areas where UAM aircraft should y within.
The purpose of the UOE is to manage primarily the operations of UAM aircraft and prevent
potential traf ¢ con icts with the existing traf c. Each metropolitan area's UOE is estab-
lished and customized to meet the speci ¢ requirements of that area, such as the building
height, terrain, or the arrangement of controlled airspace.

When accounting for the above observations, this research would assert as follows:
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Asssertion

The UAM aircraft under the DFR will be capable of following an optimal and

con ict-free trajectory in UOE, which is managed by an automation system.

2.3 Status Quo of UAM Flight Management System Development

The UAM industry is currently in its early stages, and there is currently a lack of standard-
ization and regulations for UAM operations. Nevertheless, there are concerted efforts from
governmental bodies, the industry, and academic institutions to propel the development of

UAM ight management systems.

2.3.1 Government

Government agencies worldwide are actively crafting and conceptualizing ight manage-
ment frameworks for UAM. In the United States, NASA has proposed a concept of dynamic
path planning automation system to assist UAM operators, ATC, and pilots in navigating
and managing ight paths [32, 33]. Moreover, the NASA is also advancing an automated
ight and contingency management project at supporting scalable medium-density UAM
operations at UAM Maturity Level (UML)-4 [34]. Similarly, the European Union Avia-
tion Safety Agency (EASA) has established a working group on UAM and has introduced
a concept of en-route alternate vertiports for UAM aircraft to land under off-nominal cir-
cumstances in the air [35]. Despite ongoing efforts to propose and design UAM ight man-
agement, the efforts have been limited to architecture development thus far. Additionally,
the FAA in the U.S. is actively engaging in regulatory framework development to integrate
UAM operations into the national airspace system safely. Collaborative initiatives such as
the UAM Grand Challenge aim to bring together industry players to test and validate UAM
technologies and operational concepts in a controlled environment.

Despite these proactive measures, the majority of the work remains in the conceptual
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and architectural phase, with actual deployment and comprehensive regulatory standards
still in development. The focus has been primarily on establishing foundational guidelines
and frameworks to support future UAM operations, rather than on full-scale implementa-

tion.

While there are many governmental initiatives underway to formulate concepts and
architectures for UAM ight management, actual implementation and the establish-

ment of universal standards are still in the preliminary stages.

2.3.2 Industry

The UAM industry is experiencing rapid growth with companies like Joby, Volocopter,
Lilium, and EHang leading technological innovation. These entities are not just dedicated
to crafting UAM vehicles but also actively developing ight planning and contingency
management systems tailored to the unique demands of eVTOL operations. Beyond these
companies, established aviation giants such as Airbus and Boeing are investing heavily in
UAM technology and conducting extensive research on UAM operations.

In the traditional aviation industry, RocketRoute offers ight planning software de-
signed to streamline ight plan ling and management for general and commercial ights [36].
Honeywell Aerospace's GoDirect application is another example of worldwide ight plan-
ning service that provides customers with assistance from ight data specialists to prepare
an ef cient ight plan [37]. Moreover, ForeFlight Dispatch delivers comprehensive route
planning, advising, and alternate routing solutions, catering to the needs of pilots, dispatch-
ers, and operators [38]. A standout innovation is Garmin Autonomi's Autoland system,
integrated into the Cirrus Vision Jet, which empowers passengers or crew members to exe-
cute a safe landing at the press of a button. This system automatically identi es the nearest

appropriate airport, communicates with ATC, and completes the landing process [39].
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While the current ight and contingency planning technologies have been effectjve
for conventional xed-wing aircraft, it is crucial to adapt these systems for UAM
aircraft, given their unique characteristics and the complexities of urban airspace

navigation.

2.3.3 Academia

In recent years, signi cant efforts have been made to develop ight planning tools from
the academia side. For instance, Tang et al. [40] presented a ight planning system that
utilizes the visibility graph to build a route network in low-altitude airspace and generates
con ict-free trajectories within the network. Although the system was successfully demon-
strated in effectively managing high-density UAM ights in the constructed network, the
authors did not optimize the airspeed for all ights, and the system did not account for the
battery energy consumption associated with each origin-destination trip. Zhu and Wei [41]
proposed a pre-departure con ict-free trajectory planning system that employs the dynamic
geofence concept, which creates a moving volume around an aircraft to reserve airspace.
However, the trajectory planning methodology suggested in the paper does not take into
account the need to avoid restricted airspace. In contrast, Kim and Atkins [42] proposed
the use of airspace geofencing in ight planning for small unmanned aircraft systems in

urban areas.

While previous studies have made signi cant strides in developing ight planning
systems for UAM operations, they have yet to fully consider all operational charac-

teristics of UAM vehicles.

Ayhan et al. [43] developed a pre- ight contingency planning system to address ir-
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regular aircraft operations by providing guidance to xed-wing unmanned aerial vehicles
for safely landing at an emergency landing site in the event of a complete loss of thrust.
However, the system'’s ability to respond to unexpected off-nominal situations during ight

is limited unless such situations have been entirely predicted and prepared for before the
ight. Mudumba [44, 45] created a framework for contingency planning and risk mitiga-
tion under in- ight power failure scenarios of UAM aircraft. Meanwhile, Ortlieb et al. [46]
introduced a contingency management for UAVs, consisting of an of ine phase for pre-
computing a trajectory tree with paths to destination and diversion points, and an online
phase for selecting the optimal precomputed path during contingencies. This approach
ensures safety and regulatory adherence by using pre-determined trajectories, rather than
dynamically updating new routes in real-time. Consequently, the dynamic adjustments to

immediate changes is constrained.

The contingency planning framework developed in the papers has automated the
tasks of contingency planning but the framework does not address en-route contin-

gency situations that may arise during the ight.

2.4 Summary

In this chapter, an in-depth literature review is conducted, focusing on the operational char-
acteristics and conceptual frameworks for operating environments of eVTOL UAMs. Sub-
sequently, current efforts to realize UAM from government, industry, and academia per-
spectives are examined. The ndings of the literature search revealed the following list of

observations:
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1.

. While there are many governmental initiatives underway to formulate ca

Heterogeneous aircraft performances of various UAM con gurations must

carefully considered in ight management.

Low-level operations in the compact and obstacle-rich environments of urk

cities increase collision risks, complex air ows, and airspace congestion.

thereby resulting in accelerated depletion of energy reserves and consi

able heat generation within the electric powertrain systems.

be

Dan

. Vertical takeoff and landing exert high power and energy requirements,

der-

The lower energy density of contemporary batteries, relative to conventional

aviation fuels, not only limits the operational range but also constrains in-

ight exibility necessary for handling unpredictable en-route circumstances

5.

Batteries exhibit non-linear discharge behaviors that complicate the estima-

tion of available power and energy for ights.

Precise electrical and thermal prediction and their management are requ
to ensure that components operate within safe temperature ranges and pré

potential safety hazards during ights.

cepts and architectures for UAM ight management, actual implementati
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and the establishment of universal standards are still in the preliminary stages.

While the current ight and contingency planning technologies have been
fective for conventional xed-wing aircraft, itis crucial to adapt these systen
for UAM aircraft, given their unique characteristics and the complexities

urban airspace navigation.
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9. While previous studies have made signi cant strides in developing ight

planning systems for UAM operations, they have yet to fully consider a

operational characteristics of UAM vehicles.

10. The contingency planning framework developed in the papers has automated
the tasks of contingency planning but the framework does not address |en-

route contingency situations that may arise during the ight.

The list of observations leads to the overarching research gap as follows:

Overarching Research Gap

A signi cant gap exists in the availability of an integrated framework that not
only generates energy-ef cient and collision-free trajectories within urban airspace,
while predicting battery and thermal behaviors along the course. In addition, this
framework must dynamically adapt planned trajectories to evolving ight condi-

tions and in- ight contingencies.
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CHAPTER 3
RESEARCH FORMULATION

3.1 Research Objective

This research began with an introduction to UAM as an emerging mode of air transportation
and its key characteristics in Chapter 1. Three motivating observations were identi ed and
led to the overarching motivation for the necessity of an automated trajectory management
framework for eVTOL aircraft. In Chapter 2, we delved into the background and conducted

a literature review to elucidate the detailed operational characteristics that differentiate and
challenge trajectory management in UAM. We also explored the current regulatory and
technical efforts aimed at realizing the safe and ef cient UAM ights. From this extensive
review, ten observations were identi ed, highlighting the lack of a comprehensive trajectory
management framework development. These observations de ne the research gap that this
dissertation seeks to |l

To bridge this gap, this research objective is established as follows:

Research Objective

Develop an automated trajectory management framework for eVTOL UAM aircraft
to enable safe, energy-ef cient trajectory generation and dynamic adjustments in

response to evolving ight circumstances.

3.2 Overview of Research Plan

To ful Il the research objective, the research plan is structured with the Overarching Re-

search Question:
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Overarching Research Question

What components are necessary to develop an automation framework that effec-
tively manages UAM trajectories throughout the entire mission? If developed, what

tangible bene ts will the framework deliver to stakeholders?

This question delves into necessary elements for creating an automated trajectory man-
agement framework and explores the prospective advantages for stakeholders (i.e., UAM
operators and pilots) involved in ight management tasks. The proposed framework is un-
derpinned by two principal components: the strategic planner and tactical planner. The
rst element, strategic planner, is tasked with creating comprehensive pre-departure tra-
jectories from takeoff to landing, emphasizing energy ef ciency and collision avoidance
within the urban landscape, while considering powertrain limitations. The second element,
tactical planner, focuses on adhering to these strategic plans and allowing for real-time
adjustments based on the latest environmental and operational data. It also help manage
en-route diversions, aiding pilots in selecting best alternate aerodrome and recalibrating the
diversion trajectory accordingly. The conceptanitomation is central to this framework,
automating the generation of pre-departure trajectories and continuously managing ight
paths in real-time with updated aircraft and powertrain state information.

To establish the aforementioned key components, the overarching question is dissected

into two Formulating Questions, laying the groundwork in this research:

Formulating Question 1

How can the strategic planner be established to generate energy-ef cient and
collision-free eVTOL trajectories in urban environments, particularly considering

powertrain limitations?
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Formulating Question 2

How can the tactical planner be created to dynamically revise planned trajectories
and manage in- ight contingencies in response to changing operating conditipns

and potential subsystem degradations?

Once the required strategic and tactical are established, the automation framework can

be created, and the Overarching Research Hypothesis is established:

Overarching Research Hypothesis

The proposed automation framework with strategic and tactical planners will endble
the generation of energy-ef cient, collision-free trajectories and dynamic in- ight

adjustments. This framework will bene t UAM operators by providing compre

hensive pre-departure plans under operational and powertrain constraints, and aid
pilots by facilitating real-time trajectory updates and informed diversion decision

during in- ight contingencies.

This hypothesis is validated through Overarching Research Experiment that demon-
strate the capability of developed framework in real-world use-cases. This demonstration
completes this dissertation, achieving Research Objective. Figure 3.1 provides a visual
representation of the entire research plan.

The next sections will delve into technical approaches related to strategic and tacti-
cal trajectory planners, providing a detailed exposition of methodologies and algorithms

employed to optimize eVTOL trajectories within the urban airspace.

3.3 Strategic Trajectory Management

The Formulating Question 1 examines the establishment of strategic planner capable of

crafting a complete trajectory that spans the entire mission cycle of eVTOLSs, from depar-
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ture to arrival. The mission pro les of eVTOL aircraft are expected to include phases such
as vertical takeoff, transition to wing-borne ight, climb, cruise, descent, transition back to
hover, and vertical landing. To accurately simulate a complete trajectory, the computation
of aircraft and powertrain states throughout the ight is important. To this end, three key

enablers are identi ed:

1. Vertical takeoff and landing modeling: This model aims to simulate aircraft states
during phases from vertical takeoff to the transition to xed-wing mode at departure
and mirrors this process from transition to hover to vertical landing at arrival. It is
presumed that the departure and arrival procedures are standardized to streamline the
workload of vertiport operators and ensure their safe traf c management, similar to

current practices performed over terminal airspace around airports.

2. Of ine trajectory planning : This takes the helm for the remaining ight phases,
ranging from climb, cruise, to descent. The trajectory planning is tasked with proac-
tively managing trajectories of multiple vehicles, aiming to minimize battery energy

usage while ensuring collision and obstacle avoidance for safe ights.

3. Electric powertrain modeling: This model encompasses both battery discharge and
thermal models to simulate powertrain states, including battery discharge character-
istics and temperature variations based on power requirements and operating condi-
tions, respectively. These models are crucial for predicting energy consumption and
electrical pro les within batteries and thermal states of powertrain components to

ensure safe pre-departure assessments.

3.3.1 Ofine TrajectoryPlanning

In the domain of trajectory planning, this research examines both path and trajectory plan-
ning methodologies, distinguishing between the two by the incorporation of temporal el-

ements in trajectory planning. This distinction is particularly crucial for dynamic envi-
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ronments where precise timing and velocities are paramount. This study then investigates
various trajectory planning methods, including sampling-based, node-based, optimization-
based, and bio-inspired methods, each with distinct strengths and limitations. Through
a comprehensive performance evaluation based on criteria like feasibility, optimality, de-
con iction, and computational ef ciency, optimization-based methods emerge as the most
suitable for creating feasible, optimal, and decon icted trajectories within a manageable
computational timeframe.

Optimization-based methods systematically formulate trajectory planning tasks as opti-
mization problems, where mission objectives are achieved within the constraints of vehicle
dynamics, ensuring the generation of optimal trajectories within the vehicle's physical ca-
pabilities. Among the variety of methods available, Mixed-Integer Linear Programming
(MILP) emerges as the preferred approach, mitigating the computational complexity of
non-linear programming methods through linear approximations and integrating logical
conditions and conditional constraints into trajectory planning problems.

In the literature, MILP methods have been demonstrated in two-dimensional trajectory
optimization applications, where aircraft are assumed to cruise at constant altitudes. How-
ever, these approches often neglect the necessity of optimizing climb and descent phases,
which are pivotal for eVTOL operations, as these phases account for the majority of their
short-range ights. In response to this limitation, some studies have attempted to extend
MILP to three-dimensional spaces, primarily in the realm of UAVs. Nevertheless, these
studies have limited consideration for the operational complexities inherent to manned
ights, such as regulatory constraints and standard ight procedures. Consequently, this
research aims to bridge this gap by tailoring the MILP formulation to encompass these

crucial operational constraints. To this end, the following research question is posed:
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Research Question 1.1

How can the existing MILP formulation be tailored to integrate operational con-

straints of manned ights without signi cantly increasing computational overhead?

Given the above statements, the following research hypothesis is proposed:

Research Hypothesis 1.1

The proposed MILP formulation will optimize manned ight trajectories within a
manageable timeframe, accurately capturing ight phase transitions and determin-

ing cruising altitudes compared to existing MILP formulations.

To validate the Research Hypothesis 1.1, Research Experiment 1.1 evaluates the effec-
tiveness of the proposed MILP model in generating optimal trajectories for eVTOL aircraft
within urban airspace, ensuring compliance with airspace rules. The experiment is con-
ducted in two parts: Research Experiment 1.1(a) visually compares trajectories generated
by the original and re ned MILP models, while Research Experiment 1.1(b) quantitatively
evaluates both models on computational ef ciency, considering varying urban scenarios
and aircraft numbers. Additional details for Research Experiment 1.1 can be found in Sec-

tion 4.3.6.

3.3.2 ElectricPowertrainModeling

Electric powertrain modeling is essential for simulating the behavior of propulsion sys-
tems during eVTOL ights. In contrast to conventional fuel-based engines, electric power-
trains—comprising batteries, inverters, and electric motors—offer a sustainable alternative
with enhanced energy ef ciency and reduced emissions. However, these systems are facing
signi cant challenges, primarily due to their substantially lower energy density compared

to aviation fuels; thus, it necessitates ef cient energy utilization during ights to maximize
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operational range and endurance. Furthermore, the non-linear discharge characteristics
of batteries and their temperature sensitivity demand precise modeling to accurately pre-
dict power and energy availability and mitigate thermal and electrical risks. As a result,
this research attempts the battery discharge and powertrain thermal modeling for detailed
simulation of battery discharge under various conditions and thermal pro les during the
pre-departure stage.

Prior to modeling battery discharge behaviors, this study rst attempts to select a lithium-
ion battery suitable for eVTOL operations. The lithium-ion battery consists of anode, cath-
ode, electrolyte, and separator components, which collectively facilitate the ow and stor-
age of lithium ions. The choice of cathode material signi cantly in uences the battery's
performance, particularly in terms of energy density, safety, and lifespan. In the context
of eVTOL ight applications, the battery selection process prioritizes high speci ¢ energy
and power to ensure extended ight range and the capacity to manage power-intensive
tasks required during vertical takeoff and landing. To evaluate and select the optimal bat-
tery, speci c energy, speci c power, and charge/discharge rates are assessed. Among the
candidates, the Molicel P45B battery was selected due to its balanced combination of high
speci ¢ power and favorable charge/discharge rates, rendering it well-suited for the de-
manding requirements of eVTOL operations.

With the successful battery selection, discharge behavior of batteries is examined to un-
derstand their performance under loaded. The focus is on the open-circuit voltage (OCV)
and its decline with increasing depth of discharge (DOD) or decreasing state of charge
(SOC), in uenced by internal resistance changes affected by SOC, temperature, and bat-
tery aging. Various modeling approaches are considered, and the Equivalent Circuit Model
(ECM) is chosen for its balance of accuracy and computational ef ciency. Parameters for
the chosen battery are extracted from manufacturer data, using polynomial tting to accu-
rately represent the relationship of OCV with SOC and temperature-dependent resistance

characteristics. For the validation of model, this study compares simulated discharge curves
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with manufacturer data, demonstrating its effectiveness in capturing battery discharge be-
haviors.

The thermal modeling enables to understand and predict the thermal behaviors of pow-
ertrain components during operations. Effective thermal prediction is emphasized to ensure
that components operate within safe temperature ranges to prevent performance degrada-
tion, reduced lifespan, and safety risks. While detailed numerical and computational uid
dynamics models offer precise thermal behavior predictions, their computational intensity
may be impractical in the context of trajectory optimization of multiple eVTOL aircraft
trajectories. Thus, this study employs a simpli ed thermal modeling approach, focusing on
three key assumptions: uniform temperature distribution within components, steady-state
heat generation, and linear heat dissipation. These assumptions streamline the modeling
process, making it feasible for high-level eet management and strategic planning in eV-
TOL operations. Speci cally, the simpli ed model discusses power relationships through
a series of powertrain connection and the energy transfer from batteries to inverters and
motors. It also covers heat generation in batteries and powertrain components, attribut-
ing it to electrical resistance and operational inef ciencies. Heat dissipation mechanisms,
including air cooling during ight and natural convection on the ground, are considered
to maintain component temperatures within operational limits. Using the heat generation
and dissipation rates, the model calculates temperature changes in powertrain components.
This approach, while less detailed than full-scale numerical models, provides a practical
and computationally ef cient means to predict thermal pro les in powertrain systems.

Lastly, we attempt to incorporate the developed battery discharge and thermal models
into the MILP framework to optimize trajectories while considering thermal and electrical
constraints. To achieve this, the non-linear equations representing the thermal and electrical
behaviors of the powertrain are linearized using a piecewise linearization, which approx-
imates complex curves with multiple straight segments. The piecewise linear approach is

chosen for its ability to closely approximate the original non-linear functions and also al-
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lows for ease setting in commercial mathematical programming software such as Gurobi
optimizer. Key elements, such as the OCV of the battery, total electrical resistance, and
cell current, are linearized to match their non-linear counterparts within aircraft operational
ranges. For example, the OCV is linearized across various states of SOC segments, and the
total resistance is considered constant within typical operating temperature ranges to sim-
plify the model without signi cantly compromising accuracy. Once the linearized models
are validated by presenting close alignments with actual behaviors of original models, they
are integrated into the MILP formulations.

The following research question is inquired as follows:

Research Question 1.2

How can integrating the electric powertrain model into strategic planning process

enhance the operational safety of eVTOL ights?

Given the above statements, the following research hypothesis is proposed:

Research Hypothesis 1.2

The integration of the electric powertrain model will improve the operational safety
by enabling pre-departure safety assessments that help prevent the risk of energy

shortages and breaches of electrical and thermal limits during ight operations.

. J/

To test Research Hypothesis 1.2, Research Experiment 1.2 aims to evaluate the impact
of incorporating the powertrain model into the safety and operational performance of eV-
TOL ights. The experiment designs various ight scenarios with changing mission speci-
cations, powertrain component conditions, and environmental factors in order to test how
these elements in uence eVTOL operations. In the experiment, parameters, such as trip
distance, passenger count, initial SOC, battery health SOH, and initial component temper-

atures, are systematically adjusted to simulate a range of operational scenarios that aircraft
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may encounter. The detailed experiment is illustrated in Section 4.4.6.
Steps and processes required for validating Research Hypotheses 1.1 and 1.2
lead to the development the strategic trajectory planner and can answer Research

1 by Research Hypothesis as follows:

Research Hypothesis 1

The strategic planner will enable the generation of collision-free and energ
ef cient trajectories of battery-powered VTOLs within diverse urban landscap

under thermal and electrical constraints, if

» The proposed Mixed-Integer Linear Programming optimizes energy-ef cie
manned trajectories that enable urban obstacle avoidance and traf c sep

tion;

» The integrated electric powertrain model facilitates pre-departure safety
sessments through prediction of battery discharge and powertrain compot

thermal pro les

naturally
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3.4 Tactical Trajectory Management

Research Question 2 addresses the development of a tactical trajectory planner

adjust the planned trajectory in real-time and, under severe in- ight contingencies, help

identify the best alternate aerodrome and guide aircraft in distress to the updated new des-

tination. To facilitate the aforementioned features, two key enablers are identi ed:

1. Online trajectory planning. Compared to the of ine trajectory planning, wh

creates a complete trajectory from takeoff to landing in the preparation of

this enabler allows for continuous recalibration of the trajectory, responding updated

environmental data and aircraft/powertrain states.
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2. En-Route diversion decision-making and planning This component enables to
make crucial decisions for aircraft facing en-route contingencies in real-time. This
helps determine the most suitable diversion site based on severity of the situation
and remaining onboard energy levels. Once a diversion destination is chosen, it
coordinates the trajectory of aircraft with other traf cs to mitigate potential con icts

during the diversion process.

3.4.1 OnlineTrajectoryPlanning

Online trajectory planning focuses on real-time generation and modi cation of ight paths
to adapt to changing operational conditions. Unlike of ine planning, which establishes
complete trajectories beforehand, online planning dynamically updates paths in response to
immediate changes, aiming for local optimality based on current environmental and perfor-
mance data. This real-time adaptability is crucial for handling unpredictable changes and
maintaining operational safety and ef ciency. Similar to the appropriate selection of of-
ine trajectory planning in our research context in Section 3.3.1, various methodologies for
online trajectory planning are introduced, highlighting the applicability of each method in
dynamic environments. First, Predictive Control Methods, such as Receding Horizon Con-
trol (RHC), forecast future trajectories based on current states and constraints, adjusting
paths in real-time to navigate through dynamically changing environments. Next, Reactive
Planning Methods immediately respond to changes using techniques like potential elds to
navigate around obstacles. Lastly, Adaptive Learning Methods such as reinforcement learn-
ing improve their prediction ability by continuously learning historical data. Given the need
for rapid decision-making in dynamic ight conditions, this research integrates the RHC
with the developed MILP framework from the strategic management chapter. Their com-
bination, called RH-MILP, iteratively predicts and optimizes the system's actions based on
a moving time window, ensuring optimized responses in the immediate future. By doing

so, the exibility of RHC in adjusting to short-term changes complements the structured

36



approach of MILP to aligning with overall mission goals, forming a robust online trajectory
planning system for tactical management in eVTOL operations. The primary advantage of
Receding Horizon MILP (RH-MILP) lies in its capacity for real-time adjustments, which
are a feature not available in standalone mixed-integer linear programming (MILP) due to
online computational limitations. This distinction raises a critical research question regard-

ing computational ef ciency, which is articulated as follows:

Research Question 2.1

What is the computational performance of the Receding Horizon MILP methpd
relative to standalone MILP in generating energy-ef cient trajectories for eVTOL

operations?

To address this question, we posit the following research hypothesis:

Research Hypothesis 2.1

Receding Horizon MILP will generate real-time, energy-ef cient trajectories for ja
large number of eVTOL aircraft in less than a second, markedly outperforming the

computational time required by standalone MILP.

To test the Research Hypothesis 2.1, Research Experiment 2.1 evaluates the compu-
tational ef ciency of the RH-MILP approach for real-time trajectory generation of eV-
TOL aircraft, focusing on runtime, and the number of constraints and decision variables.
This experiment simulates various ight scenarios with adjustments in speci ¢ parameters
with scenarios designed to re ect different operational conditions. The detailed experiment

setup and result can be seen in Section 5.2.3.
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3.4.2 En-RouteDiversionDecision-MakingandPlanning

En-route diversion in aviation is a critical aspect of ight operations, triggered by unex-
pected situations, such as mechanical failures, medical emergencies, adverse weather, air
traf ¢ advisories, or security threats. These situations necessitate diverting an aircraft to
an alternate aerodrome, which could include airports, heliports, or vertiports, instead of
landing at the intended destination.

The decision-making process for en-route diversion in the context of UAM is complex,
in uenced by various factors including the aircraft's remaining range and energy reserves,
minimum yover populations, terrain and obstacle clearance, weather conditions, land-
ing site characteristics, and available aerodrome facilities. This decision-making becomes
more challenging due to the quick response needed in contingency situations, leading to
high pressure on pilots who must make rapid, yet safe decisions. The unique operational
challenges of eVTOL aircratft, like limited energy reserves and the intricate nature of battery
discharge behaviors, add complexity to diversion decision-making. These factors under-
score the necessity for advanced support systems that can aid pilots in making timely and
effective decisions during in- ight diversions, ensuring passenger safety and operational
ef ciency.

To address in- ight contingencies for UAM operations, the research question is raised:

Research Question 2.2

How can in- ight contingency situations be managed to support pilots in making

timely and effective diversion decisions under pressure?

Given the above statements, the following research hypothesis is proposed:
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Research Hypothesis 2.2

A diversion decision-making and planning tool that integrates decision-logic with
MILP strategic and RH-MILP tactical planners will effectively and promptly man-
age in- ight contingencies by automatically identifying the best alternate site and
generating collision-free and energy-ef cient diversion trajectory, considering the

real-time states of aircraft and powertrain systems.

Augmenting the Research Hypothesis 2.2, this study introduces a diversion decision-
making and planning tool that integrates a MILP-based strategic planner and an RH-MILP-
based tactical planner with a decision logic module. This tool is designed to dynamically
determine the best alternate destination based on the current state of the aircraft and the
severity of contingencies. The operational ow of the tool is systematic and consists of
ve key steps. Initially, a comprehensive pre-departure trajectory plan is established for
all aircraft using the MILP strategic planner. Once the ight commences, the RH-MILP
tactical planner continuously re nes the ight path, ensuring adherence to the pre-planned
trajectory unless a contingency arises. If such a situation is detected, the tool immediately
classi es potential diversion sites based on the aircraft's current position and generates
alternative trajectories using the MILP planner. The decision-logic module then evaluates
the optimal landing site, prioritizing minimum ight time or safer CTOL based on the
operational status of the aircraft and its powertrain systems. After the diversion decision,
the RH-MILP tactical planner manages the trajectory adjustments for all vehicles, with a
priority focus on the distressed aircraft to ensure a safe diversion to the selected site.

Research Experiment 2.2 aims to validate the effectiveness of a diversion decision-
making and planning tool in managing in- ight contingencies, thereby supporting pilot
decision-making during en-route diversions. This experiment encompasses two scenarios:
one simulates a diversion necessitated by the unexpected closure of the designated verti-

port, while the other addresses an emergency diversion caused by a partial battery pack
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disconnect, threatening potential system failure. The detailed experiment setup and results

can be seen in Section 5.3.3.
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CHAPTER 4
STRATEGIC TRAJECTORY MANAGEMENT

4.1 Chapter Overview

The Overarching Research Question in Chapter 3 leads to two primary questions. This

chapter addresses the rst principal question:

Formulating Question 1

How can the strategic planner be established to generate energy-ef cient and
collision-free eVTOL trajectories in urban airspace, particularly considering pow-

ertrain limitations?

The Formulating Question 1 delves into the development of a strategic planner capable
of optimizing energy-ef cient and collision-free trajectories for eVTOLSs in urban envi-
ronments, with a keen focus on addressing powertrain constraints. The strategic planner
aims to devise a comprehensive trajectory plan that spans the entire mission from takeoff

to landing. To construct a strategic planner, three essential components are identi ed:

1. Modeling of Vertical Takeoff and Landing. This component focuses on modeling
vertical takeoff, transition to xed-wing ight, and the subsequent reverse transition
leading to vertical landing. The modeling assumes standardization of these proce-
dures for safe ight management near vertiports, analogous to current departure and

arrival procedures in airport terminal airspace.

2. Of ine Trajectory Planning . This component is responsible for proactively man-
aging trajectories of multiple eVTOLSs from climb to descent ight phases, aiming to

minimize energy usage while ensuring collision and obstacle avoidance.
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3. Modeling of Electric Powertrain. This involves developing detailed models of the
battery discharge and thermal behaviors, which are critical for predicting the energy

state and thermal dynamics of the powertrain components during the ight.

These three components collectively form the foundation of the strategic planner, enabling
the generation of safe and energy-ef cient pre-departure trajectories for eVTOLS, as illus-
trated in Figure 4.1. The subsequent sections elaborate on detailed modeling approach of

each component.

Figure 4.1: Overview of strategic planning framework

4.2 \ertical Takeoff and Landing Modeling

Vertical takeoff, level transition to wing-borne ight, level transition to hover mode, and
vertical landing represent critical phases in the operation of eVTOL aircraft, particularly in

the context of UAM.

 Vertical Takeoff This phase initiates the ight, where it lifts off from the ground ver-
tically until it reaches a predetermined altitude. The process involves a direct upward
movement, requiring signi cant power to overcome gravity and achieve lift. The rate
of climb and the height to be reached are crucial parameters, dictating the power-
train's energy consumption of the takeoff. The vertical takeoff phase is characterized
by the use of rotors or propellers to generate the necessary lift, with the aircraft's

systems focused on stabilizing and ascending vertically.
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» Level Transition to Wing-Borne FlightAfter reaching the desired altitude during
takeoff, the eVTOL transitions to wing-borne ight, where it begins to move hori-
zontally, transitioning from rotor-based lift to lift generated by its forwarding pro-
pellers and wings. This phase marks the transition from vertical to forward ight and
is crucial for shifting the aircraft's propulsion from primarily vertical lift components
to those designed for horizontal ight. The transition phase requires precise control
and power management to ensure a smooth change in ight dynamics, maintaining

stability and ef ciency.

» Level Transition to Hover ModéAs the eVTOL prepares to land or needs to hover,
it transitions from wing-borne ight back to hover mode. This involves reducing
forward velocity and re-engaging vertical lift systems to allow the aircraft to hover in
the air. This transition is critical for maneuvering in urban environments or preparing
for landing in con ned spaces. The process involves a gradual decrease in horizontal
speed and an increase in power to vertical lift components, balancing the aircraft to

maintain a stable hover.

 Vertical Landing The nal phase is the vertical landing, where the aircraft descends
vertically to land at its destination. Similar to vertical takeoff, this phase demands
precise control over the lift and descent rate to ensure a safe and controlled landing.
The vertical landing must be carefully managed to avoid rapid descent rates and
potential hard landings, requiring accurate monitoring of altitude and descent speed,

as well as effective powertrain management to maintain stability and control.

Figure 4.2 and Figure 4.3 illustrate detailed inputs and outputs during the VTOL phases in

the simulation.

43



Figure 4.2: Detailed modeling process for vertical takeoff and landing

Figure 4.3: Detailed modeling process for horizontal transitions

44



4.3 Of ine Trajectory Planning

4.3.1 TrajectoryPlanningandMethods

Path planning nds a collision-free route from start to goal points within a given environ-
ment. It entails the generation of waypoints—spatial coordinates that guide vehicles to
their destinations. Notably, path planning primarily provides a sequence of poses, includ-
ing positions and orientations, yet it excludes temporal elements and information such as
velocities or accelerations. Trajectory planning is an extension of path planning by incor-
porating the temporal dimension. This determines not only the path but also the manner
of movement, resulting in a series of time-stamped positions, velocities, and acceleration.
This is governed by various constraints, such as kinematics and/or dynamics of vehicle,
and obstacle and collision avoidance. This temporal aspect is especially critical in dynamic
environments where timing and speed are paramount.

Selecting the most appropriate path nding algorithm is pivotal to effective trajectory
planning. The choice of algorithm is in uenced by the speci ¢ requirements of the problem
at hand. Various methods have been employed in the areas of trajectory planning, and a

brief explanation of them are as follows:

» Sampling-Based Method§hese methods, such as Rapidly-exploring Random Trees
(RRT) [47, 48] and Probabilistic Roadmaps [49, 50], are popular for their ability
to handle high-dimensional state spaces and complex environments. They work by
randomly sampling the state space and building a path through these sampling, even-
tually reaching goals. However, they may not always provide optimal solutions and
can struggle with convergence and computational ef ciency in highly cluttered envi-

ronments

* Node-Based MethodsAlgorithms such as Dijkstra's [51] and A* [52, 53] fall un-

der this category. Also known as graph- or grid-based methods, they work well in

45



structured, static environments but can be limited in dynamic scenarios. They can

generate optimal trajectories and handle complex constraints and environments.

Optimization-Based MethodsThese methods optimize trajectories by formulating
problems as an optimization problem, where the objective is to minimize specic
criteria, such as time and energy ef ciency, subject to a set of constraints [54]. They
are powerful in incorporating complex vehicle dynamics but may struggle with non-

convex constraints and increased computational demand in complex problems [55].

Bio-Inspired MethodsThese methods include algorithms inspired by nature, such as
Genetic Algorithm (GA) [56, 57] and Particle Swarm Optimization [58]. They are

known for their robustness and time ef ciency in generating approximate solutions
that are often suf cient for practical applications. However, they may not guarantee
optimality or even feasibility in all cases due to their stochastic nature and can be

sensitive to initial conditions and parameter settings.

Table 4.1 also delineates a detailed overview of these methods, including descriptions,

representative algorithms, strengths, and limitations. As each method has its own set of

strengths and limitations, the choice of method depends on requirements of the specic

problem to be tackled.

For the purpose of selecting the most appropriate method for of ine trajectory planning,

this research identi es four criteria that re ect the unique operational characteristics of

UAM, as described in Section 2.1. These criteria encompass:

1. Feasible trajectory The capability to deliver trajectories that aircraft can actually

follow, considering performance parameters such as cruise speed and rate of climb.

2. Optimal trajectory The capability to devise trajectories that aligns with UAM op-

erators' business objectives, including but not limited to minimizing ight time or

energy usage,
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3. Decon icted trajectory The capability to produce trajectories that avoid not only
static obstacles (e.qg., terrain, buildings) but also dynamic ones (e.g., other aircraft,

weather hazards), and

4. Computational time ef ciencyThe ef ciency in computing trajectories for multiple
eVTOLs in urban landscapes, lled with potential obstacles, in a manageable of ine

timeframe while satisfying the aforementioned criteria.

Considering the strengths and limitations detailed in Table 4.1, the performance of the
trajectory planning methods was evaluated against the identi ed criteria. The results of
the performance evaluation are presented in Table 4.2. To further justify the performance

Table 4.2: Performance evaluation of trajectory planning methods based on the selected

criteria @," , and5 represent good, moderate, and limited, respectively)
Methods Feasibility Optimality Decon iction Time Efciency
Sampling-based Methods 3 " 3 5
Node-based Methods 3 3 3 5
Optimization-based Methods 3 3 3 "
Bio-inspired Methods " " 3 3

evaluation, we delve into the performance speci cs:

» Sampling-based methods exhibit pro ciency in generating feasible and collision-free
trajectories through state space sampling. They are marked as moderate in optimal-
ity due to their asymptotic optimality, which means the probability of approaching
optimal solutions increases with the number of samples [47]. The time ef ciency,
however, is compromised in high-dimensional state spaces where the larger number

of samples is required to adequately cover the space.

* Node-based methods generally excel in nding feasible, optimal, and decon icted
trajectories, backed by optimality guarantees and perform explicit collision checks.
Time ef ciency diminishes in complex, dynamic environments due to the necessity

to evaluate and store multiple path options in memory.
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» Optimization-based methods are designed to nd feasible, optimal, and decon icted
trajectories through de ning speci ¢ cost functions and constraints. Their computa-
tional demand varies with the problem's complexity and the nature of the decision

variables (i.e., continuous or discrete).

» Bio-inspired methods are able to generate feasible trajectories, but their effectiveness
in terms of feasibility and optimality is deemed moderate. They are notably time-
ef cient producing practical, near-optimal solutions. However, their stochastic nature

often results in variability in solution quality.

In accordance with the performance evaluation of four methods delineated in Table 4.2,

this research can identify the following observation:

Observation

The optimization-based methods present the most suitable approach for gengrat-
ing feasible, optimal, and decon icted trajectory within a reasonable computational

timeframe.

4.3.2 Mixed-IntegerLinear ProgrammingMILP) andLimitation

Optimization-based methods systematically address trajectory planning by framing the task
as an optimization problem. The objective is typically de ned to meet mission goals, while
constraints ensure adherence to dynamics of vehicles. This approach guarantees that the
resulting trajectories are not only optimal in terms of a speci ed cost function but also

feasible given the vehicle's physical capabilities. An optimal control problem [54, 68] is
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central to this approach and formulated as follows:

Z,
minimize J; = L(x(t);u(t);t)dt

subjectto x(t) = f (x(t);u(t);t)
g(x(t);u(t);t) O (4.1)
X (to) = Xo
h(X(tf);tf) =0

x(t) 2

Here,x (t) represents the system state veaidt,) is the control input vectot, is the run-
ning cost over continuous tim&,(t) is the derivative ok (t) with respect to time, antl
is a function that describes the system's dynamics, which can be linear or nonlinear. The
functiong denotes ight performance constraints (e.g., velocity, acceleration, thrust limits)
that must be satis ed at all timeésduring the trajectory, initial and terminal constraints are
found withx (tg) andh function, respectively, and signi es the obstacle-free space. For
the continuous-time optimal control problems described in Equation 4.1, however, nding
analytical solutions is dif cult or even impossible for nonlinear systems [69]. The complex-
ity primarily stems from solving the differential equations of nonlinear system dynamics
while optimizing a cost function over these dynamics.

To address the computational challenges inherent in continuous-time dynamics, the

problem is often discretized into nite time steps. This transformation facilitates a more
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manageable discrete-time optimal control framework as follows:

D( 1
minimize Jq = L(X¢;ue) t
t=0

subjectto X+ = X¢+ f(Xg;up) t t=0;::;N 1

o(Xg;ug) 0 t=0;:::;N (4.2)
Xo = X(to)
h(XN;tN) =0

This discrete approach delineates the continuous time domaimNovete time steps, with

state and control input vecto(g; u;) de ned at each interval. The dynamics equation is
approximated by a nite difference equation, where the change in thexst@ater one time

step is given byf (x¢;uy) t. The cost functiony becomes a summation over discrete
time steps. The inequality and equality constraints are enforced at each discrete time step,
and C°represents the discretized obstacle-free space. When the system dynamics or cost
functions are nonlinear, this problem can be treated as a form of nonliner programming
(NLP) and allows for the use of various NLP solvers and techniques to nd a solution.

MILP method has emerged as the preferred approach, improving the computational
complexity of NLP by linear approximations and integrating the logical conditions (i.e.,
AND & OR) and conditional constraints (i.e., certain constraints are only active under
speci ¢ conditions) into trajectory planning problems [66, 70]. In MILP, objectives and
constraints are expressed in a linear form, but some or all of decision variables are con-
strained to be discrete values, such as integer or binary values. This inclusion of discrete
variables enables the modeling of logical checks, thereby facilitating more complex and di-
verse problem formulations. For instance, Schouwenaars et al. [71, 72] introduced a MILP
formulation with binary variables to integrate conditional constraints, such as whether ve-

hicles intrude obstacles or collide with others. By doing so, they broadened the scope of
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problems in incorporating tasks into trajectory planning (e.g., aircraft are tasked to visit
waypoints before nally reaching their destinations). However, the addition of discrete
variables introduces non-convexity to the problem, often rendering MILP proli&ns
complete [73]. This non-convexity, which refers to the presence of non-convex functions in
the objective or constraints, complicates the search for a global optimum due to the emer-
gence of multiple local optima. To address this challenge, Richards et al. [74, 75] employed
a strategy of convex relaxation. Speci cally, they transformed non-convex constraints asso-
ciated with aircraft kinematics, avoidance, and assignment into their convex counterparts.
This was achieved by approximating non-linear equations of aircraft kinematics with linear
inequalities and reformulating avoidance and assignment constraints into convex con gu-
rations. Such convex relaxation made the problem easier to solve, as the problem becomes
to have a global minimum.

Due to its modeling versatility, MILP has been extensively leveraged in the realm of air-
craft trajectory optimization. One line of research focuses on two-dimensional trajectories
with the simpli cation of aircraft ights at a constant altitude. For example, Chaudhry et
al. [76] developed a low observability MILP trajectory planning framework for unmanned
air vehicles (UAVS) ights in a two-dimension space, aiming to minimize radar detection
risk. Concurrently, Radmanesh et al. [77] presented a dynamic MILP trajectory planner
that handles two-dimensional static and dynamic obstacles like intruder aircraft. The appli-
cability of MILP has also been extended to commercial aviation, as demonstrated by [78],
where the authors employed MILP to create collision-free ights while minimizing fuel
consumption and mitigating ight delays. Despite these advancements, the predominant
focus on 2D ight trajectories may overlook critical aspects of ight optimization during
climb and descent phases, which substantially impact on power and energy consumption.
This oversight becomes especially signi cant for eVTOL vehicles designed for shorter
urban trips, where the cruise phase is relatively shorter and thus a larger proportion of the

ight is taken up by climb and descent, compared to general aviation or commercial ights.
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Several efforts to extend trajectory optimization into three-dimensional spaces have
been made. Culligan et al. [79] expanded MILP applications into 3D, optimizing UAV tra-
jectories in proximity to ground terrain to reduce radar detectability and enhance protection
against ground re. Analogous endeavors in three-dimensional UAV trajectory optimiza-
tion have been conducted in [80, 81, 82]. Nonetheless, the expansion into 3D trajectories
has largely been con ned to the unmanned aerial systems, often overlooking the opera-
tional intricacies inherent to manned ights. Speci cally, many studies assume that UAVs
can execute relatively exible operations without considering operational constraints. In
contrary, manned aircraft are subject to stringent regulatory constraints, including adher-
ence to standard ight pro les with prede ned cruising altitudes and maintaining separa-
tion standards, although the level of constraints may be different depending on operating
rules that aircraft y under (i.e., VFR or IFR). For instance, regulatory framework such
as 14 CFR §91.119 [83] dictates minimum safe altitudes that mandate aircraft to main-
tain certain minimum altitude depending on whether aircraft operate on congested and less
congested areas. Another regulations, such as 14 CFR 8§91.179 [84] or §91.159 [85], pre-
scribe IFR and VFR cruising altitudes based on aircraft's magnetic course to maintain safe
separation from other air traf c, respectively. Furthermore, a crucial distinction between
unmanned and manned aircraft operations lies in the paramount importance of passenger
comfort in crewed ights. In manned operations, it is necessary to avoid sudden accelera-
tions or abrupt changes in velocity, as these can cause discomfort or distress to passengers.
Consequently, trajectory optimization for crewed aircraft must account for smooth tran-
sitions in movement, limiting the rate of change in acceleration and maintaining gradual
velocity adjustments throughout the ight path. For these reasons, the applicability of di-
rect 3D trajectory optimization methods developed for UAVS can signi cantly be limited.

Lastly, it is crucial to reiterate the importance of predicting thermal and electric con-
straints associated with electric powertrains and integrating their predictions into trajectory

planning, which will be explained later in Section 4.4. Electric aircraft present unique
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operational pro les and constraints, distinct from their counterparts powered by internal
combustion or propeller engines. These include limitations related to battery capacity and
thermal management of electric components, which signi cantly impact ight range, per-
formance, and safety. Despite the critical nature of these factors, there remains a notable
gap in current research: to the best of my knowledge, existing literature on trajectory plan-
ning using MILP has not yet to directly incorporate these electric powertrain-speci ¢ con-
straints into trajectory optimization. These research gaps, identi ed through comprehensive
literature review, underscore the necessity of developing MILP approaches in the planning
and optimization of trajectories in the context of eVTOL aircraft.

Based on the literature review, this research identi es two signi cant technical gaps:

Technical Gap 1.1

Existing MILP formulations do not fully capture the operational complexities asso-

ciated with manned ights.

Technical Gap 1.2

Current literature addressing trajectory planning formulated as MILP problems has

not adequately incorporated the unique electric and thermal constraints imposed by

electric propulsion in trajectory planning.

In light of this, this research initially addresses Technical Gap 1.1 pertaining to the oper-
ational intricacies of manned aircraft in this section. In Section 4.4, efforts to resolve Tech-
nical Gap 1.2 will be discussed, focusing on integrating the electric and thermal constraints
of the powertrain into trajectory optimization. In this section, we aim to add additional
constraints and binary variables tailored to passenger-carrying eVTOL aircraft. However,
it is worth noting that these modi cations, such as adding variables and constraints into

the formulation, might complicate the solution space, potentially affecting the convergence
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reliability and computational cost. This leads to the the following research question:

Research Question 1.1

How can the existing MILP formulation be tailored to integrate operational con-

straints of manned ights without signi cantly increasing computational overhead?

Given the above statements, the following research hypotheses are proposed:

Research Hypothesis 1.1

The proposed MILP formulation will optimize manned ight trajectories within a
manageable timeframe, accurately capturing ight phase transitions and determin-

ing cruising altitudes compared to existing MILP formulations.

The next subsection reviews the representative MILP formulation and presents the pro-

posed approach that addresses Research Question 1.1 and Research Hypotheses 1.1.

4.3.3 Original MILP Formulation

In this subsection, we present the MILP formulation proposed by well-established litera-
ture [75, 70, 72] as a recap, as they laid the foundation of the MILP method utilized in the
dissertation. Subsequently, we propose the re ned formulation that substantiates Research
Hypothesis 1.1 delineated in the previous subsection.

The sets, indices, parameters, and decision variables employed in the MILP formulation

are rst de ned as follows:

Sets and Indices

T Set of discrete time steps2 f 0;:::;Ntg

T dep Subset of time steps prior to takedff2 f O;:: :; tged

U Set of aircraftu = f1;:::;Nyg

M Set ofm-sided polygons to approximate a cirae,2 f 1;:::;Ny g
S Set of obstacles 2 1;:::;Nzg
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K Set of planes that de ne theh obstacle con gurationk 2 f 1;:::; Nk, g
Decision Variables
Continuous
M Position vector of aircraft at time steép
Vi Velocity vector of aircraft at time stefp
Ay Acceleration vector of aircraft at time stép
Binary
f Binary whether aircrafti starts its ight at time step
€u Binary whether aircrafti is airborne at time step
gtlimb Binary whether aircrafti climbs at time step
uise Binary whether aircrafti cruises at time step
lescent Binary whether aircrafti descends at time stép
Oy Binary whether aircrafti has arrived at its destination at time step
Ntk Binary whether aircrafti collides withj th obstacle in th&th half-space at tim
Stuvk Binary whether aircraftt andv maintain the separation in theh direction at ti
Ny Non-negative integer that determines the cruising altitude of aingraft
Parameters
N Number of time steps
Ny Number of aircraft
Nm Number of linear inequalities to approximate a circle
Nz Number of obstacles
N, Number of planes that de ne thjeh obstacle con guration
t Discrete time interval
taep Scheduled departure time
rh Start position vector for aircratt
rt Final position vector for aircraft
Vinaxu Maximum velocity achievable by aircrait
V.- max Maximum rate of climb/descent
Amaxu Maximum acceleration achievable by aircraft
Pk, Ok Vectors that de ne thé obstacle con guration
dbuffer Minimum buffer (padding) distance of obstacle

dhor, sepdver, sep

Minimum horizontal and vertical separation distances
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Nimin Minimum safe altitude
h Altitude increment for cruising altitudes
R Suf ciently large and positive constant
1 Small positive constant (e.d.0 2)

2 More smaller positive constant (e.4Q #)

In the MILP framework, decision variables and constraints are de ned over a nite
time horizonT. The time horizon is discretized into a speci ed number of time si¢ps

such thafl = Nt t, where t denotes the xed time step length. This discretization is

Figure 4.4: Finite time horizom discretized by a given number of times st&ps

scheduled departure time stieg,. In this model, each aircraft is represented as a point

mass navigating in the three-dimensional airspace. The $¢g @ircraft is presented by

vectorry = [Xw;Yw;Zw]" 2 R3, where they represent the aircraft's coordinate in the
three-dimensional space. In the identical manner, the velocity and acceleration of aircraft
u at time stept are represented by the vectarg = [Vy, ; Vyy s Vau " 2 R®anday, =

[ax, ; &y s 8z, 1T 2 R3, respectively.
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Original Constraint: Initial State and Discrete Vehicle Kinematics

The departure location of aircraitis speci ed as

rw =rl.; 8t2T%8u2U (4.3)

wherer |, is the departure location, argk, denotes the scheduled departure time step in

the simulation. The discrete kinematics of each aircraft are governed by the following

equations:
(v°
FNesyu =Tw + Vg + > aw; 8t2T nfNtg; 8u2U (4.4a)
Visyu =V +  tagw; 8t2T nfNtg; 8u2U (4.4b)

These equations describe the evolution of the aircraft's position and velocity over time,
which explain the fundamental principles of motion in a double integrator model. In this
framework, a double integrator refers to a system where the second derivative of the sys-
tem’'s state (i.e., acceleration) directly in uences its position through two integrations over

time, rst affecting the velocity and subsequently the position.

Original Constraint: Maximum Velocity and Acceleration

This constraint considers aircraft performance limitations of aerial vehicles by constrain-
ing their maximum velocity and acceleration during a ight at each time step. In two-
dimensional ight scenarios, these limitations are geometrically represented by circles, ex-
pressed as

2 2 2
VXtu + Vytu VmaXU

2
axtu + aYtu amaxu
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whereVnax andanay are the upper bounds for velocity and acceleration achievable by the
vehicle, respectively. Each vehidlecan carry distinct maximum velocitymax, and ac-
celerationanax, according to its aircraft performance. To convert these non-linear circular

constraints into linear forms, a common approach in the literature is to approximate the

linear inequalities:

Vy, SIN

+ Vv, COS
M Yiu N M

Vinaxu;  8t2T;8u2U; 8m2M

ay, Sin + ay, COS

Qmaxu; St2T;8u2U; 8m2M
M NM

Notably, whenNy, 56, the polygon closely approximates the circumference of the unit
circle with a difference of less thahO1

In three-dimensional cases, the literature often decoupl& they andz spaces, con-
sidering horizontal and vertical movements separately. However, this research adopts a
uni ed linearization approach, as proposed by Culligan [70], to address the constraints in
a coupled manner. Given the limited vertical maneuverability in wing-borne ight, the 3D
constraint con guration is not a sphere but rather resembles three concentric circles in the
X Yy plane, positioned at V;.max 0, andV,.max along thez-axis corresponding to the max-
imum rate of descent, level ight, and maximum rate of climb, respectively. A detail can

be seen in Culligan [70]. The linearization of these 3D constraintsnm&ded polygons
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is detailed as follows:

8t2T:8u2U; 8m2M

2m . . 2m ) .
Vy, COS SIN( max) + Vy, SIN ——  SIN( max) + Vzy SIN( ma)  Vimaxu;
NM NM
2m : _
Vx, COS N, + Vy, Sin N, Vinaxu;
2m . . 2m . .
Vy, COS N SIN( max) + Vy, SIN N SIN( max) + Vz, SIN( max)  Vimaxu;
M M

(4.6)

where nax denotes the maximum climb or descent angle, expressed as

Vz ;max

Vm ax

max = arcsin

The acceleration constraint in the three-dimensional space is de ned in the identical man-
ner. It is noteworthy that this research focuses on trajectory optimization for manned air-
craft, where passenger comfort is of paramount importance. Thus, acceleration limits are
de ned and constrained in terms of gravitational accelerafdo prevent excessivg-

forces, thereby ensuring passenger comfort throughout the ight.

Original Constraint: Obstacle Avoidance

The obstacle avoidance constraint is integral to ensuring that aircraft maintain a safe dis-
tance from obstacles with buffer zones for additional safety. Figure 4.5 illustrates an air-
craft trajectory navigating around two polygonal obstacles with buffer distances in a two-

dimensional space. A polyhedral obstacle is mathematically de ned as the intersection of

Py Ok, 8k2K
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Figure 4.5: Obstacle avoidance constraint to ensure aircraft maintain safe clearance from
obstacles with buffer distances

wherep, 2 R¥ 2 andqge 2 RX de ne thekth edge of the obstacle. This allows for a
precise geometric representation of obstacles, such as a triangular shape in 2D scenarios

in Figure 4.6. To guarantee obstacle avoidance, aircraft must reside within a region de ned

Figure 4.6: Mathematical representation of 2D triangular obstacle

bypfr g+ douter for all k 2 K. The safety buffer distancéyger, is dictated by speci ¢
safety requirements to ensure suf cient clearance between the aircraft and obstacles. This

requirement is enforced through a binary variatg, , indicating whether the aircraft
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collides with thg th obstacle in th&th half-space at time stedpas

Pilw GOk + Oouer RN ; 8t2T;8u2U;8 2S; 82K (4.7a)

W
Nwik Nk,

;L 8t2T;8u2U;8s2S (4.7b)
k=1

constant used to relax the constraint when the binary variakle becomes one. Equa-
tion 4.7b ensures that aircraftdo not intrude into th¢th obstacle at a time steépas the
Nk binary variablesx should sum to less thalk to avoid violation.

To address potential obstacle intrusion between sampling times along the trajectory, as
highlighted in scenarios where paths intersect obstacle corners, Richard and Turnbull [86]
proposed a precautionary constraint similar to Equation 4.7a applied at the preceding time

step as follows:
pkar(t Du Ok + Ooutfer RNtk ; 8t2T nfOg; Bu2U; 8 2S; 8k2K (4.8)

The beauty of this constraint is that it does not require additional decision variables, yet
improves safety by preventing trajectory segments from intersecting obstacle boundaries.
Original Constraint: Collision Avoidance

To ensure collision avoidance between any pair of airaradndv in three-dimensional
space at any time stepthey must maintain a minimum separation distance denotdgas
The collision avoidance constraints in three dimensions can be mathematically represented

as

T Tw] Osegp 8t2T;8u;v2U: u<v
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This constraint ensures that the relative position vectors of the ainga@ndr,, are
always separated by at leakt, To facilitate this in a MILP context, binary variableg,k
are introduced to handle the constraints for each possible direction of movement,in

andz as

Jfu Tw) dsep RSww; 8t2T;8u;v2U:u<v (4.9

The breakdown of the constraint in each dimension is as follows:

8t2T,;8u;v2U ::u<v
Xw Xtv  Ohorsep RSwvi;
Xiv X dhor,sep RSty 2;
Ytu Yiv dhor,sep RStuv 3
Yo Yw  Ohorsep RSwva;

Zw Zy  Oversep RSwys;

Zyy Zy, dver,sep RStuv 6 (4.10&)
X6
k=1

wheredhor sepanddyer separe minimum horizontal and vertical separation distances, which
are determined by airspace regulatioRss a suf ciently large and positive number ensur-

ing that the constraint is enforced only if the binary variatlg, is zero. Ifsyw =0, the
distance constraint in thieth direction is active, making the vehicles maintaining at least
dsep Otherwise, the large value B effectively deactivates the constraint. Figure 4.7 visu-
ally expresses the collision avoidance constraint in a three-dimensional space. Moreover,
constraints similar to Equation 4.8 are additionally added to ensure collision avoidance at

consecutive time instants, reinforcing the continuous safety of the trajectories:

jre yu Ty dsep RSwwk; 8t2T nfOg; 8u;v2U i u<v (4.11)
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Figure 4.7: Collision avoidance constraint to maintain horizontal and vertical separations
between aircraft

Original Constraint: Terminal State

The terminal constraint plays a crucial role in ensuring that each aircraft reaches its des-
ignated destination within the speci ed time horizon. This constraint utilizes the binary
variabled,,, which indicates whether aircrait has arrived at its destination at time step

t. If dy = 1, the aircraft is considered to have reached its destination, and the constraints
enforce the alignment of the aircraft's position and velocity with those required at the des-

tination. The terminal constraint can be formulated as follows:

jre rij R dy); 8t2T 8u2U (4.12)

jvw Vij R(@ dy); 8t2T 8u2U (4.13)
X

du=1; 8u2U (4.14)

t=0

wherer [ denotes the nal position or terminal location where aircnafis expected to
reach, and/| represents the terminal velocity that the aircraft should maintain upon reach-

ing its nal position.

Original Objective: Minimum Flight Time

The primary aim of trajectory optimization is to minimize a certain cost function, which
can vary depending on the particular problem under consideration. One of the prevalent

objectives in literature is to minimize the total ight time—the duration required to reach
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the destination. This can be mathematically expressed as

Xt Xu
mdin J= tdy (4.15)

t=0 u=1

4.3.4 MILP Re nement

New Constraint: Flight Segment Determination

The original MILP constraints, de ned by Equation 4.3 through Equation 4.13, ensure the
initiation of ight from a designated origin and its arrival at the destination within a set time
horizon. However, these constraints do not necessarily mandate a complete stop of aircraft
movement upon reaching the destination, potentially allowing continued motion beyond
this point. This not only permits the aircraft to remain mobile after effectively completing
its journey but also introduces unnecessary computational overload. To address this issue
and enforce a full stop upon arrival, the MILP framework is augmented with additional
binary variables and constraints.

Firstly, the binary variablé, is introduced to dictate that an aircrafinitiates its ight

at the scheduled time stég,,in the simulation as

froem = 1; 8u2U (4.16)
fro =1; 8u2U (4.17)
Equation 4.17 ensures that the takeoff action is only triggered once within the planning

horizon. Next, the binary variabkg, is introduced to represent the aircraft's airborne state

by accumulating the net difference between takeoff instahgesmnd landing instances, :

Xt X1
€u = fiu dy; 8t2T;8u2U (4.18)

By settinge,, to zero when the aircraft is either on the grouhg (= 0) or post-landing
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(dy = 1), the aircraft movement is effectively constrained, disallowing any further op-
eration after landing in the simulation. Figure 4.8 visually illustrates how three binary

variables are activated depending on aircraft states. Additionally, the airborne binary vari-

Figure 4.8: Binary variable activation corresponding to distinct aircraft states

ablesey,, are introduced to indicate when aircrafandv simultaneously operate in the air

(e, ey =1\ g, =1, thene,, =1). Thisis mathematically de ned as follows:

8t2T:8u;v2U :u<v

€uw G, (4.198.)
G Gy (4.19D)
w €utey 1 (4.19C)

When the aircrafti is in the air, the MILP framework is further re ned to discriminate
ight phases between climb, cruise, and descent with the introduction of three additional
binary variablesglimp, gfiuise gndedescent respectively. The vertical velocity,, , indicative
of the rate at which an aircraft ascends or descends, is instrumental in inferring the aircraft's

vertical movement. The corresponding constraints are formulated as follows:
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8t 2T ;8u2U

e =€ + e+ e (4.20a)
Vae 1 R(@ &™) (4.20D)
Vz, 1+ R ey (4.20c)
Vae 1 2+ R@ €M, (4.20d)
Vag 1+ 2 R &MY, (4.20€)

where ; is a small positive constant (e.d.Q °) and , is an even smaller constant (e.g.,
10 4). These constraints ensure that each ight segment—climb, cruise, and descent—is
accurately captured within the model. Figure 4.9 shows binary variable activation patterns

corresponding to aircraft airborne status.

Figure 4.9: Binary variable activation corresponding to aircraft airborne status

New Constraint: Cruising Altitude Determination

For safe and regulatory-compliant trajectory planning for eVTOL aircraft, the MILP for-

mulation is re ned by incorporating operational regulations. Details of the pertinent regu-
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lations are introduced as follows:

* 14 CFR 8§ 91.119 Minimum Safe Altitude [83]: This regulation mandates that all
aircraft maintain minimum altitudes to provide an adequate safety margin above the
ground and obstacles. Aircraft must maintain an altitude@®O0 ft above the highest

obstacle within a horizontal radius 8f000 ft from the aircraft.

» 14 CFR § 91.179 IFR Cruising Altitude or Flight Level [84]: Under IFR, aircraft are
required to maintain speci c cruising altitudes based on their magnetic course when

operating belowl 8,000 ft mean sea level (MSL):

— For magnetic courses from 0 to 179 degrees: Any odd thousand foot MSL

altitude (e.g.3;000 5;000Q or 7;000 ft).

— For magnetic courses from 180 to 359 degrees: Any even thousand foot MSL

altitude (e.g.2;000 4;000Q or 6;000 ft).

While these regulations have long been applied to IFR ights for extended cross-country
general aviation and commercial ights, they may no longer be suitable for eVTOL ights
envisioned for very short-hop missions with minimal cruise segments. For example, eV-
TOLs on short-hop ights may struggle to reach altitudes excee®i@g@0 ft AGL, as their

climb and descent phases would constitute the majority of the ight pro le. In addition,
1,000 ft vertical separations that are applied to IFR ights may place the signi cant energy
burden on UAM aircraft with the limited energy reserves. In light of these observations,

this research proposes the following alternative airspace rules for UAM operations:

* Minimum Flyover Altitude (reconsidering 14 CFR § 91.119): This rule mandates a
minimum altitude o600 ft AGL regardless of the highest obstacle height to maintain

a consistent safety margin.

 Cruising Altitude (reconsidering 14 CFR 8§ 91.179 and adopting a 500 ft vertical
separation from 14 CFR § 91.159 VFR cruising altitude or ight level [85]):
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— For magnetic courses from 0 to 179 degrees: Any altitude at thousand feet plus

500 ft MSL altitude (e.g.1;500 2;500 ft).

— For magnetic courses from 180 to 359 degrees: Any altitude at thousand feet

MSL altitude (e.g.,1;00Q 2;00Q, or 3;000 ft).

The constraints enforcing these airspace rules within the MILP framework can be mathe-

matically expressed as follows:

Zy hmin€"S%  8t2T;8u2U (4.21)

Ifo ,<180:
Zy =(ny +1)h R@ €&M9; 8t2T;8u2U (4.22a)
Else [f180 , < 360 :

Zy =2nyh R@A €M9; 8t2T;8u2U (4.22b)

Here,hn,in denotes the minimum safe altitudes0 ft, andh represents the altitude incre-
ment for cruising altitudes, equivalent%00 ft or 1524 m.The , is the magnetic heading
angle for aircraftu, andny, are non-negative integer variables whagg 2 Z o. R en-
sures that the constraint is only active when the aircraft is cruising €f/és¢ = 1). This

constraint can visually be expressed in Figure 4.10.

New Constraint: Maximum Rate of Climb and Descent

Analogous to the maximum acceleration limits that ensure a smooth and comfortable ight
experience, constraints on the maximum rate of climb and descent are introduced for

crewed operations:

Vz, Vemax 8t2T;8u2U (4.23a)

Vz, Viymas 8t2T;8u2U (4.23b)
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Figure 4.10: Cruising altitude determination based on magnetic heading angles of aircraft

whereV, . denotes the maximum allowable vertical velocity of the aircraft. The positive
value corresponds to the maximum rate of climb, while its negative value denotes the max-
imum rate of descent. These constraints mitigate rapid changes in vertical velocity, thereby

maintaining passenger comfort throughout the ight.

Modi ed Constraints and Objective

In addition to introducing new constraints, the existing MILP formulation is re ned to
enhance computational ef ciency and improve the accuracy of aircraft operation modeling.
The key in this re nement is the incorporation of the airborne binary variajle This
variable enables the selective activation of constraints only when the aircraft is in ight,
thereby relaxing unnecessary constraints during ground operations. These modi cations
are implemented by incorporating the teR(L e).

To illustrate this re nement, the modi ed obstacle avoidance constraint in Equation 4.7a
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is present as follows:
PikTw Ok * Oouer RNk R(1 ey); 8t2T;8u2U; 8§ 2S;8k2K (4.24)

In this formulation, the ternR(1 e,) effectively deactivates the constraint when the
aircraftis not airborned, = 0) and maintains its activity during ighte, = 1). Similarly,
the collision avoidance constraint in Equation 4.9 is re ned to activate only when both

aircraftu andv are simultaneously airborney(, = 1):
T rw) Osep RSk R &), 8t2T;8u;v2U:u<v (4.25)

In alignment with these constraint re nements, the objective function has been modi ed to
focus on minimizing the actual ight time:
Xr Ko
min J = tey (4.26)

e
t=0 u=1

It is important to note that minimizing energy consumption is of critical importance in
eVTOL operations, as previously emphasized. Consequently, the objective function will
be expanded to incorporate minimum energy consumption for ights once the power and

battery modeling have been described and completed in Section 4.4.

4.3.5 ProposedILP FormulationandBranch-and-Boundlgorithm

The proposed MILP formulation, which is used for Research Experiment discussed in Sec-
tion 4.3.6, is presented in its entirety. It is re-emphasized again that this initial formulation
does not yet incorporate electric and thermal pro les along the trajectory. The optimization
problem is structured as follows:

X Ru

mén J= tew (4.27a)
t=0 u=1
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sit:

rw=rl; 8t2T%P 8u2U; (4.27b)

Fesyu = Mw + Vg + ( t)zam; 8t2T nfNrg; 8u2U; (4.27c¢)
Viryu = Vw + tay; 82T nfNrg; 8u2U; (4.27d)
kViuK  Vimax, 8t2T; 8u2U; (4.27¢€)
kawk amay 8t2T; 8u2U; (4.271)

Pkfw Ok + Oer RNwk R(L @); 8t2T;8u2U; 8 2S; 8k 2K;
(4.279)

ppl—< I’(t 1)u ij + dbuffer Rr]tujk R(l etu); 8t2T , 8u 2 U; 8] 2 S; 8k 2 K;

(4.27h)

N
Niujk N, 1+R(1 e); 82T;8u2U;8s2S; (4.271)
k=1

Jfu Tw) dsep RSwwk R(1 &w);, 8t2T;8u;v2U:u<v;, (4.27)

e pu Ty Osep RSk R(I ew); 8t2T nfOg; 8u;v2U : u<y;

(4.27K)
X6
Stuvk 5+ R(l etuv); (4-27|)
k=1
jre rlj R(@ dy); 8t2T 8u2U; (4.27m)
v Vvij R@ dy); 82T 8u2U; (4.27n)
X
du =1; 8u2U; (4.270)
t=0
flen =1; 8U2U; (4.27p)
X
fu=1; 8u2U; (4.27q)
t=0
Xt X1
ey = flu du; 8t2T; 8u?2U; (4.27r)
1=0 1=0
ey = €™+ e+ e 8t2T;8u2U; (4.279)
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V;,, 1 R@ €mhy: 8t2T;8u2U; (4.271)

Va, 1+ R eleseen. 8t 2T ;8u2U; (4.27u)
Voo 1 2+ R@ €MS9; 8t2T;8u2U; (4.27v)
Va, 1+ 2 R €V 8t2T;8u2U; (4.27w)
Zy  hpin€S"S% 8t 2T ;8u2U; (4.27x)

Zy =(2ny +1)h R@ €M, f0 ,<18Q0 8t2T;8u2U;

(4.27y)
zy =2nyh R €"9; if180 ,<36Q 8t2T;8u2U; (4.272)
Voo Vimax 8t2T;8u2U; (4.27)
Vaz, Vomay 8t2T;8u2U (4.27)

Several methods used for solving MILP problems exist, including branch-and-bound,
cutting planes, and others. This research employs a branch-and-bound algorithm, which
systematically explores potential solutions by organizing them into a tree-like structure.
The method in particular operates on two fundamental principles: 1) partitioning the so-
lution space into smaller, more manageable subproblems (i.e., branching) and pruning un-
promising suboptimal branches through lower and upper bounds (i.e., bounding). Given the
MILP nature, this study utilizes a linear-programming-based branch-and-bound algorithm.
Referring to the relevant literature [87, 88], the high-level overview of how this algorithm

works in solving MILP problems is described as follows:

(a) Initial Relaxation: The algorithm begins by relaxing the integrality constraints of
the original MILP, transforming it into a liner programming (LP) problem. This LP
relaxation problem is then solved using standard LP techniques, such as the simplex

method.

(b) Bound Evaluation: The optimal objective value of the LP relaxation provides a lower

bound (for minimization problems) on the optimal solution of the original MILP.
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(©)

(d)

(e)

(f)

Meanwhile, any feasible integer solution discovered during the process serves as an

upper bound.

Branching: If the LP relaxation yields a solution that violates the integrality con-
straints, a branching variable is selected. Typically, this is an integer-constrained
variable with a fractional value in the current LP solution. For instance, if some bi-
nary variablex has a value 00:5, two new subproblems are created: one with the

additional constraint 0, and another witlx 1.

Node Exploration: The algorithm maintains a list of unexplored nodes, each repre-
senting a subproblem. At each iteration, a node is selected based on a search strategy

(e.g., breadth- rst, depth- rst).

Bounding and Pruning: For each explored node, the LP relaxation is solved. If the
solution improves the current best upper bound, it is updated. If the LP is infeasi-
ble or its objective value exceeds the current best upper bound, the node is pruned.
This pruning mechanism, enabled by the computed bounds, signi cantly reduces the

search space.

Iteration and Termination: Steps (c)-(e) are repeated until all nodes are explored
or pruned, or until the gap between the best lower and upper bounds falls below a

prede ned threshold.

Notably, the gap between the best lower and upper bounds in Step (f) provides crucial in-

formation about the proximity to the optimal solution of the original problem. This solution

quality is quanti ed by the optimality gap, de ned as:

Optimality Gap(%) = JZU—ZLJ

- 100
12u)

wherez, denotes the upper bound and represents the lower bound for minimization

problems.
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4.3.6 ResultsandDiscussions

Experiment Overview

The Research Hypothesis 1.1 is explored and validated through Research Experiments
1.1(a) and 1.1(b). Research Experiment 1.1(a) aims to evaluate the effectiveness of the
re ned MILP model in optimizing trajectories that comply with aviation regulatory con-
straints and adhere to ight procedures across varied urban ight scenarios. To this end,
we perform a visual comparison of optimal trajectories generated by both the original and
re ned MILP models. They are visualized in three-dimensional and kinematics plots that
pro le position, velocity, and acceleration acrassy, andz axes. In addition, optimal
binary variables are investigated to scrutinize their activation or deactivation depending on
the ight phase of aircraft. Research Experiment 1.1(b) further assesses the performance
of both models by altering parameters related to mission speci cation and urban landscape
and recording the number of decision variables, constraints, and computational costs.

To visually compare the optimal trajectories and assess computational performance, we
design and set up a series of experiments by varying input parameters while maintaining
certain parameters as constants. This is delineated in Table 4.3 for variable parameters and
in Table 4.4 for those that are held constant. In each test case, a eet consisting of one
to twenty aircraft, using a notional model of the ve-seater Joby S4 (i.e., one pilot and
four passengers), is simulated. The departure and arrival locations of these ights are ran-
domly distributed within a 0 t®&0,000 mrange acrosg andy axes. Flight departures are
scheduled at intervals ranging from 0 to 5 time steps, within a 8@enin time horizon,
which is discretized into 40 times steps. For collision avoidance, a minimum separation
of 1,000 mhorizontally and500 ft vertically is maintained between aircraft. The simula-
tion includes randomly generated building obstacles up to 40, which should be avoided by
aircraft maintained with a safety buffer 200 m

The MILP problems are solved using the Gurobi optimizer (version 10.0.1) interfaced
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through Python, as detailed in the Gurobi Optimization manual [89]. As described in the
previous section, this research employs the branch-and-bound algorithm for solving the
MILP problems. In the experimental con guration, an optimality ga@®1%is utilized

to ensure accurate optimal solutions. The computational experiments are conducted on
an Apple M2 Pro platform equipped with 12 cores and 16 GB of RAM. To maximize

computational ef ciency, the Gurobi optimizer is con gured to leverage all 16 cores fully.

Table 4.3: Input parameters for Research Experiment 1.1(a) and (b)

Parameters Details Notations Bounds

Mission Speci cation Number of aircraft Ny [1;20]
Origin/destination location rinit. pem  yYniform(0; 50, 000)m
Departure time step tdep [0; 5]

Urban Landscape Number of obstacles (i.e., buildiniy)k [0; 40]
Obstacle location and size Pk; Ok; Uniform(0; 50, 000)m

Table 4.4: Fixed parameters for Research Experiment 1.1(a) and (b)

Parameters Details Notations Values
Mission Speci cation Aircraft typ@ Utype JobyS4-like
Number of Passengers N pax 4
Finite time horizon T 20 min
Receding time steps NRH 20
Number of time steps N+ 40
Vertical separation distance  dsep ver 500 ft
Horizontal separation distancedsep hor 1,000 m
Buffer distance Obufer 200m

a Detailed speci cation of aircraft can be found in Table C.1.

Research Experiment 1.1(a):

To showcase the capability of proposed MILP, we present two illustrative examples and
perform a visual comparison of trajectories generated by the original and proposed MILP
models. The rst example features a JobyS4-like aircraft navigating through an urban

landscape with 40 cuboid building obstacles. The comparison of optimal trajectories by
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the original and proposed MILP models is visualized in Figure 4.11, with trajectory from
the original model highlighted in red and that from the proposed model in black. It is
important to note that dimensions of buildings are intentionally exaggerated for clarity
in the graphical representation. Figure 4.12 shows the trajectories from various angles.
These gures underscore the capability of proposed model in adhering to standard ight
pro les—climb, cruise, and descent. This result contrasts the lower altitude trajectory in

proximity to obstacles with higher risks by the original MILP. Figure 4.13 details positions,

Figure 4.11: Comparison of optimal trajectories by original and re ned MILP models in
the rst scenario (red: original, black: proposed MILP)

velocities, and accelerations for optimal trajectories by two MILP models. It is noted that
altitude is measured in feet, and velocities alongxlandy axes are expressed mm=min

while velocity in thez-axis is indicated irfit=min. The acceleration is quanti ed in terms

of g-force as this is a direct measure of the comfort experienced by passengers. Lastly,
Figure 4.14 illustrates activation patterns of binary variables that determine different ight

phases along with altitude pro le. The activation of binary variables signi es the starting
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(a) Different 3D view (b) x yplane

(c) x zplane (dy zplane

Figure 4.12: Diverse views of optimal trajectories in the rst scenario
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Figure 4.13: Kinematics pro les of optimal trajectories in the rst scenario (red: original,
black: proposed MILP)
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moment of speci ¢ mission phases and the application of related constraints. In the altitude
pro le, two dotted vertical lines mark the start and end of the MILP optimization process.
The binary variablé , which denotes both the start of the optimization and the initiation of
climb, is set to one upon transitioning to wing-borne mode and beginning its ascent. The
binary variable®, which represent airborne status of aircraft, are activated from the onset of
climb to the descent. The bina@yim,, €:ruise @Ndeyescen@re activated at respective stages of
climbing, cruising, and descending. Finally, the binary variablehich represents the end

of the descent and optimization, is set to one at the moment where the aircraft prepares to
transition from wing-borne back to hover mode around destination. This detailed activation
and deactivation of binary variables demonstrate that the re ned model accurately captures

ight phase transitions.

Figure 4.14: Activation patterns of binary variables in optimal trajectories over nite time
horizon

The second example de nes a ight scenario where four JobyS4-like aircraft converge
on the same vertiport. Figure 4.15 and Figure 4.16 present the optimal trajectories. The

following interesting observations can be seen:
1. Cruising altitudes of 1,000 ft and 1,500 ft for two aircraft are mathematically de-
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termined based on their heading angles. The remaining two aircraft, due to their
short-range missions, are unable to reach cruising altitudes over 1,000 ft, instead

continuous climb and descent.

2. Obstacle avoidance during departure and arrival procedures is achieved in both hor-
izontal and vertical dimensions: a) Laterally, by detouring around buildings, as il-
lustrated in Figure 4.16(b) and b) Vertically, through rapid ascent or descent near

vertiports, as depicted in Figure 4.16(c)

As a result, these observations demonstrate the proposed MILP framework’s capability
to effectively optimize trajectories during departure and approach procedures in compact,
obstacle-rich environments, even when multiple vehicles are landing at the same arrival

vertiport.

Research Experiment 1.1(b):

To assess the computational performance of both MILP models, we compare them in terms
of the number of constraints, decision variables, and computational times. To this end,
we generate 50 different ight scenarios by randomly adjusting input parameters related
to origin/destination locations and departure time steps with the same number of aircraft.
This process is repeated by gradually increasing the number of aircraft from one to twenty.
Lastly, runtimes for solving problems, the number of constraints and decision variables
used to de ne the problems are averaged with the same number of aircraft (i.e., the com-
putational results of 50 instances in each number of aircraft are averaged and recorded).
In this experiment, obstacles are excluded in the simulation. By doing so, we can observe
how each model performs across a range of simulated ight scenarios, with the number of
aircraft varying from one to twenty.

Table 4.5 exhibits a comprehensive comparison of the computational performance be-

tween the original and proposed MILP models. The table shows average runtimes, number
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(a) In three-dimensional space (b) x-y plane

(c) y-z plane (d) x-z plane

Figure 4.15: Trajectory optimization of four aircraft with the proposed MILP formulations
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(a) Zoomed-in view of trajectories near the arrivalb) Obstacle avoidance implemented during depar-
vertiport ture and arrival procedures

(c) One aircraft rapidly climbing near departure vertd) Two aircraft not being able to reach cruise alti-
tiport, while another rapidly descending near arrivdlides as their missions are very short
vertiport

Figure 4.16: Detailed observations of the second example

83



	Title Page
	Acknowledgments
	Table of Contents
	List of Tables
	List of Figures
	List of Acronyms
	Summary
	1 | Introduction
	Motivation
	The Emergence of Urban Air Mobility and Barriers

	Challenges to Flight Management of Urban Air Mobility
	Unique Operational Characteristics
	Strategic and Tactical Flight Management
	En-Route Contingency Management

	Summary
	Structure of Dissertation

	2 | Background and Literature Review
	Unconventional Operational Characteristics of UAM
	Various Vehicle Designs and Performances
	Low-Level Flying in Urban Cities
	Vertical Takeoff and Landing
	Limited Energy Reserves
	Nonlinear Battery Discharge Behaviors
	Electrical and Thermal Constraints

	The UAM Operating Environment
	Status Quo of UAM Flight Management System Development
	Government
	Industry
	Academia

	Summary

	3 | Research Formulation
	Research Objective
	Overview of Research Plan
	Strategic Trajectory Management
	Offline Trajectory Planning
	Electric Powertrain Modeling

	Tactical Trajectory Management
	Online Trajectory Planning
	En-Route Diversion Decision-Making and Planning


	4 | Strategic Trajectory Management
	Chapter Overview
	Vertical Takeoff and Landing Modeling
	Offline Trajectory Planning
	Trajectory Planning and Methods
	Mixed-Integer Linear Programming (MILP) and Limitation
	Original MILP Formulation
	MILP Refinement
	Proposed MILP Formulation and Branch-and-Bound Algorithm
	Results and Discussions
	Summary

	Electric Powertrain Modeling
	Background
	Lithium-Ion Battery and Selection
	Battery Discharge Model
	Thermal Model
	Integration of Powertrain Models into Trajectory Planning
	Results and Discussions


	5 | Tactical Trajectory Management
	Chapter Overview
	Online Trajectory Planning
	Background and Literature Review
	Receding Horizon MILP
	Results and Discussions

	En-Route Diversion Decision-Making and Planning
	Background
	Diversion Decision-Making and Planning Tool
	Results and Discussions


	6 | Automation Trajectory Management Framework
	Overview of Proposed Automation Trajectory Management Framework
	Real-World Use Cases
	Simulation Environmental Setup
	Experiment Overview
	Use Case 1
	Use Case 2
	Use Case 3
	Use Case 4
	Use Case 5

	Potential Framework Utilization

	7 | Concluding Remarks
	Recapitulation of Research Statements
	Main Contributions

	Appendices
	A | Overview of Proposed Mixed-Integer Linear Programming Formulations
	B | General Flight Planning Procedures
	C | Aircraft Specification
	D | Electric Powertrain Specification

	References

