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Abstract

Since the 1970s, helicopters have been vital in disaster response but face limitations in cost, infrastructure, and
maneuverability. This thesis presents the design and optimization of an emergency response flyer tailored for the
GoAERO competition. Multirotor configurations with hybrid-electric propulsion are investigated to overcome
the limitations of existing fully electric VTOL technologies.

A Multidisciplinary Design Optimization (MDO) framework is applied to hybrid-electric quadrotor, hexarotor,
and octorotor configurations, optimizing the balance between rotor count, mass, and performance. The objec-
tive is to minimize Maximum Takeoff Mass (MTOM) while enhancing dynamic performance and maximizing
the payload-to-system mass ratio. This study addresses a key research gap by integrating early-stage handling
qualities (HQ) evaluation and exploring trade-offs between optimized rotor count configurations. Aerodynamic
forces and energy consumption are estimated using momentum theory, while system dynamics are analyzed
through Newton-Euler equations and eigenvalue assessments.

Results show that the hexarotor configuration achieves the fastest convergence, balancing design complexity and
design space exploring. Configurations maintain a disk loading between 43-63[kg/m?] with hover efficiency
between 5 and 5.8. A higher rotor count improves hover efficiency and disk loading, making performance com-
parable to eHang and Vahana while achieving nearly twice the cruise speed, rivaling helicopters.

At a hybridization factor (HF) of 0.1, MTOM is reduced by 75%, with only a 3% mass variation between con-
figurations. However, at higher HF, mass increases by 20% due to relatively low energy density of batteries
further impacting structural support demands, underscoring the need for a more detailed support structure model.
Stability analysis confirms neutral hover stability, while a real, negative eigenvalue at cruise identifies the surge
subsidence mode, governed by system mass.

Rotor count significantly impacts design flexibility. Hexacopters and octocopters offer better disk loading homo-
geneity, whereas quadrotors face constrained rotor sizing and elevated blade and disk loading, limiting efficiency.
Quadrotors excel in payload-to-mass ratio and simplicity, making them ideal for productivity missions but less
suited for maneuvering-intensive tasks with lower disk loading and control authority, highlighting the importance
of early HQ considerations.

This thesis makes a valuable contribution to the advancement of eVTOL research by addressing early-stage HQ
assessments where on the basis of other literature and configuration optimization, the hexacopter emerges as the
most viable for the GOAERO competition, striking the best balance between mass, handling qualities, and mission
performance.
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Introduction

Since the 1970s, VTOL (Vertical Take-Off and Landing) aircraft, specifically helicopters, have played a critical
role in disaster and emergency response, providing quick and independent access to remote or inaccessible areas.
In such emergencies, where conventional infrastructure is either absent or severely compromised, there is a need
for vehicles that can operate with minimal space requirements and deliver aid as efficiently as possible. The
increasing frequency and severity of emergencies, from ambulance deserts to natural disasters, underscore the
growing demand for VTOL solutions.

In the United States alone, approximately 4.5 million people live in “ambulance deserts,” regions where emer-
gency medical services are more than 25 minutes away. Meanwhile, in 2022, the world witnessed approximately
380 natural disasters, with flooding alone affecting over 55 million people. These global natural disasters in 2022
affected 185 million people and claimed over 30,000 lives, emphasizing the urgent need for effective response
mechanisms. These challenges are further exacerbated by climate change, which increases the unpredictability
and severity of such events.

As mentioned above, helicopters have traditionally served in disaster and emergency response roles. However,
helicopters face significant limitations due to high operational and acquisition costs, complex facility require-
ments, extensive pilot training, and limited maneuverability in confined spaces. As a result, there is a growing
need for more cost-effective, versatile, and user-friendly alternatives that can overcome these limitations, driven
by modern technological advancements.

At the heart of the GOAERO competition [1] is the development of an emergency response flyer designed to carry
a single person and operate safely in both urban and rural environments. This flyer must outperform current alter-
natives by addressing the unique challenges posed by natural disasters, humanitarian crises, medical emergencies,
and other urgent situations. As further defined in the GOAERO competition [1], the aircraft must be reliable, ef-
ficient, and adaptable to a wide range of flight conditions and environments, from adverse weather to unfamiliar
terrain. The system must also ensure resilience, precision control, and minimal pilot training requirements, all
while maintaining tight maneuverability in confined spaces.

However, such an innovative solution does not materialize without careful planning. In accordance with standard
practices in aerospace engineering, a preliminary design must be developed to lay the foundation for further
advancements. This initial design phase serves as the backbone for future refinements, ensuring that the final
solution meets all operational and performance requirements. The proposed flyer must perform across diverse
scenarios, from delivering first responders to evacuating flood victims, requiring the eVTOL to be versatile in both
hovering performance and overall endurance to complete these missions effectively and on time. This research
addresses the need of new and innovative eVTOL development with offering insights into achieving an optimal
design in application to the GOAERO competition.
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Thesis overview

Before consolidating the preliminary design, Chapter 2 provides an overview of the GOAERO competition, de-
scribing the three defined missions along with their requirements and objectives. Chapter 3 presents a compre-
hensive literature review, detailing the history, recent advancements, and limitations of VTOL technology. It
examines relevant configurations, propulsion systems, and defines handling qualities critical for the GoOoAERO
competition.

Chapter 4 outlines the research objectives and central research question, addressing the design challenges and
gaps identified in existing research. It also introduces the research methodology employed to achieve the study’s
goals. Chapter 5 focuses on the requirements and functional analysis of the emergency response flyer, defining the
top-level aircraft requirements (TLARs) based on the GoOAERO competition and mapping out the flyer’s critical
mission profiles.

Chapter 6 elaborates on the conceptual design process, including the fuselage layout, system mass modeling, and
propulsion system integration. It also focuses on the aerodynamic and power modeling of the rotors, as well as
the dynamics of the flyer. Chapter 7 defines the optimization framework, detailing the constraints, bounds, and
overall setup implemented in the study.

Chapter 8 processes and discusses the outcomes of the design and optimization process, while Chapter 9 highlights
the key findings related to the flyer’s performance, stability, configuration, evaluation of configuration specific
handling qualities and overall feasibility for the GOAERO missions.



GoAERO Competition

The GoAERO competition focuses on developing and operating a single-occupant, affordable, robust, and effec-
tive emergency response aircraft designed around three primary missions. Recent technological advancements,
along with the emergence of new eVTOL aircraft, have made it possible to create simpler, more reliable, and
more versatile aircraft configurations [1].

The competition encourages revolutionary designs that can safely operate in both densely populated urban envi-
ronments and remote or rural areas. For such versatility, the flyer must be roadable and trailerable, allowing for
easy deployment on-site, ensuring both reliability and efficiency. In comparison to current solutions, the proposed
aircraft must require less pilot training, have lower acquisition and maintenance costs, and face fewer facility con-
straints. Current Helicopter Emergency Medical Services (HEMS), for example, are not only expensive in terms
of acquisition and operational costs but also require specialized facilities and extensive pilot training, all while
being limited in maneuverability within confined spaces.

2.1. Missions

The flyer’s capabilities are evaluated through three distinct missions, each highlighting a critical aspect of its
performance:

1. Productive: Demonstrate the ability to deploy on-site efficiently and operate consistently, reliably, and
effectively.

2. Versatile: Showcase robustness and adaptability to perform critical tasks across diverse environments and
challenging conditions.

3. Capable: Exhibit precision and agility, enabling responsive operation in unpredictable and dynamic sce-
narios.

These qualities are assessed through three mission types: the Productivity mission, the Adversity mission, and
the Maneuvering mission. Each mission is evaluated during the final fly-off event, which includes simulations
using manikins to represent human occupants. These simulations are designed to replicate a range of real-world
emergency scenarios, testing the flyer’s performance under realistic conditions as listed below [1].

. "Deliver a first responder to the scene in a dense urban environment (building, signs, wires, tight spaces)’
. ’Deliver (or retrieve) a firefighter on a burning hillside’
. ’Get water and rations to communities cut off by natural disaster’

. "Retrieve an injured person from under a forest canopy’

. "’Evacuate flood victims’

1
2
3
4
5. ’Rescue victims from car accidents when traffic at a stand-still’
6
7. ’Land in earthquake rubble and uneven terrain’

8

. ’Move a patient to urgent care’
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9. ’Retrieve a drowning victim at the beach or rescue a swimmer pulled out by a riptide’
10. ’Douse a nascent wildfire’
11. ’Rescue from highrise rooftops’
12. *Transport a patient from urgent care to a hospital or blood/organ delivery from a nearby hospital’
13. ’Rescue in urban tunnels or remote caves’
14. *Rescue someone who has fallen through the ice on a frozen lake’
15. *Locate / identify / observe an emergency situation’

16. ’Act as a fire truck “ladder extension’’

2.1.1. Productivity Mission

The objective of the Productivity mission is to demonstrate the flyer’s capability for rapid deployment and ef-
ficient, continuous payload transport. The mission begins with the flyer transported via a ground vehicle with
specified width and height limitations (maximum 4.1 [m]). Upon arrival, the aircraft is unloaded and prepared
for operation within the designated Operation Zone (OZ) as outlined in Table 2.1 [1] indicating the surface type,
shape and dimensions.

The mission profile and OZ is visualized in Figure 2.1 where the mission profile involves flying a series of seg-
ments beyond the ground effect. Each segment consists of three laps, defined as flying from behind the baseline,
crossing the end line approximately one-quarter mile away, and returning across the baseline. This sequence is
repeated, alternating between flights with and without payload, until the maximum payload is transported within
the 90-minute time limit [1].

Mission requirements, such as course length and number of crossings, are designed to replicate real-world sce-
narios. The mission mandates a minimum payload weight of 567 [kg] to be ferried, with performance ranked
based on the ratio of total payload weight transported to the system’s total weight [1]. The payload may include
combinations of the following items:

1. Up to one Alex manikin (57 [kg])
2. Up to twelve 1.8 [m] lengths of #5 rebar (2.8 [kg] per piece)
3. Up to three 18 [kg] sandbags (note: sandbags lack handles).

Table 2.1: Operation zone *The Depot’ characteristics

Operation Zone ’The Depot’

Surface type Hard
Surface shape Trapezoid
Surface dimensions 30 [m] x (1.5 [m] — 9 [m])

Figure 2.1: Flight profile of the Productivity mission and OZ (gray
projections represent the end line and baseline)[1]
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2.1.2. Adversity Mission

The Adversity mission evaluates the flyer’s capability to take off and land under challenging conditions. This
mission requires the flyer to navigate through five distinct Operation Zones, each with specific requirements and
constraints detailed in Table 2.2. The primary objective is to complete the course in the shortest possible time,

with a maximum allowable duration of 30 minutes [1].

Table 2.2: Operational zones of the Adversity mission characteristics

Operation Zone 'The Base’

Surface type
Surface shape
Surface dimensions

Hard
Rectangle
7.6 [m] x 15[m]

Operation Zone *The Pit’

Surface type Loose dry sand
Surface shape Rectangle
Surface dimensions 3.7 [m] x 3.7 [m]
Condition Low visibility
Operation Zone *The Hill’
Surface type Elevated inclined carpeted platform

Surface shape
Surface dimensions

Square
3.4[m] x 3.4 [m] at 12° incline

Operation Zone *The Flood’

Surface type
Surface shape
Surface dimensions

Wet floor
Circle
7.3 m diameter, 0.5 m deep pool

Conditions 4 mm/hr rainfall

Goal Touch or pop balloon floating on the pool surface with 1.8 m moving radius
Operation Zone *The Tornado’

Surface type Hard surface

Surface shape
Surface dimensions
Conditions

Square
4.6 [m] x 4.6 [m]
Strong, non-uniform wind currents, no closer than 5.5 [m] from the center of the zone

Operation Zone 'The Unknown’

Surface type
Surface shape
Surface dimensions
Conditions

Hard surface

Rectangle

18 [m] x 7.6 [m]

Obstacles up to 0.9 [m] tall, not in direct view of the operating crew
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2.1.3. Maneuvering Mission

The Maneuvering mission assesses the flyer’s capability to navigate through confined spaces and avoid obstacles,
as illustrated in Figure 2.2. This figure outlines the Operation Zones (OZ) and the associated flight profile, em-
phasizing the sequence of tasks the flyer must complete. The mission begins with navigating around obstacle
1, a vertical pylon, while maintaining an altitude of at least 15 m above ground level (AGL) as the flyer passes.
Next, the flyer must maneuver around obstacle 2, another vertical pylon, keeping below 11 m AGL while passing
between obstacles 2 and 4.

The mission continues with the flyer negotiating obstacle 3, a 15 m high virtual wall, either by flying around
or over it, before maneuvering around obstacle 4 in a manner similar to obstacle 2. This challenging obstacle
course spans a distance of 69 to 99 meters, requiring precise control and agile handling. Furthermore, the mission
is divided into two distinct Operation Zones, as detailed in Table 2.3, with performance evaluated based on the
fastest completion time [1].

Table 2.3: Operational zones of the Maneuvering mission characteristics

Operation Zone ’The Base’

Surface type Hard
Surface shape Rectangle
Surface dimensions 7.6 [m] x 15 [m]

Operation Zone *The Spot’

Surface type Hard

Surface shape Rectangle

Surface dimensions 2.4 [m] x 2.4 [m]

Entrance 8.5 [m] wide by 9 [m] high gate with threshold 1.2 m from one edge
Condition May be shielded by structures designed to degrade GNSS quality

Figure 2.2: Flight profile of the Maneuvering mission including obstacles and operation zones[1]
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2.2. Primary and Secondary Requirments

This section outlines the primary and secondary requirements, as presented in Table 2.4, derived from the com-
petition’s mission profiles, operational guidelines, and additional rules as presented in the GoAER competition
[1]. The primary requirements represent the essential criteria that the aircraft and team must fulfill to successfully
achieve the competition’s objectives. These are directly tied to mission success and scoring metrics, including
payload ferrying, maneuverability, and adaptability to adverse conditions.

The secondary requirements serve as supplementary criteria that enhance overall performance, safety, and com-
pliance. These include operational constraints, deployment capabilities, and design considerations that improve
mission feasibility and efficiency. Together, the primary and secondary requirements provide a structured frame-
work for guiding system design, operational planning, and performance evaluation throughout the competition.

Although the GoOAERO competition rulebook [1] defines key elements such as payload requirements, mission
descriptions, ranking methodology, and implied dimensional constraints, no explicit performance or operational
requirements are provided. To address this gap, key parameters are systematically identified and analyzed in
Chapter 5, including overall performance constraints. This approach ensures that the necessary functions and
requirements are defined to meet both operational needs and competitive objectives as implied by the rulebook.

Table 2.4: Primary and Secondary Requirements

Category Requirement

Primary Requirements

Missions Perform three missions: Productivity, Adversity, and Maneuvering, each
with specific goals and rankings.

Payload Include a 57 kg manikin ”Alex” as the primary mission payload.

Deployment Deploy system quickly, adhering to the competition’s transport and stag-

ing requirements with moving the system at a minimum of 4 km/h on a
hard surface.

System Weight Total system weight includes aircraft, tools, and consumables but excludes
transport vehicles and payloads.
Competition Spirit Adapt to changing conditions, as event parameters may not match pre-

event practice scenarios.

Secondary Requirements

Productivity Mission Ferry at least 567 kg of payload within 90 minutes; minimize the total
system weight.

Adversity Mission Land and take off from five challenging zones within 30 minutes, ranked
by the fastest time.

Maneuvering Mission Navigate an obstacle course and complete multiple flight legs, ranked by
the fastest time.

Payload Handling Use up to four handlers for Productivity, and up to three for Maneuvering;
maintain safe distances from moving systems.

Staging Prepare for missions within 15 minutes; clear the course within 10 minutes
post-mission.

Bonus Points Earn points for minimal operator inputs, quick deployment, and single-
crew operations.

Penalties Avoid penalties for going out of bounds, unsafe staging, or damaging pay-
loads.

Rank Points Earn rank points by performance in missions, including completion and
bonus points, highest ranked team per mission earns 10 points.

Completion points Achieve at least 30 points to win the top prize.




Literature Review

3.1. History of VTOL

Vertical takeoff and landing (VTOL) aircraft are designed to ascend and descend vertically, requiring minimal
space and infrastructure compared to conventional airplanes. This unique capability makes VTOLs highly ap-
pealing for military, civilian, and emergency applications, as they can operate in environments where runways
are unavailable or prohibitively expensive to construct. Their versatility enables them to land and take off from
almost any location, proving invaluable in challenging or remote settings [2].

While VTOL technology has gained significant attention in recent years, the concept itself dates back centuries.
The origins of VTOL can be traced to the 15th century, when Leonardo da Vinci conceptualized the ”Aerial
Screw,” widely regarded as one of the earliest VTOL designs [3]. However, it would take more than five centuries
before the first manned helicopter successfully achieved flight. Since then, technological advancements have
revolutionized VTOL capabilities, facilitating a wide array of applications across various domains [4].

Notably, many modern VTOL designs draw upon historical concepts. As Filipenko [5] highlights, so-called
”super-disruptive” innovations often have roots in earlier research, including mid-20th-century NASA studies
and World War II-era German prototypes. This historical progression is reflected in the work of Anderson [6],
who reported in 1967 that McDonnell Aircraft had tested or proposed over 60 distinct V/STOL (Vertical/Short
Takeoff and Landing) configurations, as illustrated in Figure 3.1 by the wheel of “V/STOL Aircraft and Propulsion
Concepts” [7]. Anderson [6] observed that, for over 25 years, there was a dedicated effort to combine the vertical
takeoff and landing capabilities of helicopters with the high-speed cruising performance of conventional aircraft.
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Figure 3.1: Overview of STOL/VTOL concepts compiled in 1967 by McDonnell Aircraft in the wheel of V/STOL Aircraft and Propulsion
Concepts [6]

3.2. Modern Day VTOL Architecture

The fundamental principle of flight lies in generating lift to counteract the weight of an aircraft. Traditional Ver-
tical Take-Off and Landing (VTOL) technologies fall into two primary categories: rotorcraft and powered-lift
vehicles [2]. Rotorcraft, such as helicopters, rely entirely on their rotor systems for lift generation, distinguishing
them from other VTOL configurations. In contrast, powered-lift vehicles utilize fixed wings for lift during hor-
izontal flight while employing alternative mechanisms, such as tilting or vectored thrust, for vertical operations

(2].

Recent advancements in the electrification of VTOL solutions have enabled innovative concepts around dis-
tributed electric propulsion and introduced a clear distinction from traditional VTOL aircraft. According to the
European Union Aviation Safety Agency (EASA) [8], a defining feature of modern eVTOL aircraft is their use
of multiple propulsion units to generate lift, unlike conventional rotorcraft. This distinction underscores a criti-
cal evolution in the field: while all helicopters are VTOLSs, not all VTOLs are helicopters. This differentiation
is particularly relevant in the context of the GOAERO competition, which emphasizes the development of an
emergency response flyer that surpasses traditional helicopters in cost-effectiveness, facility requirements, and
maneuverability in confined spaces [1]. Furthermore, minimizing pilot training requirements is a key priority in
GoAERO, making handling qualities and precision essential considerations in the design process.

As shown in Figure 3.1, various VTOL concepts adopt different approaches to achieving vertical take-off and
landing. With the growing emphasis on designs based on electric propulsion technology, five prominent VTOL
configurations are frequently discussed in the literature and depicted in Figure 3.9. These include rotorcraft and
four key eVTOL architectures: multicopter, Lift + Cruise, tilt rotor/wing, and combined thrust. Each configu-
ration has distinct strengths and limitations, making them suitable for specific operational scenarios. It is also
important to note that performance factors such as speed and range are inherently interrelated, meaning that im-
provements in one domain often come at the expense of the other [9].
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Figure 3.2: Classification of conventional modern VTOL aircraft [10]

3.2.1. Conventional Rotorcraft

As Pavel and Padfield [11] stated, ”Rotorcraft are nowadays reliable flying machines capable of conducting
missions impossible to achieve with fixed-wing aircraft.” Indeed, as discussed in the introduction, VTOL aircraft,
such as rotorcraft, already play a key role in emergency response missions. However, this utility comes with
significant drawbacks, including high operational and acquisition costs, facility requirements, and extensive pilot
training [1]. Moreover, their large rotor sizes hinder their ability to operate effectively in tight quarters, which
presents a major limitation in the context of the GOAERO competition requirements.

One of the core challenges posed by GoOAERO is the need for a compact aircraft capable of navigating restricted
spaces. Specifically, GOAERO requires the aircraft to pass through an 8.5-meter-wide gate, with a 1.2-meter
threshold from the edge, as specified for the Maneuvering Mission (Section 2.1.3). This requirement restricts the
usable design span to just 7.3 meters.

To illustrate the challenging sizing demands of the GOAERO competition, the Bell 505 Jet Ranger serves as a
useful reference aircraft concerned with dimensional sizing as this is promoted by Bell Helicopter as “’the only
HEMS-capable short light single aircraft with the speed and range to aid global communities and save lives” [12].
However, as depicted in Figure 6.3, the rotor span of the Bell 505 exceeds the GoOAERO size limit by nearly four
meters, rendering it unsuitable for the competition’s spatial restrictions.

Even the CFX-XE, a single-seat light helicopter known as the Mosquito and often regarded as a benchmark in
its class, has a rotor span of 7.12 meters. While it narrowly complies with GOAERO’s size requirements, this
comparison underscores the inherent limitations of conventional rotorcraft in achieving a compact design without
sacrificing performance. These constraints highlight the need for innovative approaches to eVTOL design to meet
the competition’s strict spatial and performance criteria.

Reducing rotor size to meet these constraints poses a significant challenge. Rotor size is directly related to lift
efficiency, stability, and handling qualities. Larger rotors offer better lift and are crucial for effective hover and
maneuvering, but they also increase the aircraft’s footprint, making them unsuitable for confined environments.
Thus, the performance trade-offs inherent in conventional rotorcraft design make it difficult for these aircraft to
satisfy the GOAERO competition’s requirements, necessitating the exploration of alternative VTOL configura-
tions.
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Figure 3.3: Bell 505 dimensional schematic drawing [12]

3.2.2. Wingless eVTOL

Wingless eVTOL designs generate both vertical lift and forward thrust exclusively through their propulsion sys-
tems, eliminating the need for wings or lifting surfaces. These configurations, particularly multirotor designs,
are distinguished by their simplicity and versatility. However, a significant challenge lies in their high energy
consumption. Because vertical lift must be sustained by the propulsion system throughout all phases of flight,
wingless eVTOLSs require considerable power, making battery energy density a critical determinant of perfor-
mance and range [10].

The multirotor is one of the most common wingless eVTOL configurations. It employs multiple propulsion units
to provide the degrees of freedom needed for precise maneuvering. Multirotors excel in vertical operations such
as takeoff, landing, and hovering due to their low disc loading, which enhances efficiency during hover and low-
speed maneuvers [9]. This makes them ideal for scenarios requiring precise control, such as urban operations
or emergency response. However, the absence of lifting surfaces significantly compromises cruise efficiency,
leading to higher energy consumption during forward flight compared to VTOL designs incorporating wings.

The simplicity of the multirotor design lies in its reliance solely on electric motor control for thrust generation
and maneuvering. Unlike other VTOL configurations, multirotors do not require control surfaces, wings, or
tractor/pusher propellers to maintain flight. Instead, they achieve stability and control in all flight phases by
modulating the differential thrust of their multiple rotors [13].

Table 3.1 presents the relative performance of multirotor and tilt-wing/tilt-rotor designs, using the performance
of the Lift + Cruise configuration as the baseline for comparison. The table indicates that multirotors generally
consume more power during cruise than Lift + Cruise configurations but require less power during hover. This
trade-off often leads to a reduced overall range and speed, making multirotors less suitable for long-distance or
high-speed operations.

Table 3.1: Main advantages and drawbacks of different e-VTOL aircraft types [13]

Aircraft Type Power Consumption in Cruise ~Power Consumption in Hover ~Complexity Noise in Hover Range and Speed Internal Comfort

Lift+Cruise Baseline Baseline Baseline Baseline Baseline Baseline
Multi-rotor Higher Lower Lower Lower Lower Lower
Tilt-wing/rotor ~ Lower Higher Higher Higher Higher Higher

10
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3.2.3. Powered Lift eVTOL

As previously mentioned, powered-lift VTOLs incorporate additional lifting surfaces, such as wings, which allow
them to perform similarly to conventional fixed-wing aircraft during horizontal flight. This makes powered-
lift configurations significantly more efficient for extended-range missions compared to wingless eVTOLs [10].
The added lifting surfaces reduce the reliance on propulsion systems for generating lift during cruise, thereby
improving energy efficiency and increasing range.

However, these benefits come with trade-offs. The incorporation of wings and other aerodynamic structures
results in a more complex design, which introduces additional weight, structural challenges, and aerodynamic
considerations. This complexity, along with the associated design and maintenance costs, makes powered-lift
VTOLSs more suitable for medium- to long-range missions, where their superior energy efficiency can be fully
leveraged [10]. In short-range operations, the increased complexity may not justify the performance gains over
simpler, wingless VTOL designs.

Lift + Cruise eVTOL

The Lift + Cruise concept integrates a multicopter for vertical takeoff and landing (VTOL) with a conventional
fixed-wing aircraft for efficient cruising. This configuration employs dedicated propulsion systems for both cruise
flight and vertical operations, enabling each system to operate in its most effective state. As Finger et al. [14]
notes, it is the easiest way to give a fixed-wing aircraft VTOL capabilities since each system is decoupled and
used in its most effective state”. This design leverages the cruise efficiency of fixed-wing flight while maintaining
the simplicity and effectiveness of a multicopter for vertical operations.

Despite these advantages, the Lift + Cruise design has notable drawbacks. The propulsion units responsible for
vertical flight become ”dead weight” during horizontal flight, increasing overall mass and aerodynamic drag, as
highlighted by Ugwueze et al. [10]. To minimize these inefficiencies, vertical lift propellers are typically designed
with fewer blades and shorter chords, reducing drag during cruise. Additionally, the propellers are often locked
parallel to the slipstream during horizontal flight to further enhance aerodynamic efficiency.

However, these smaller propellers for vertical lift introduce challenges, particularly related to noise generation.
Higher disc loading and increased blade tip velocities exacerbate noise issues, making noise reduction a critical
design focus for Lift + Cruise configurations. Hover performance can also be impacted, emphasizing the need
for careful optimization to balance efficiency, noise, and performance during takeoff and landing [9].

Vectored Thrust eVTOL

Vectored thrust concepts address the limitations of other VTOL designs by employing a single propulsion system
capable of supporting both vertical and horizontal flight. This is achieved by vectoring the thrust or repositioning
the propulsion system to transition seamlessly between flight modes. The tilt concept, a prominent variation,
manifests in several forms: rotating only the propulsion units, tilting the entire wing, or redirecting the thrust
flow.

While vectored thrust systems offer exceptional versatility by integrating vertical and horizontal flight capabilities
into a single propulsion mechanism, they are not without significant challenges. The transition phase between
vertical and horizontal flight is particularly demanding, as it requires precise control to achieve smooth and ef-
ficient dynamics. Moreover, the mechanical and control systems necessary for thrust vectoring introduce added
complexity, which has been an enduring engineering hurdle since the 1960s [10].

Combined Thrust eVTOL

A solution to mitigate the ’dead weight’ problem in Lift + Cruise configurations and reduce the complexity of
the vectored thrust transition phase is the combined thrust concept. This approach combines elements of both
configurations by allowing some propulsion units to be vectored while others remain stationary during vertical
flight. This ensures that all propulsion units are utilized during vertical take-off and landing, while reducing the
number of unused units during horizontal flight, thus improving overall efficiency [10].

3.2.4. Current VTOL Concepts

Beyond the conventional rotorcraft and powered-lift aircraft currently in use, there has been growing interest
in newly developed and innovative VTOL concepts. Given the wide range of VTOL designs emerging today,
it would be highly time-consuming to manually evaluate each concept. As a result, a thought experiment was
conducted using artificial intelligence (Al), a key trend in modern technology. Specifically, ChatGPT 3.0 [15]

11
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was utilized to generate a list of VTOLs and rotorcraft with a total width not exceeding the 7.3 meters specified
by the GOAERO competition. The Al provided the following response: “Sure, here’s a list of eVTOLs (Electric
Vertical Takeoff and Landing aircraft) or rotorcraft with a total width not exceeding 7.3 meters.”

Table 3.2: Actual width parameters of the proposed eVTOLS

ChatGPT 3.0 response Width constraint complient eVTOLS Width
- EHang 216 5.61 [m]
1. Lilium Jet Kitty Hawk Heavisid 6
2. Joby Aviation 1ty Hawk Heaviside [m]
3. Volocopter 2X Vahana A® by Airbus 6.25 [m]
4. EHang 216 Vertical Aerospace Seraph 6 [m]
5. Bell Nexus Opener BlackFly 4.1[m]
g' ﬁéﬁlﬁ(%;flmrbus Non width constraint complient eVTOLS ~ Width
8. Jaunt Air Mobility Lilium Jet 13.9[m]
9. Hyundai S-Al Joby Aviation 11.89[m]
10. Kitty Hawk Heaviside Volocopter 2X 9.15[m]
11. Overair . ‘ Bell Nexus 15.24 [m]
12. Vahana by A3 by Airbus Airbus CityAirbus 12 [m]
13. Opener BlackFly .
14. Vertical Aerospace Seraph AeroMobil 8.8 [m]
15. Archer Aviation Jaunt Air Mobility 15.24 [m]
16. EmbraerX Hyundai S-A1 15 [m]
Archer Aviation 14.6 [m]
EmbraerX 11 [m]

Upon verifying the AIl’s output, it was found that only six of the suggestions actually met the width requirement
of 7.3 meters. These six VTOL options are listed in Table 3.2, alongside others that do not meet the competition’s
specifications. This experiment revealed two interesting insights with at first Al is not to be trusted yet and
second, many of the most promising current VTOL concepts are not designed with a small enough planform to
meet GOAERO’s specific needs. This can be attributed, in part, to the primary missions of these VTOLs, which
are often focused on passenger transport, as seen in the case of Urban Air Mobility solutions. Additionally, it is
important to note that Al, in its current form, is limited in its ability to produce novel solutions, as the models are
trained on existing information.

However, a valuable insight emerged from examining VTOL concepts with smaller planforms: these designs
often prioritize configurations such as Lift + Cruise or multirotor setups to achieve the necessary compact size.
This design focus aligns closely with the GOAERO competition’s requirement for a VTOL aircraft capable of
operating effectively in tight quarters.

For instance, Figure 3.4 depicts the Vahana Alpha Two concept by Airbus, designed for short-range advanced
air mobility with seating for one person. Similarly, the Kittyhawk concept, shown in Figure 3.6, is a single-seat
eVTOL,; however, it differs from the Vahana by employing a tiltrotor configuration instead of a tilt-wing design. In
contrast, the Pivotal concept, shown in Figure 3.5, combines fixed wings with rotors, rotating the entire aircraft’s
attitude to generate lift during cruise via its wings.

To illustrate multirotor platforms, the Vertical Aerospace VA-X2 (Figure 3.7) and Ehang’s eVTOL (Figure 3.8)
provide examples of human transport concepts. The VA-X2 is larger, with a higher payload capacity, while both
concepts demonstrate variations in rotor count and positioning, showcasing different approaches to achieving
multirotor functionality.

12
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Figure 3.4: Vahana Alpha Two concept by Airbus [16]

Figure 3.5: Pivotal Helix concept [17] Figure 3.6: Kittyhawk concept [18]

Figure 3.7: Vertical Aerospace VA-X2 concept [19] Figure 3.8: Ehang’s eVTOL concept [20]
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3.3. VTOL Propulsion Systems

While traditional VTOL configurations utilize fully fossil fuel based propulsion systems most current VTOL
concepts utilize fully electric propulsion, largely due to its relative simplicity and the innovative possibilities
enabled by distributed electric propulsion (DEP). According to Shamiyeh [21], DEP expands the design space
for VTOL aircraft by reducing the complexity and effort required for vertical take-off and landing operations.
This simplicity has positioned fully electric systems as a preferred choice for many eVTOL developers. It is
important to note that while innovations are being explored using hydrogen as a potential solution in the ongoing
energy transition, the GOAERO competition explicitly prohibits the use of hydrogen as a fuel source [1].

However, the limitations of fully electric propulsion, particularly for mid-range applications, have brought hy-
brid solutions into focus. A study on a hybrid-electric tilt-wing aircraft for Emergency Medical Services (EMS)
highlights the constraints of current battery technology in achieving the required energy density for fully electric
systems [22]. Hepperle [23] further argues that the low energy density of current batteries makes fully electric
propulsion impractical for applications demanding extended range or high payload capacity. Similarly, Barra et
al. [22] emphasize that hybrid-electric configurations provide a more viable alternative, combining the benefits
of electric propulsion with the extended range and flexibility of conventional power sources.

NASA’s research into Advanced Air Mobility (AAM) aircraft, as part of the Revolutionary Vertical Lift Tech-
nology project, supports the viability of hybridized systems over fully electric alternatives. This project explores
VTOL concepts for emerging aviation markets, with several designs illustrated in Figure 3.12 [24]. A key take-
away from NASA'’s research is that high battery energy density is critical for developing competitive electric
VTOL aircraft. However, even with cutting-edge battery technology, all-electric systems are significantly heav-
ier than hybrid or turbo-electric alternatives, as shown in Figure 3.9. This weight disparity makes hybrid-electric
and turbo-electric propulsion more practical options for Advanced Air Mobility applications [21].

Hybrid-electric systems offer a promising pathway toward greater electrification in aviation. These systems
pair the efficiency and reduced emissions of electric propulsion with the extended operational capabilities of
conventional propulsion systems. However, the literature does not address the areas like hovering performance,
disk loading, and system complexity for hybrid-electric VTOL configurations. The lack of detailed comparative
data on these factors leaves gaps in the understanding of their overall performance impact.
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Figure 3.9: Structure, propulsion and systems components of the empty weight; (TS = turboshaft, TE = turbo-electric, QSMR = Quiet
Single Main Rotor Helicopter) [24]

Hybrid Propulsion Configurations

Several hybrid propulsion configurations have been explored, each with distinct advantages and trade-offs. For a
series configuration, the turbine powers a generator, which then provides electrical power to the propulsion system,
eliminating the need for a mechanical link. This simplifies propulsion control but reduces overall efficiency due
to energy conversion losses [25].

Concerned with the Side-by-Side Configuration, both the turbine and generator supply power directly to the
propulsion system via a mechanical link. This configuration offers redundancy and improved efficiency but
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increases design complexity and weight due to the mechanical coupling [25].

Combining the systems, resulting in the Combined Series-Parallel Configuration, this hybrid approach uses a plan-
etary gear system to distribute power between the combustion engine and electric motor, optimizing performance
while adding mechanical and control-system complexity [25].

3.4. VTOL Cost Analysis

As outlined by the GoAERO competition, the solution for emergency response (ER) situations must offer a more
competitive alternative to conventional helicopters in terms of both acquisition and operational costs. Concerned
with the acquisition cost within the aircraft industry, Cakin and Aydogan [25] make the overall notion of lower
aircraft weight generally leading to reduced costs. However, this assumption is further nuanced in the research
on Advanced Air Mobility (AAM) aircraft by Johnson and Silva [24], who emphasize that the purchase cost of
an aircraft is largely determined by its empty weight, installed power, complexity, and the costs associated with
electronic systems.

A significant portion of operating costs comes from fuel or energy consumption. For missions with short enough
ranges to make electric propulsion viable, energy costs are typically lower for all-electric configurations, even
though these aircraft may be heavier. However, it is important to consider that electric propulsion systems often
bring along higher costs due to the need for battery replacement, which can be a major driver of overall expenses.

A study by Mihara et al. [26] compared multicopter, tilt-wing, and vectored thrust VTOL configurations in a cost
analysis for Japan’s Air Ambulance System. The study projected that, overall, eVTOL concepts could reduce the
total operating cost per seat mile by 26% compared to conventional helicopters. However, battery replacement
costs accounted for approximately 50% of the direct operating costs for all configurations, underscoring the
significant impact of battery technology on total expenses. Given the prominence of battery replacement costs,
hybrid systems could offer a more cost-effective alternative by reducing the reliance on batteries.

The study also provides insights into the costs of different configurations, including fixed-wing designs like the
Lilium Jet and Vahana, as well as a multirotor configuration represented by the Volocopter. Among these, only
the Volocopter demonstrated a lower cost than the R22 Robinson helicopter, referenced to be around 200.000
USD, though it came at the expense of reduced range compared to the other configurations. While the study is
based on a highly assumption-driven cost model, the comparisons between these configurations offer valuable
insights into overall cost differences across VTOL platforms.

Another critical factor in cost-effectiveness is the development cost of the aircraft. As will be discussed in more
detail in Section 3.7, addressing handling qualities (HQ) early in the design phase is crucial for ensuring a cost-
effective solution. If the HQ levels are not adequately addressed, additional flight tests, control systems, and
equipment modifications may be required, leading to higher project costs, delays, and increased manpower re-
quirements [27].

3.5. VTOL Performance Analysis

To evaluate the performance of various VTOL configurations, key metrics such as disc loading and cruise speed
are commonly used. As pointed out in a guide to Vertical Take-off and Landing [2], disc loading, defined as the
aircraft’s weight divided by the total rotor disc area, is a significant indicator of hover lift efficiency. Typically,
a higher disc loading results in reduced hovering efficiency, and higher downwash speeds, which describe the
airspeed experienced around the aircraft. This factor is particularly relevant for urban operations, where landing
sites might be near people or in rescue missions involving loose debris or water. Although noise is not a concern
in the GOAERO competition, downwash remains a critical factor to consider.

When examining conventional VTOL designs from the 1970s, helicopters generally have the lowest disc loading
due to their large main rotors, as shown in Figure 3.10. However, the figure also highlights the relationship
between conventional designs and newer VTOL models. It is important to note that these figures assume the
propulsion systems are providing maximum power output, although the actual power required for hovering is
often much lower [5]. A performance comparison, visualized by normalized estimates of disc loading and cruise
speed in Figure 6.22, shows that fixed-wing VTOL designs tend to have higher cruise speeds at the cost of higher
disc loading.

Despite the rough estimation of performance metrics, using a consistent method across different VTOL concepts
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still provides valuable insights into their relative performance. As demonstrated in Figure 3.10 and Figure 6.22,
multirotor configurations exhibit the most favorable disc loading and hover efficiency, while VTOL designs
focused more on cruise phase rather than vertical lift generally perform worse than both multirotor configurations
and conventional helicopters. Specifically, as cruise speed increases, disc loading tends to decrease, reflecting a
trade-off between hover efficiency and cruise performance.
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Figure 3.10: Disc loadings and hover lift efficiencies of VTOL Figure 3.11: Disc loading vs speed of VTOL concepts [5]
concepts [5]

Further insights into the performance of various VTOL configurations are provided by Johnson and Silva’s study
on UAM concepts [24] as shown in Figure 3.12. Their research shows that multirotor configurations consistently
outperform other designs in terms of disc loading, as summarized in Table 3.3. Notably, Lift + Cruise and tilt-
wing configurations exhibit worse disc loading, partly due to their higher gross weight. On the other hand, the
quadrotor configuration demonstrates superior disc loading compared to conventional rotorcraft, with the lowest
installed power requirements and competitive design gross weight.

- /
_-_h""‘-—-..._
Quadrotor Side-by-Side Helicopter Lift+Cruise VTOL
rboshaft or battery turboshaft or battery turbo-electric or battery
Quiet Single Main Rotor Tiltwing
turboshaft or battery turbo-electric

Figure 3.12: NASA UAM aircraft concept [24]

As discussed in Section 3.2 and Section 3.3, Lift + Cruise aircraft typically result in the heaviest configurations
for the same mission when compared to other eVTOL designs. This is primarily due to increased structural and
propulsion system weight, making all-electric Lift + Cruise aircraft the heaviest option.
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While Lift + Cruise configurations offer higher cruise efficiency, this advantage does not fully compensate for
the weight penalty. Additionally, the extra weight and drag from the rotor-supporting structures further reduce
the potential efficiency gains, shifting the optimal solution away from pure cruise performance. This observation
is consistent with findings on the empty weight of concept vehicles, where the Lift + Cruise configuration, with
its eight lifting rotors, exhibits higher structural weight despite its superior cruise efficiency [24].

Table 3.3: Characteristics of NASA UAM concept vehicles [24]

Aircraft QSMR Side-by-Side Quadrotor Lift+Cruise Tiltwing
Propulsion TS E TS E TS E TE E TE
Payload [1b] 1,200 1,200 1200 1,200 1,200 1,200 1,200 1,200 1,200
Range [nm] 75 75 75 75 75 75 75 75 75
Rotor radius [ft] 17.7 23.3 10.8 15.9 9.1 13.8 5.0 5.0 3.6
Disk loading Ib/ft"2 4 3.5 5 4 3.5 3 11.6 15.1 20

Tip speed [ft/sec] 450 500 450 450 450 450 450 550 550
L/D.=WV/P[-] 54 60 59 72 49 58 8.5 7.9 8.6

Vi [kt] 100 84 103 89 112 91 81 83 148
Power [hp] 2x241 2x272 2x234 2x234 2x294 4x181 8x126 8x189 8x244
DGW [lb] 3,951 5,980 3,665 5,547 3,678 7,221 7,271 9,482 6,584
Empty weight [Ib] 2,556 4,770 2,294 4,338 2,282 6,012 5,809 8274 5,130
Structure [1b] 1,190 1,616 1,054 1,533 1,033 1853 2,670 2,973 1954
Propulsion [Ib] 685 804 558 813 567 1,375 1,772 1866 1918
Battery [1b] 0 1,502 0 1,150 0 1,742 254 2058 244

In another study on performance trade-offs between VTOL and cruise efficiency, the effects of range and vertical
climb requirements were explored [21]. For a design mission with a required vertical climb altitude of 300 [m],
the multicopter configurations designed for a range of 25.7 [km] showed higher transport energy efficiency for
shorter distances compared to Lift + Cruise VTOLs. However, Lift + Cruise configurations only demonstrated
comparable or better efficiency at cruise distances beyond 26 [km]. The required vertical climb height has a more
significant impact on the sizing of Lift + Cruise configurations, though these designs excel in longer-distance
flights due to their higher cruise speeds.

As a result, performance trade-offs between hover efficiency and cruise capability remain a defining characteris-
tic of VTOL design optimization. Lift + Cruise configurations for example are better suited for longer distances,
achieving higher cruise efficiency and speed despite their structural weight penalties, while multicopters excel in
hover performance and shorter-range missions, offering superior transport energy efficiency for vertical maneu-
vers.

3.6. Multirotor Configuration

Multirotor aircraft are most commonly associated with small-scale UAVs, such as drones used for cinematography,
surveillance, hobbies, and package delivery. In these applications, any configuration can achieve flight with
sufficiently capable controllers. However, as noted by Kotarski et al. [28], multirotor systems are inherently
unstable, nonlinear, and multivariable from a control perspective, necessitating the use of robust flight controllers
to maintain stability.

Conventional multirotor designs typically feature an even number of rotors arranged in a single plane. These
designs are underactuated and exhibit strong coupling between translational and rotational dynamics, posing
challenges for missions requiring precise or complex movements, particularly those involving changes in orienta-
tion. Despite these challenges, multirotors are often favored for their mechanical simplicity, as they rely on fewer
moving parts compared to other VTOL configurations.

One of the simplest configurations is the quadrotor, which uses four rotors to provide both lift and control moments.
Its mechanical simplicity is complemented by relatively straightforward system dynamics compared to more
complex designs, such as those employing thrust vectoring [29]. However, this simplicity does not extend to all
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designs with fewer rotors. For example, tri-rotor systems introduce greater dynamic complexity, despite having
fewer rotors, due to the need for more intricate control mechanisms to stabilize flight.

While increasing the number of rotors may intuitively seem to enhance lift for a given platform size, this approach
is not without trade-offs. Adding rotors can increase static performance, such as total lift capacity, but often at the
expense of dynamic performance due to the added weight and increased inertia. Studies comparing multirotor
UAVs have demonstrated that while additional rotors improve static performance, the benefits diminish when
dynamic performance is considered [30]. As a result, increased rotor count can negatively impact agility and
energy efficiency if the system is not properly optimized.

Rotor Count and Control Effort

Determining the optimal number of rotors for a multirotor configuration involves balancing lift, stability, energy
efficiency, and control effort. A study on control effort during accurate trajectory tracking [29] compared various
multirotor configurations, examining how well each could follow a trajectory with minimal error. Despite dif-
ferences in geometry and behavior, the trajectory outputs across configurations were similar as long as actuator
limits were not exceeded.

The study assessed control effort both instantaneously and over the entire maneuver, revealing that systems re-
mained continuous and linear in closed-loop control under comparable conditions. Interestingly, while the mag-
nitudes of control signals were similar for quadrotor and octorotor configurations, the octorotor consumed signif-
icantly more power [29]. This indicates that energy consumption increases almost linearly with the number of
rotors, underscoring the importance of design optimization to mitigate weight and power penalties.

Yaw control, however, is a notable challenge in multirotors, as the yawing moment is typically smaller than the
moments responsible for roll and pitch. Yaw is controlled by the net torque differential between counter-rotating
rotors, making it particularly susceptible to rotor limitations during large yaw commands.

Examining yaw performance across different configurations during the same maneuver highlighted these chal-
lenges. For both the quadrotor and hexrotor, yaw commands remained within input limits throughout the maneu-
ver. In contrast, the octocopter exhibited dynamic discontinuities due to input saturation. This behavior arose
from the larger moment of inertia in the octocopter, which requires a greater yawing moment for equivalent com-
mands. Despite having more rotors to generate torque, the higher inertia proved to be a limiting factor, especially
during demanding yaw maneuvers [29].

3.7. Handling Qualities

The definition of Handling Qualities, as given by Cooper and Harper [31], refers to “those qualities or char-
acteristics of an aircraft that govern the ease and precision with which a pilot can perform the tasks required
in support of an aircraft role.”. As suggested by their definition, which emphasizes the pilot’s role, handling
qualities incorporate a degree of subjectivity. Therefore, to quantify handling qualities (HQ), the focus extends
to key attributes such as the aircraft’s maneuverability and agility. Maneuverability is defined as “the ability to
change the flight path of a vehicle through the application of acceleration”, while agility is "the rate of change of
maneuverability, or the quickness with which different maneuver states can be entered or exited” [32]. HQ thus
encompasses a range of aircraft characteristics, influenced by the following key factors:

1. Flight dynamics: This refers to how the aircraft responds to control inputs and external disturbances [33].

2. Control system design: The design of control systems, including control laws that govern the system’s
behavior, plays a critical role in HQ [34].

3. Pilot-vehicle interface: This concerns how information is presented and communicated to the pilot [33].
4. Vehicle design: Factors such as size, weight, shape, and configuration influence HQ [33].

5. Environmental conditions: External factors such as wind and turbulence also affect HQ [33].

HQ Evaluation

As noted by Gibson [35], handling qualities (HQ) are primarily influenced by aerodynamic stability and control.
However, with the advent of fly-by-wire systems, control augmentation has become increasingly significant,
often introducing inherent challenges to achieving optimal handling qualities. This shift aligns with the earlier
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observation that controllers play a central role in multirotor designs, where control system design frequently takes
precedence over vehicle design considerations.

Traditionally, HQ evaluations were conducted during the flight testing phase, as they were often considered sec-
ondary objectives in the design process. Yilmaz et al. [27] highlights this with noting that HQ assessments
typically occurred post-design, making them reactive rather than proactive. Similarly, Pavel [11] points out that
in earlier helicopter designs, HQ considerations were often neglected during the design phase, reflecting a broader
industry trend at the time.

Despite their critical role in overall mission success, HQ has frequently been overlooked during the early stages
of design. Typically, HQ assessments are conducted only after preliminary designs have been finalized, once the
majority of specifications and configurations are locked in. If deficiencies in handling qualities are identified
at this stage, costly and time-intensive interventions such as additional flight tests, controller refinements, and
structural modifications become necessary [27].

To mitigate these challenges, recent research advocates for the integration of HQ evaluations early in the design
process, facilitated by multidisciplinary design approaches. Yilmaz et al. [27] and Pavel [11] emphasize that
incorporating HQ assessments during the initial design phase significantly increases the likelihood of producing
aircraft with superior handling qualities. Pavel, in particular, stresses the importance of a multidisciplinary ap-
proach to improving HQ throughout the development process, ensuring a balance between mission requirements,
vehicle design, and control system performance.
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Research Objective

This thesis aims to contribute to the development of an innovative emergency response flyer for the GoOAERO
competition. The competition demands a single-occupant, affordable, robust, and effective VTOL aircraft ca-
pable of operating in challenging environments. These environments impose unique requirements across three
critical mission profiles, i.e. Productivity, Adversity, and Maneuvering, emphasizing endurance, stability, han-
dling qualities (HQ), and overall performance. The primary research objective is to establish a preliminary design
framework that meets these requirements while surpassing the performance of existing VTOL concepts through
technological innovation and design optimization.

Research Platform

As identified in the literature review, current VTOL designs, particularly fully electric configurations, face notable
limitations in meeting the stringent demands of the GOAERO competition. These challenges include excessive
mass, large size, and suboptimal performance for emergency response scenarios. Key difficulties include achiev-
ing efficient hover performance and compactness for rapid deployment.

While Lift + Cruise and combined thrust designs enhance cruise efficiency for longer ranges, they introduce
complexity and additional mass, making them unsuitable for the short-range missions prioritized in the GOAERO
competition. Vectored thrust designs, while excelling in cruise efficiency, suffer from high mechanical complexity
and poor hover performance, conflicting with the competition’s emphasis on simplicity and robustness.

In contrast, multirotor configurations offer simplicity and superior hover efficiency, though at the cost of higher
power consumption during forward flight due to the absence of lifting surfaces. However, this drawback is less
critical for the short-range missions in the GOAERO competition. Furthermore, integrating hybrid propulsion
systems into multirotor designs has demonstrated superior performance for short-range operations compared to
Lift + Cruise configurations.

Regarding propulsion systems, fully electric designs exhibit inefficiencies during both hover and cruise phases
due to battery mass. Moreover, long recharging times hinder rapid mission deployment, further reducing their
feasibility for emergency response scenarios. Hybrid propulsion systems emerge as a viable alternative, offering
significant reductions in Maximum Takeoff Mass (MTOM), rapid refueling capability, and enhanced mission
turnaround times. Hybrid systems have the possibility to improve the payload-to-system mass ratio, a key scoring
metric in the GOAERO competition.

Research Gap and Objectives

Existing studies often generalize that increasing the rotor count in multirotor designs leads to mass penalties
without exploring the potential for design optimization to mitigate these effects and properly evaluate the HQ
benefits of increased rotor counts. Furthermore, HQ incorporation typically occur late in the design process or
focus exclusively on closed-loop stability analysis, neglecting intrinsic design characteristics that influence HQ
during the early stages of development. This reactive approach frequently results in costly modifications, delays,
and suboptimal performance.
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To address these gaps, this thesis introduces an ”Optimization framework for design of an hybrid electric verti-
cal takeoff and landing multirotor - Application to the GoAERO competition”. This framework systematically
analyzes and optimizes quadrotor, hexarotor, and octorotor configurations to balance rotor count, rotor parame-
ters, system mass and performance. The proposed configurations incorporate a hybrid-electric propulsion system
featuring a gas turbine in a series configuration. This innovation eliminates reliance on battery recharging or
swapping, enhancing mission reliability, rapid deployment, and overall mass efficiency. Furthermore, the frame-
work emphasizes early-stage HQ assessment to ensure dynamic performance while minimizing design penalties
associated with increased rotor counts. As a result, this thesis seeks to address the following primary research
question:

What are the optimal design parameters that drive handling qualities for a hybrid multi-
rotor emergency response eVIOL in the GoOAERO competition?

By answering this question, the research aims to address key gaps in the literature, provide actionable insights for
VTOL design optimization, and contribute to the development of an aircraft that meets the stringent requirements
of the GOAERO competition.

Methodology

The literature emphasizes the importance of a multidisciplinary approach in improving the development process,
ensuring a balance between mission requirements and vehicle design. MDO fosters innovative solutions by
integrating diverse perspectives and expertise. By considering multiple disciplines simultaneously, MDO can
exploit their interactions, leading to superior design outcomes—particularly in complex aerospace systems.

As a result, this research employs a Multidisciplinary Design Optimization (MDO) framework to integrate key
disciplines, related to aerodynamics, propulsion, structures, and dynamics, into a unified optimization process.
The optimization is mass-driven, as minimizing aircraft mass directly correlates with improved dynamic perfor-
mance and higher rankings in the GOAERO competition, which prioritizes the ferried payload-to-system mass
ratio. The optimization results serve as the foundation for evaluating mass increases due to additional rotors and
the trade-offs between rotor count and performance. Additionally, the framework examines the impact of hybrid
propulsion on overall mass and operational efficiency.

To incorporate handling qualities (HQ) considerations in the early design stages, this thesis integrates eigenvalue
analysis to assess eVTOL stability, supplemented by a review of existing literature on HQs for quadrotor, hexaro-
tor, and octorotor configurations. This combined approach offers valuable insights into the relationship between
vehicle design parameters, HQs, and overall mission performance, aligning with and expanding upon existing
multirotor research.
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Aircraft Functions and Requirements

5.1. Function and Requirement Mapping

The process of defining the aircraft’s functions and requirements starts with systematically mapping key param-
eters, such as overall performance, payload capacity, crew specifications, and dimensional constraints. This pro-
cess ensures that all necessary functions and requirements are identified to meet both operational and competitive
objectives.

In cases where specific design parameters are not explicitly provided by the GoOAERO competition guidelines,
competitive benchmarks are established to maintain alignment with industry standards. These benchmarks are
drawn from comparable rotorcraft and provide a foundation for ensuring the design’s competitiveness. As a result,
comparisons are made with the smallest Helicopter Emergency Medical Services (HEMS)-capable rotorcraft,
such as the Bell 505 Jet Ranger, which serves as a relevant baseline, as discussed in Section 3.2.1.

5.1.1. Performance Evaluation

Mission Range

As highlighted by GOAERO [1], approximately 4.5 million people in the United States live in “ambulance deserts
i.e. regions where emergency medical services cannot reach residents within 25 minutes. For instance, in Pickens
County, Alabama, a single ambulance station in Carrollton, serving 20,000 residents across 900 square miles,
operates with just two ambulances [36].

2

To estimate the mission range, we assume the hospital is centrally located within a circular area covering 900
square miles. The maximum operating distance from the hospital corresponds to approximately 27.25 km. This
value aligns with the findings of Mihara et al. [26], who identified a similar maximum operating range of 31 [km]
for air ambulance systems in Japan, which is also the distance within which patients must be reached in under 25
minutes.

For the GOAERO competition, the Productivity mission imposes strict endurance requirements. The mission
profile involves completing three laps per segment, each including a quarter-mile stretch, alternating between
loaded and unloaded trips. The total payload of 567 kg, which is ferried in increments of 144.6 [kg] per trip,
results in a total horizontal distance being covered of approximately 19.3 [km]. Although this is shorter than the
ambulance desert range, it represents the primary range requirement for the competition at the preliminary design
stage.

Mission Altitude

Although GoAERO does not specify mission altitude, insights from Helicopter Emergency Medical Services
(HEMS) operations are valuable. According to the North West Air Ambulance Charity [37], typical HEMS
cruise altitudes are around 305 meters above ground level (AGL), providing clearance from obstacles such as
buildings, power lines, and trees. In more rugged areas like the southern Lake District, altitudes may reach up to
914 meters AGL. As a result, based on these operational insights and a study evaluating helicopter missions [38],
a cruise altitude of 600 meters AGL is selected. This altitude strikes a balance between operational performance
and safety, accommodating a wide range of terrains.
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Rates of Climb and Descent Evaluation

To further define the performance requirements related to climb and cruise rates for effective HEMS missions,
Mihara et al. [26] stated that the maximum operating distance of 31 [km] should be covered within 15 minutes of
an emergency call. Additionally, to remain competitive with existing HEMS solutions, the climb rate of the Bell
505 Jet Ranger X, approximately 7 [m/s] [39], is adopted as the target.

In an idealized scenario where this climb rate is achieved immediately after takeoff and the descent rate matches
the climb rate, the total time required to ascend and descend from a 600-meter cruise altitude is 2.8 minutes. This
leaves 12.2 minutes for the cruise segment. At a cruise speed of 231 [km/h] (matching that of the Bell 505),
the aircraft can cover the 31 [km] range in approximately 8.5 minutes, leaving 3.7 minutes for activation and
contingencies. These calculations confirm that the selected climb, descent, and cruise speed parameters meet the
operational requirements for a competitive HEMS mission.

5.1.2. Payload Evaluation

The Productivity mission requires the aircraft to accommodate a variety of payload configurations, as detailed
in Table 5.1. Each trip must support a maximum payload of 144.6 [kg], with potential combinations including
the ”Alex” manikin (57 [kg], 1.65 meters in length), rebar (1.8-meter lengths), and sandbags (18 [kg] each). The
payload compartment must be at least 1.8 meters in length to accommodate the rebar, while still providing enough
space for other cargo items. This flexibility is crucial for ensuring the aircraft can handle diverse mission require-
ments while maintaining operational efficiency.

Table 5.1: Payload specifications

Payload Amount Mass Dimmensions

Alex manikin 1 57[kg] H: 1.65[m]

#5 Rebar 12 2.8]kg/piece] L:1.8[m], D: 15.875[mm] [40]
Sanbags 3 18[kg/piece]  36[cm] x 66[cm] [41]

Total payload N.A 144.6[kg] N.A

5.1.3. Operational Crew Evaluation

Although GoAERO specifies a single occupant, emergency response missions often require additional personnel,
such as a caregiver or other emergency responders. As emphasized by T. Judge in his expert lecture, HEMS
missions typically operate with two crew members: one pilot and one caregiver. This division of roles enhances
operational efficiency by enabling clear delegation of responsibilities during critical missions.

For the purpose of this design, it is assumed that two crew members, each with a mass of 80 [kg] (including
personal equipment), will be onboard. The aircraft must comfortably accommodate the pilot, caregiver, and
single occupant, ensuring adequate space and mass distribution to support efficient and safe operations. This
consideration is critical for maintaining functionality and ergonomic efficiency during high-stress emergency
scenarios.

5.1.4. Dimensional Evaluation

Meeting GoOAERO’s maneuverability challenges requires the flyer to navigate through a gate measuring 8.5 meters
in width and 9 meters in height, with a 1.2-meter clearance from the edge. Assuming forward motion during
navigation, the effective maximum width available for the flyer is 7.3 meters.

Additionally, constraints imposed by ground transportation requirements limit the dimensions of the transporta-
tion vehicle to a maximum width and height of 4.1 meters. These restrictions play a critical role in defining the
flyer’s compactness and overall architectural design, as summarized in Table 5.2.

Furthermore, for safe and stable operation, the flyer’s landing gear must fit within a rectangular area of 2.4 [m] x
2.4 [m], as specified in the Maneuvering mission. This constraint ensures compatibility with designated landing
zones while maintaining sufficient ground clearance and structural stability during takeoff and landing phases.
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Table 5.2: GoAERO flyer dimensional requirements

Aircraft maximum dimensions

Width 7.3 [m]
Length 4.1 [m]
Height 4.1 [m]
Landing gear maximum dimensions
Width 2.4[m]
Length 2.4 [m]
Payload compartment minimum dimensions
Width 0.44 [m]
Length 1.8 [m]
Height 0.85 [m]

5.2. Function and Requirement Analysis

A comprehensive analysis of functions and requirements forms the cornerstone of any successful aircraft design.
This process is critical for defining the operational purpose, design constraints, and performance expectations
that shape and inform subsequent design decisions. Through an integrated approach combining functional and
requirements analyses, the key criteria for the final design can be systematically identified, prioritized, and aligned
with the mission objectives.

5.2.1. Functional Analysis

Functional analysis offers a systematic breakdown of the tasks the aircraft is designed to perform. These tasks
encompass primary mission objectives, secondary capabilities, and auxiliary functions across the entire system
and its subsystems. By addressing critical operational scenarios, functional analysis ensures that all mission-
specific and support requirements are considered during the conceptual and preliminary design phases. This
approach helps identify potential challenges early, promoting a more robust and efficient design process.
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System Level

Table 5.3: Functional Analysis GOAERO flyer - System Level (PRE = Pre-flight, TO = Take-off, CR = Cruise, HOV = Hover, DSCT =
Descent, LND = landing, ES = Emergency scenarios, MS = Mission-specific, OPS = Operational, MRKT = Market)

Function Description
Pre-flight functions

F-PRE-1.0 The aircraft should allow for easy refueling or recharging
F-PRE-2.0 The payload should be secured and safely stored inside the aircraft
F-PRE-3.0 The aircraft should comply with highway-legal transport constraints,

including size and weight limits
F-PRE-4.0 The aircraft should be staged and ready to fly within 15 minutes of arriving

at the operations zone

Take-off phase
F-TO-1.0 The aircraft should accelerate from a stationary state to take-off speed
F-TO-2.0 The aircraft should climb to the cruise altitude
Cruise phase
F-CR-1.0 The aircraft should maintain altitude, flight trajectory, and speed
F-CR-2.0 The aircraft should perform required maneuvers and course corrections
Hover phase
F-HOV-1.0 The aircraft should maintain steady hover and hold position
Descent and landing phases
F-DSCT-1.0  The aircraft should reduce its speed gradually and descend safely
F-LND-1.0 The aircraft should land smoothly under varying ground conditions
Emergency scenarios

F-ES-1.0 The aircraft should deliver a first responder to dense urban environments
F-ES-2.0 The aircraft should transport or retrieve firefighters in dangerous terrains
F-ES-3.0 The aircraft should deliver critical supplies to isolated communities
F-ES-4.0 The aircraft should retrieve injured individuals from remote locations
F-ES-5.0 The aircraft should evacuate victims from areas with limited access
F-ES-6.0 The aircraft should navigate and operate in ”Adversity Mission” environments such as sand,

inclines, or water

Mission-specific functions
F-MS-1.0 The aircraft should be quickly deployable
F-MS-2.0 The aircraft should transport payload efficiently over multiple cycles
F-MS-3.0 The aircraft should operate well out of ground effect
F-MS-4.0 The aircraft should navigate tight spaces and avoid obstacles effectively
F-MS-5.0 The aircraft should operate effectively in environments with degraded GNSS or RF signals
Operational functions

F-OPS-1.0 The aircraft should allow for loading/unloading of payload without external equipment
F-OPS-2.0 The aircraft should use technology of today’s standards
F-OPS-3.0 The aircraft should require less pilot training than a convetnional rotorcraft
F-OPS-4.0 The aircraft should be easily safed when not in operation,

ensuring secure radio transmission settings

Market

F-MRKT-1.0 The aircraft should be cheaper than a helicopter in both acquisition and operational
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Subsystem Level

Table 5.4: Functional Analysis GOAERO flyer - Subsystem Level, (PROP = Propulsion, FUS = Fuselage, LG = Landing Gear, PSS =

Propulsion Support Structure)

Function  Description
Propulsion System
F-PROP-1  The propulsion system should provide thrust for vertical take-off, cruise, and landing
F-PROP-2  The propulsion system should provide electrical power for aircraft instruments
F-PROP-3  The propulsion system should ensure efficient energy consumption for long-duration missions
F-PROP-4  The propulsion system should allow for precise maneuvering and obstacle avoidance in tight spaces
F-PROP-6  The propulsion system should ensure safe and unimpeded access for users during operational tasks,
such as loading and maintenance.
Fuselage
F-FUS-1 The fuselage should protect passengers, crew, and payload from external conditions
F-FUS-2 The fuselage should maintain optimal internal temperature
F-FUS-3 The fuselage should securely store passengers, crew, and cargo
F-FUS-4 The fuselage should provide structural integrity and rigidity
F-FUS-5 The fuselage should provide visibility and situational awareness for crew members
F-FUS-6 The fuselage should integrate plausible restraint systems for Alex and other payloads as required
Landing Gear
F-LG-1 The landing gear should support the aircraft’s full weight on the ground
F-LG-2 The landing gear should absorb shock during landing on various terrains
F-LG-3 The landing gear should support operations on inclined or submerged surfaces
Propulsion Support Structure
F-PSS-1 The propulsion support structure should provide mechanical rigidity and withstand rotor forces
F-PSS-2 The propulsion support structure should be resistant to wear and degradation from
adverse environmental conditions
F-PSS-3 The propulsion support structure should allow unobstructed access to critical areas of the aircraft,

including entry points and maintenance sections.

5.2.2. Requirements Analysis

Building on the functional analysis, the requirements analysis defines the essential quantitative and qualitative
criteria that the aircraft must meet. These criteria are formalized as Top-Level Aircraft Requirements (TLARS),
which serve as the cornerstone for the design’s capabilities. The TLARSs are directly aligned with the mission ob-
jectives and operational constraints specified by the GOAERO competition, ensuring the design addresses critical
performance metrics such as mission range, payload capacity, and operational rates. These parameters establish
clear benchmarks to evaluate the design’s ability to fulfill its intended operational goals effectively and reliably.
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System Requirements

Table 5.5: GoAERO flyer System Requirements, (PERF = Performance, OPS = Operational, ENV = Environmental, MRKT = Market)

Requirement Description

Performance Requirements

REQ-PERF-01  The aircraft shall have a maximum range of at least 19.3 [km] for the productivity mission.
REQ-PERF-02  The aircraft shall maintain a cruise altitude of at least 600 meters for safe operation
during emergency response missions.
REQ-PERF-03  The aircraft shall achieve a rate of climb and descent of at least 7 [m/s],
matching the Bell 505 Jet Ranger’s performance.
REQ-PERF-04  The aircraft shall achieve a cruise velocity of at least 65 [m/s],
matching the Bell 505 Jet Ranger’s performance.

Operational Requirements

REQ-OPS-01 The aircraft shall carry a minimum payload of 144.6 [kg],
including the Alex manikin and other mission payloads.

REQ-OPS-02 The aircraft shall navigate tight spaces with a maximum span of
7.3, length of 4.1, and height of 4.1 meters.

REQ-OPS-03 The aircraft shall be staged and ready to fly within 15 minutes of
arriving at the operations zone.

REQ-OPS-04 The aircraft shall be operable in crosswind conditions up to 30 knots
for adverse mission scenarios.

Environmental Requirements

REQ-ENV-01 The aircraft shall operate in loose sand,

inclines, water, and other uneven terrains typical of adversity missions.
REQ-ENV-02 The aircraft shall remain functional under moderate rainfall

(e.g., 4 [mm/hr]) or similar weather conditions.

Market Requirements

REQ-MRKT-01 The aircraft shall have a unit price of no more than 1.5million [USD] [42] to remain competitive.
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Subsystem Requirements

Table 5.6: GoAERO flyer Subsystem Requirements, (STRCT = Structural, PROP = Propulsion, ELEC = Electrical)

Requirement Description

Structural Requirements

REQ-STRCT-01

to ensure integrity.

REQ-STRCT-02 The structure shall remain resilient under varied environmental conditions such as

temperature and humidity changes.

REQ-STRCT-03 The propulsion support structure shall not block access to critical areas of the aircraft,

including entry points, payload bays, and maintenance sections.

Propulsion Requirements

REQ-PROP-01 The propulsion system shall generate sufficient thrust in all phases to support the MTOW.
REQ-PROP-02 The propulsion system shall handle rapid throttle changes during tight maneuvers

and obstacle avoidance.

REQ-PROP-03  The propulsion system shall resist wind disturbances in the ”Tornado” operations zone.

REQ-PROP-04

Electrical Systems

REQ-ELEC-01 The aircraft’s electrical systems shall provide redundancy for critical systems,

ensuring safe operation during emergency missions.

REQ-ELEC-02  The aircraft shall maintain GNSS and RF signal robustness in degraded environments.

Driving Requirements

The following driving requirements have the largest influence on the final design decisions and are critical to meet-
ing the objectives of the GOAERO competition for the preliminary design in this report. These requirements drive
the design to balance performance, operational efficiency, and safety while meeting the technical and environ-
mental constraints outlined in the GoOAERO Fly-Off Rulebook [1]. They also ensure the aircraft is optimized for
real-world emergency response scenarios, aligning with the competition’s focus on adaptability and robustness.

REQ-PERF-01: The aircraft must have a minimum range of 19.3 [km] to complete the productivity mis-
sion, emphasizing energy efficiency and endurance.

REQ-PERF-02: The aircraft shall maintain a cruise altitude of at least 600 meters for safe operation during
emergency response missions.

REQ-PERF-03: The aircraft shall achieve a rate of climb and descent of at least 7 [m/s], matching the Bell
505 Jet Ranger’s performance.

REQ-OPS-01: The aircraft must carry a minimum payload of 144.6 [kg], including 1 pilot, 1 caregiver,
and the ”Alex” manikin, ensuring it meets operational payload requirements.

REQ-OPS-02: The aircraft shall navigate tight spaces with a maximum span of 7.3, length of 4.1, and
height of 4.1 meters.

REQ-PROP-01: The propulsion system must generate sufficient thrust across all flight phases to support
the maximum takeoff weight (MTOW) while maintaining efficiency.

REQ-STRCT-01: The propulsion support structure must limit deflection to no more than 1 [mm] to ensure
rotor stability and structural integrity under maximum thrust conditions.

REQ-STRCT-03 The propulsion support structure shall not block access to critical areas of the aircraft,
including entry points, payload bays, and maintenance sections.

REQ-PROP-04 The propulsion system shall not interfere with users accessing the aircraft for loading,
boarding.

REQ-PERF-04: The aircraft shall achieve a cruise velocity of at least 65 [m/s], matching the Bell 505 Jet
Ranger’s performance.
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Multicopter eVTOL Modelling

6.1. Fuselage conceptual model

As established in Chapter 5, the fuselage must accommodate the maximum allowable payload, including the Alex
manikin in a non-restrictive position, as well as a pilot, a caregiver, and all necessary technical support equipment.
The design must balance compactness with functionality, ensuring comfort and accessibility for occupants during
emergency response operations.

To inform the design, the Bell 505 HEMS (Helicopter Emergency Medical Services) configuration is used as a
reference. The Bell 505 is the only HEMS-capable short light single aircraft currently in operation, providing a
well-tested basis for fuselage sizing and layout since it is already optimized for emergency medical operations.

As shown in Figure 6.1, the Bell 505 fuselage meets the key requirement of accommodating a pilot, an caregiver,
and a single occupant (the Alex manikin), all in practical and ergonomic positions. This configuration not only
demonstrates the feasibility of housing all essential personnel and equipment but also highlights an efficient cabin
layout that minimizes the overall size of the eVTOL. This compact design is critical for achieving the small form
factor necessary for the GOAERO competition.

Med-Pae, Inc.

Figure 6.1: Fuselage layout displaying the seating arrangement for pilot, medical personnel, and passenger [43]

Further examination of the technical specifications, as seen in Figure 6.2, confirms that the Bell 505°s fuselage
offers sufficient space for the pilot, emergency personnel, occupant, and any additional payload. Despite its
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compact form, the fuselage adheres to the dimensional requirements set by the competition, including expected
space for emergency equipment.

Table 6.1: Internal dimensions of the Bell 505 [44]

Dimension  Value [cm]

142
135
84
84
46
140
82

OQHmgaw

Figure 6.2: Internal dimension convention of the Bell 505 [44]

6.1.1. External dimensional Considerations

The Bell 505 fuselage, is further analyzed for its ability to meet the dimensional constraints specified by the
GoAERO competition [1], particularly with regard to landing gear and overall size limitations where the flyer
must land on a surface no larger than 2.4 [m] x 2.4 [m] (Section 5.1.4). As can be seen in Figure 6.3, the landing
gear fitted on the Bell 505 already meets these specifications, making it a viable reference for the eVTOL’s design.
Additionally, the overall width and height of the Bell 505 fall within the design space required by the GoOAERO
competition.

zr /_ GROUND LINE

|
s
7.49 FT _,l t
(2.28 ™) 1.58 FT
— 552 n) (0.48 M)

(168 M

Figure 6.3: External dimensions of the Bell fuselage 505

6.1.2. Integration of Hybrid Systems

The fuselage must also house the turbine generator, fuel tank, battery, and other technical equipment required for
the eVTOL’s hybrid system. Since the Bell 505 is already a turbine-driven rotorcraft, its fuselage is optimized to
accommodate these sub components, as depicted schematically in Figure 6.4. With the hybridized system, which
includes an efficient turbine engine and eliminates the need for mechanical linkages between the engine and rotors,
the design is expected to yield an even more compact form factor. This enables the fuselage to maintain a similar
form while still housing all necessary components including batteries. Consequently, the Bell 505 fuselage serves
as a feasible basis for the preliminary design, onto which the multirotor configuration will be integrated.
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BELL 505 JET RANGER X

FLIGHT .. @ rietgiobd

Figure 6.4: Schematic of Bell 505 internal components [45]

6.1.3. Visualization of Design Space

To provide a clear sense of the dimensional constraints and spatial allowances for the multirotor configuration, the
Bell 505 fuselage model is implemented within a 3D design space. This space is constrained by the dimensions
listed in Table 5.2, and the fuselage is visualized from multiple perspectives in Figure 6.5, Figure 6.6 and Fig-
ure 6.7. These visuals help demonstrate how the multirotor system can be applied to the fuselage while adhering
to the size and layout requirements of the GOAERO competition where the grey box illustrates the design space
for the rotors.

4.1[m)

7.3 [m] 4.1[m]

4.1[m] 4.1[m] 7.3 [m]

Figure 6.5: Dimensional design space front Figure 6.6: Dimensional design space side ~ Figure 6.7: Dimensional design space top
view view view

6.2. Fuselage Area Terms

To evaluate the aerodynamic drag during different flight phases i.e., axial climb, cruise, and axial descent, the
drag forces acting on the eVTOL’s fuselage are approximated for each phase. The drag coefficients are estimated
based on the dominant areas interacting with the incoming airflow during each flight phase. For the axial climb
and descent phases, the top and bottom areas of the eVTOL are the primary contributors to drag, whereas during
cruise, the frontal area is assumed to be the key factor. The resulting drag forces for each steady flight phase are
essential in balancing the total forces acting on the eVTOL.

One advantage of utilizing the fuselage from an existing rotorcraft, such as the Bell 505, is that well-established
statistical rotorcraft methods can be applied more accurately to estimate the fuselage’s frontal area and calculate
its drag coefficient during the cruise phase. However, it is important to note that while the Bell 505 serves as
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a reference for the conceptual fuselage design, the helicopter differs from the intended multirotor configuration.
Specifically, the presence of additional components, such as rotor-support structures and motors in the multirotor
design, is likely to result in a higher overall drag coefficient. Nevertheless, at this stage of the design process, the
drag characteristics are assumed to be similar to those of the Bell 505 fuselage for simplicity.

Using Figure 6.8, the equivalent flat plate area is estimated by employing statistical methods, considering the
fuselage’s mass of 3680 [1bs] (1669 [kg]) [12], resulting in an equivalent flat plate area of 6.2[ f¢2] (approximately
0.576 [m?]). Incorporating the obtained equivalent flat plate area in Equation 6.1 together with the assumption of
the frontal area of the fuselage being approximated as a rectangular box with dimensions of 1.52 [m] x 1.42 [m],
the frontal drag coefficient is calculated to be approximately 0.27.

oy — 2ES

5 (6.1)

50

EH-101 (Mdttary) &
CH-53A
40 - SA321 @ CH-47
® EH-101 (Chvil)

® 561 Utility helicopters
|

Clean helicopters

0 10000 20000 30000 40000
Helicopter gross weight, W- Ib

Airframe equivalent fiat plate area, f - ft*

Figure 6.8: Equivalent flat plate area of helicopter fuselage [46]

For the axial climb and descent phases, the top and bottom drag coefficients are estimated separately, as the
previous method only provides the frontal drag coefficient. To estimate the drag coefficient for the top and
bottom surfaces, the fuselage is assumed to resemble an ellipsoid. Based on the total top and bottom area of
4.73[m?] (derived from Figure 6.3), and referring to a study on drag force coefficients for ellipsoidal particles in
cross flow [47], the drag coefficient for these surfaces is approximated to be 0.956.

By calculating these drag coefficients for the relevant flight phases, the total drag forces acting on the eVTOL’s
fuselage during axial climb, cruise, and descent can be approximated, allowing for a more accurate analysis of the
forces that must be countered by propulsion. However it should be noted that for the preliminary design phase the
drag forces are assumed to act through the center of gravity of the whole system so that no moments are created
due to the aerodynamic forces.

6.3. Aircraft Mass Modelling

The maximum takeoff mass (MTOM) is a critical parameter in the design phase, as it directly influences many
other design considerations. For instance, the MTOM determines the rotor characteristics, which must provide
sufficient lift for both hovering and forward flight. In turn, the power required to operate the rotor dictates

the propulsion system specifications, which subsequently determine the energy needed to complete the planned
missions.

However, during the early stages of conceptual design, available data is limited. As a result, mass estimations
primarily rely on statistical methods to predict the aircraft’s mass breakdown. These methods allow for the devel-
opment of reasonable approximations, which can guide the design process until more precise data is available.

32



6.3. Aircraft Mass Modelling Bas van Leeuwen - Thesis report

The total aircraft mass is the sum of the useful mass and the operating empty mass (OEM), as described in
Equation 6.2. The OEM refers to “the mass of the aircraft, engines, and all items of operating equipment that
are permanently installed in the aircraft, plus the crew and the equipment required for flight, but excluding fuel
and payload” [48]. This distinction is important because it separates the fixed elements of the aircraft from the
variable elements, such as fuel and payload.

For a more detailed breakdown, the useful mass comprises both the payload and fuel mass. Although batteries,
in a similar way to fuel, contribute to the useful mass, they differ in that their mass remains constant regardless
of the energy stored. Therefore, in this hybrid setup, batteries are considered part of the OEM.

In the hybrid configuration, the generator does not contribute to propulsion via a direct mechanical link. Instead,
it is permanently installed and contributes to the OEM, as detailed in Equation 6.4. This ensures that the mass of
the generator is properly accounted for in the overall mass of the aircraft.

The total mass of the propulsion system includes both the motor and propeller masses, as outlined in Equation 6.6.
Additionally, the airframe mass consists of the fuselage mass and the mass of the propulsion support structure,
which integrates the motors onto the fuselage.

It is essential to recognize that the mass breakdown provided here is an estimation intended to support the opti-
mization process, with the goal of minimizing the MTOM. In more detailed design phases, additional elements,
such as controllers, wiring, and other system components, should be incorporated into the mass breakdown to
achieve more accurate results.

MTOM = OEM + myseful (6.2)

MUseful = M Payload + Mpyel (63)

OEM = MBattery + MAir frame + M propulsion +micE + Morew (64)
Mair frame = MFuselage T Mpropulsion support structure (6.5)

M Propulsion = Mmotor + M Propeller (6.6)

6.3.1. Payload and Crew mass

As derived from the payload requirements in Section 5.1.2 set by the GOAERO competition, the total payload
mass amounts to 144.6 [kg], as shown in Table 5.1. Another essential component of the useful mass is the crew
mass. As previously discussed in Section 5.1.3, T. Judge argues that HEMS missions typically require two crew
members: one pilot and one caregiver, ensuring distinct roles for each discipline. For this analysis, the crew mass
is estimated by assuming two members, each with a mass of 80 [kg].

6.3.2. Fuselage sizing

As shown in Equation 6.5, the mass of the airframe consists of the fuselage mass and the mass of the propulsion
support structure. In Section 6.1, the use of the Bell 505 fuselage is justified for this design. One significant
advantage of this approach is that rotorcraft statistical estimation methods can now be used to estimate the fuselage
mass fraction. Schwinn et al. [49] provide a detailed assessment of rotorcraft fuselage mass, which includes
individual components such as the fuselage tail, rear cap, and engine cowling, as shown in Figure 6.9.
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Figure 6.9: Assembly of rotorcraft fuselage components [49]

For the multicopter configuration, however, components like the fuselage tail, rear cap, and engine cowling
are unnecessary, leading to a slight overestimation of the fuselage mass. Despite this, such overestimations are
considered acceptable during the preliminary design phase, where precision is less critical than in later stages.

Using the mass estimation method outlined in the paper [49], the fuselage mass depends on the surface arca
of the aircraft body. Layton’s method categorizes helicopters into three weight classes, as shown in Table 6.2,
with corresponding formulas for body surface area provided in Equation 6.7, Equation 6.8 and Equation 6.9. It’s
important to note that in Layton’s method, the empty mass (m.) and design gross mass are in pounds (lb), and
the resulting surface area is in square feet (ft2).

Table 6.2: Weight classes according to Layton [49]

Weight class 4, range

Light [Ib] Mmto <1360.78
Medium [Ib]  1360.78 <m0 < 11339.82
Heavy [Ib] Mo >11339.82

Shotight = 194.274 - In (m,) — 1306.779 67)
Sh.medium = 636.081 - 0-0000098:mq (6.8)
Sb,heavy = 426.378 - 60‘000045'7"9 (69)

Since Layton’s method was developed before the widespread use of composite materials, it may overestimate the
fuselage weight for modern airframes. To address this limitation, Prouty [49] developed an improved method that
incorporates additional factors, such as fuselage length, to provide a more accurate weight estimate, as shown in
Equation 6.10.

M)o.w . 70.61 0.25 (6.10)

Mfuselage = 6.9 - ( 1000 fuselage * Sb

Using the Bell 505’s maximum takeoff mass (MTOM) of 3680 [lbs] (1669 [kg]), the aircraft falls into the Medium
weight class as defined by Layton. Applying the surface area formula for this class (Equation 6.8) results in a
surface area of 649.82 ft2 (61.26 m?). Plugging this surface area and the MTOW into Prouty’s method (Equa-
tion 6.10) yields a fuselage mass of 118.34 [kg].

This result can be compared to the calibrated Army Flight Dynamics Directorate (AFDD) model shown in Fig-
ure 6.10, which estimates the fuselage mass to be 14.3% of the operating empty mass (OEM). Given the Bell
505’s OEM of 989 [kg] [12], this calculation results in a fuselage mass of approximately 141.43 [kg]. The close
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agreement between the two methods, both yielding values within the same order of magnitude, validates the
estimation as reliable for this design phase.
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Figure 6.10: Composition of rotorcraft empty mass [49]

6.4. Propulsion and Energy System Sizing
6.4.1. Hybrid Propulsion Modelling

As discussed in Section 3.3, hybrid propulsion systems offer a promising solution for eVTOL aircraft by address-
ing the limitations of current battery technology, particularly in terms of energy density and weight. Among the
various hybrid configurations, this study selects the series hybrid configuration due to its relative simplicity in
power transmission. Unlike parallel hybrid systems, which require complex mechanical linkages to share power
between energy sources, the series configuration simplifies the propulsion architecture by relying exclusively on
electrical power transmission.

In the selected series hybrid configuration, a gas turbine generator serves as the primary power source for propul-
sion, while a battery provides supplemental energy. This configuration eliminates direct mechanical connections
between the turbine generator and the propulsion system, enabling decoupled operation. This design facilitates
simpler propulsion system control but at the cost of reduced redundancy compared to parallel configurations. Fig-
ure 6.11 illustrates the series hybrid configuration, emphasizing the electrical power transmission pathway from
the turbine generator and battery to the propulsors [50].

The inclusion of a battery in the series hybrid system enhances operational flexibility. Acting as a buffer during
transient power demands, the battery minimizes fluctuations in turbine operation, potentially improving fuel effi-
ciency. This capability is particularly advantageous for eVTOL missions, which frequently involve rapid power
changes, such as during takeoff and hover. However, achieving optimal performance requires careful considera-
tion of the Power distribution between the battery and the gas turbine generator to balance efficiency, redundancy,
and mass which are key parameters for meeting the performance objectives of the GoOAERO competition.
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Figure 6.11: Schematic of the series hybrid-electric powerplant [51]

Power Distribution in the Hybrid System

Power distribution in a series hybrid system is governed by the hybridization factor (HF), a key metric that
quantifies the proportion of power supplied by the battery relative to the total power required at the propeller
shaft. Mathematically, the hybridization factor is defined as the ratio of the required power for the electric motors
to the installed battery power, as described by Equation 6.11. The HF value ranges between 0 and 1, indicating
the degree of reliance on battery power [25]:

]

» HF = 0 indicates that the turbine generator supplies all the required power, representing a purely

turbine-driven system.
* HF =1 corresponds to a fully battery-powered system, where the turbine generator is not utilized.

This power distribution is further quantified using the required power equations for the turbine generator and
the battery, given in Equation 6.12 and Equation 6.13, respectively. These equations incorporate the efficiencies
of the generator, combustion engine, and battery to calculate the adjusted power requirements. A summary of
these technical assumptions and their associated efficiencies is provided in Table 6.3. Note that the hybridization
factor not only determines the operational load on each energy source but also significantly influences the overall
system efficiency and mass distribution over the overall propulsion system due to the difference in efficiencies
and power densities.

PEM, max
HFgy = —2bma (6.11)
Pbatt, max
1—- HF
PrethCE == Pfr‘ethM : 57 - 'I’][Z'HE) (612)
gen
Preqh . (HFSH)
P, - B 6.13
Whoare Mbatt (6.13)

Table 6.3: Technology assessment of hybrid-electric systems

Parameters

Gas Turbine Power Density 3 [kW/kg]
Battery Energy Density 260 [Wh/kg]
Battery efficiency 0.99
Electric motor efficiency 0.95

Electric generator efficiency  0.98

Gas turbine efficiency 0.35

6.4.2. Energy System Sizing

As outlined in Section 6.4.1, the degree of hybridization plays a critical role in determining the overall perfor-
mance and mass of the eVTOL. Both the fuel system and battery system must be sized appropriately to align with
the selected hybridization factor (HF).
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The hybridization factor directly influences the distribution of energy demand between the battery and fuel sys-
tems. A higher HF prioritizes battery usage resulting in increased battery mass and volume, which can negatively
impact payload capacity and overall mission performance. Conversely, a lower HF shifts the energy burden to-
ward the fuel system, reducing battery size requirements but increasing dependence on fuel storage and internal
combustion components.

Battery Sizing

From the literature, it is evident that the level of battery technology plays a crucial role in the system’s performance,
particularly in terms of mass. Since the GOAERO competition focuses on the development of an eVTOL solution
based on current technology readiness levels, a battery energy density of 260 [Wh/kg]] and a battery efficiency
0f 99% are assumed [52].

To calculate the required battery mass for the mission, the Euler integration method is applied with proper time
discretization for each flight phase. The total energy required for the mission is determined using Equation 6.14,
where Byattery (t) represents the time-history of power provided by the battery during the mission, and 7pagtery is the
battery discharge efficiency. The power demand on the battery depends on the hybridization factor, as discussed
in Section 6.4.1.

1

nbattery

Ebattery =

tend
/ Pbattery (t)dt (6 14)
t

start

Once the total battery energy is known, the battery mass is computed using Equation 6.15. This equation takes
into account the battery’s state of charge (SoC) and its energy density. To preserve battery lifespan, only 80% of
the total battery capacity will be utilized during normal operations, meaning the final state of charge, SoCpinal, is
set to 20% [52].

- _ Ebattery
battery (SOCmitml — SOCfinal)BED

(6.15)

Fuel Mass

In the preliminary design phase of conventional aircraft, the Breguet range equation is often employed to estimate
fuel requirements for fuel-based missions. However, this method, tailored for traditional fixed-wing aircraft, does
not adequately account for hybrid power systems or multirotor configurations. To address these limitations, a
simplified approach is adopted for the hybrid configuration considered in the short-range mission requirements
of the GOAERO competition.

This simplified method focuses on the energy requirements of a series hybrid powertrain, as provided in Sec-
tion 6.4.1, where the turbine generator is sized to supply the total power needed for propulsion. This design
choice ensures redundancy by allowing the generator to fully meet power demands even in the event of a bat-
tery system cutoff. For each flight phase, i.e. hover, climb, cruise, and descent, the energy consumed by the
turbine generator is computed using the Euler integration method previously applied to calculate battery energy
in Equation 6.14, but extended to encompass the total power requirements of the system.

To refine the approach, data from a study on the initial sizing of hybrid eVTOL aircraft [53] informs the fuel
consumption characteristics of the turbine generator. This study simulates turbine performance and provides
insights into speed and brake-specific fuel consumption (BSFC). Assuming the turbine generator operates at its
optimal speed setting, a BSFC value of 280 [g/kWh] is used to estimate the fuel weight for each flight phase, as
derived from Figure 6.12.

A key assumption underlying this estimation is that fuel mass does not decrease during flight. While this intro-
duces a slight overestimation of total fuel mass, the assumption aligns with the mission’s short-range nature and
the absence of reserve fuel requirements in the competition guidelines. The reduction in fuel mass relative to the
maximum takeoff mass (MTOM) is considered negligible for these missions. Furthermore, any excess fuel car-
ried due to this overestimation is assumed to serve as an implicit reserve, offsetting the lack of explicitly specified
reserve fuel requirements.

Despite this simplification, it is acknowledged that ignoring the reduction in aircraft mass over the mission dura-
tion leads to a theoretical over-dimensioning of the propulsion system. However, this conservative assumption
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ensures robustness in power system design and aligns with the redundancy and reliability criteria prioritized for
the GOAERO competition and allows for reserve fuel considerations.
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Figure 6.12: Fuel consumption characteristics related to speed and BEMP [53]

6.4.3. Electric Motor and Propeller Sizing

Electric Motor

The sizing of electric motors is critical to ensuring that the eVTOL meets the power demands of its most energy-
intensive flight phase. As outlined by Ugwueze et al. [10], the power requirements for electric motors are
determined using a power density relationship derived from publicly available data on aerospace DC electric
motors. This relationship, summarized in Table 6.4, provides a reliable basis for estimating motor mass. The
linear regression model derived from these data points is expressed in Equation 6.16, where P denotes the motor’s
power output. This model allows for efficient preliminary sizing while ensuring alignment with current industry
trends in electric motor technology.

To enhance reliability and safety, a power margin is incorporated into the motor sizing process. Following estab-
lished rotorcraft design practices, a safety margin of 30% to 50% is typically applied to accommodate unexpected
power demands, such as those arising in emergency situations or adverse weather conditions. This ensures the
motors can maintain operational effectiveness even under non-ideal circumstances.
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Table 6.4: OTS electric motor performance data. [10]

Motor(s) Power [kW] Mass [kg]
Emrax 188 52 7
Emrax 208 68 9.1
Emrax 228 109 12
Emrax 268 200 20
Emrax 348 380 41
MAGicALL MAGIDRIVE 12 12 1.5
MAGicALL MAGIDRIVE 150 150 16
MAGicALL MAGIDRIVE 20 20 3
MAGicALL MAGIDRIVE 300 300 30
MAGicALL MAGIDRIVE 40 40 5
MAGicALL MAGIDRIVE 500 500 50
MAGicALL MAGIDRIVE 6 6 0.7
MAGicALL MAGIDRIVE 75 75 9
Magnix magni350 EPU 350 1115
Magnix magni650 EPU 640 200
Siemens SP200D 204 49
Siemens SP260D 260 50
Siemens SP260D-A 260 44
Siemens SP55D 72 26
Siemens SP70D 92 26
Siemens SP90G 65 13
Yuneec Power Drive 10 10 4.5
Yuneec Power Drive 20 20 8.2
Yuneec Power Drive 40 40 19
Yuneec Power Drive 60 60 30
Mot = 0.165P(1 + PM) (6.16)

Propeller

During the initial stages of the design process, detailed propeller specifications are often unavailable forming and
as a result form a limitation in preliminary sizing studies. To address the limitation the Torenbeek propeller mass
estimation method is employed, suitable for propellers with maximum shaft power ratings of up to 1100 [kW]
[10]. The Torenbeek method estimates the propeller mass using Equation 6.17 [54], where Dp,,.opeiier Tepresents
the propeller diameter, P denotes the power delivered to the propeller, and Ny, qe5 specifies the number of blades.
This empirical relationship provides a straightforward approach to estimating the propeller mass based on readily
available design parameters.

However, it is important to recognize the limitations of this method. The Torenbeek model was originally devel-
oped for propellers used in conventional fixed-wing aircraft, which generally operate with lower blade loading
compared to rotorcraft. For rotorcraft and eVTOL applications, where blade loading is typically higher to meet
design and performance requirements, this method may underestimate the propeller mass. As a result, the findings
from the Torenbeek method [54] should be interpreted as a baseline estimate. Adjustments may be necessary in
later design stages when more detailed specifications and performance data for the propellers become available.

Mpropeller = 0-144(DpropellerPN(?l&5des)0'782 (617)

6.4.4. Rotor Support Structure Sizing

The rotor support structure plays a critical role in ensuring the stability and effectiveness of the rotor system. To
account for the mass of the rotors and propellers, as well as the maximum thrust each rotor must generate, the
structural design must prioritize stiffness and strength. In this preliminary phase, a simplified approach is adopted
to estimate the structural mass and establish design constraints.
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To prevent unwanted deflections in the support structure that could misalign rotor thrust vectors and degrade
performance, the structure must exhibit adequate stiffness. Stiffness is a measure of resistance to deflection under
applied loads and is influenced by both the material properties and the geometry of the structure. The deflection
of a structural element depends on its moment of inertia (/) and the modulus of elasticity (£, as described by
Equation 6.18. The moment of inertia reflects how the cross-sectional area is distributed relative to the centroid;
a larger I results in greater resistance to bending. For the same cross-sectional area, hollow shapes, such as tubes,
thus offer higher stiffness-to-weight ratios due to their efficient distribution of material [55].

PL?
5mam = ﬁ (6 1 8)

6.4.5. Structural model

In this analysis, the rotor support structure is modeled as a cantilever beam subjected to a point load (see Fig-
ure 6.13) where the deflection is minimized by maximizing E x I. It is important to note that for this simplified
model, the self-weight of the beam is not included in the deflection calculations. Instead, only the point forces
acting on the beam (e.g., thrust and rotor mass) are considered.

To further model the structure, hollow circular tubes are selected for the support structure due to their uniform
stiffness in all directions and high specific stiffness. These tubes are particularly advantageous in rotorcraft
applications, where lightweight yet robust components are essential. The moment of inertia for a hollow circular
tube is given by Equation 6.19, and the tube’s mass is calculated using Equation 6.20 using the convention as
displayed in Figure 6.14. These equations provide a foundation for estimating the support structure’s mass while
ensuring adequate stiffness for operational loads.

Y
]
A
| "
| x
Figure 6.13: Cantilever beam deflection schematic [55] Figure 6.14: Hollow tube cross section convention [56]
T4 4
I=71(r—ri) (6.19)
2 2
Mypipe = T(r5 — 15 )Lp (6.20)

6.4.6. Material selection

The material selection for the support structure must balance stiffness and mass. While minimizing deflection is
essential, the mass of the structure must also be kept as low as possible in this mass-critical system. Therefore, it
is important to maximize the material properties ratio L/S, where F is the Young’s modulus and p is the material
density, to achieve the minimum mass for a given deflection. The Young’s modulus is a material constant and
independent of the test-piece size, allowing for direct comparison of materials using a materials-selection map.

The materials-selection map shown in Figure 6.15 is plotted on logarithmic scales, with the optimal materials

indicated by straight lines. The materials in the top-middle region of the plot represent those with the best A
values, making CFRP the ideal choice for this application [57]. As a result, for this analysis, Carbon Fiber
Reinforced Polymer (CFRP) with a Young’s modulus of 181 GPa and a density of 1600 kg/m? is selected.
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.
6.5. Rotor modelling

The rotorcraft must operate in a variety of flight regimes with hover, climb, forward flight and descent or a
combination of the regimes concerned with certain manoeuvres. As pointed out by Leishman [59], even with
current mathematical models, predictions of the rotor flow are difficult to accurately predict. As a solution to
still analyse the rotor characteristics and performance, the momentum theorem allows for a relatively simple first-
order derivative prediction of the rotor thrust and power. Note that this predicts the individual rotor thrust and
power under the assumption of no aerodynamic interference between the components of the aircraft influencing
the individual rotors.

The previously mentioned momentum theory, also known as the actuator disk theory, is a fundamental principle
used in aerodynamics to analyse the performance of propellers and rotors. The theory provides a simplified
model to understand how thrust is generated by considering the conservation of momentum and energy in the
airflow through the rotor disk. The rotor or propeller is modelled as an actuator disk” which is infinitely thin and
completely efficient allowing for a uniform pressure change to the fluid passing through it, while purely focusing
on the overall effects on the flow [60]. The rotor disk and blades are assumed to be rigidly attached to the rotor
shaft and to be rigid structures where the actuator disk operate on a streamtube that crosses the whole rotor area.
It should be noted however that the simplified model is based on a variety of assumptions as mentioned below:

1. Inviscid Flow: Assumes no viscosity, simplifying fluid motion equations.

2. Incompressible Flow: The fluid density is constant, which is often a valid assumption for liquids and low-
speed air flows.

3. Steady Flow: The flow is steady, implying that all properties (velocity, pressure, etc.) at any point in the
flow field do not change over time.

4. Uniform Pressure Change: The pressure change across the disk is uniform.

While the actuator disk theory offers valuable insights, it is an idealized model. Real-world factors such as blade
shape, wake rotation, and viscous effects are not accounted for. As a result, the Figure of Merit (FoM) is a crucial
parameter in the context of actuator disk theory, especially when analyzing the efficiency of rotors. In essence, the
Figure of Merit quantifies how effectively a rotor or propeller converts mechanical energy into useful thrust or lift
compared to an ideal scenario. It is a measure of the rotor’s efficiency in generating thrust while considering the
induced power losses. As a result, mathematically, it is given by the ratio of the ideal power required to produce
a certain thrust to the actual power consumed as described by Equation 6.21.
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The Figure of Merit primarily applies to the induced power, as it is a measure of the efficiency of a rotor in
generating the necessary lift relative to an ideal rotor. As a result, FoM = 1 implies a perfect rotor with no
losses, where the actual power consumed is equal to the ideal power, while F'oM < 1 is a more realistic scenario
accounting for the presence of inefficiencies and losses in the rotor system. Typical FoM values for the rotorcraft,
applied to eVTOL aircraft, are between 0.5 and 0.8 [10]. As also stated by Leishman [59], for a real rotor the
FOM should always be less than one and used as a comparative measurement for two rotors with the same disk
loading.

ci?
P; P;
FoM — ideal _ ideal — = V2 (621)
Pactual Pinduced + Pprafile kCr + JCDP
V2 8

As can be seen from the actual power equations however, the ideal power gets multiplied with the induced power
factor or inflow correction factor £ which is inversely proportional to the Figure of Merit when the induced
power term dominates as given by Equation 6.22 and is typically assumed to be around 1.15. The induced power
correction factor encompasses a number of non-ideal physical effects like non-uniform inflow, tip losses, wake
swirl, and less than ideal wake contraction for a finite number of blades [59].

FOM = % (6.22)

6.5.1. Rotor power modelling

For an aircraft, the total power required at the rotor entails the profile power, the induced power, and the parasitic
power as expressed in equation Equation 6.23[61]. The induced power can be related to the energy involved in
the downward momentum generated by the rotor wake and exerted on the air. The profile power accounts for the
pressure and viscous drag of the blades, while the parasite power is the power required to overcome the drag of
the aircraft. Essentially, the induced power entails the ideal power required to generate thrust by increasing the
momentum of a column of air.

Ptotal = Pparasitic + Pinduced + Pprofile (623)

From momentum theory, it follows that the thrust generated by the rotor is equal to the rate of change of momentum
of the air passing through the disk i.e. T = 11 - Vinduceq Where v; is normal to the disk actuator. In this, the
mass flow rate through the disk is defined as 7 = pAv;pgucea With the area of the disk A [60]. In accordance
with Bernoulli’s principle, the pressure difference across the rotor disk causes the acceleration of the air where
the induced velocity far downstream, for uniform flow is 2 - v;pguceq- As a result, when considering the far
downstream condition where disturbances in the flow have dissipated, the thrust from the rotor disk is described
by Equation 6.90. The ideal power is then the thrust force multiplied by the speed at which it is applied as
described by Equation 6.25. As follows from the FoM, the actual power is thus the ideal power times the induced
power factor as described in Equation 6.26 [60].

T = 2pA0}, aced (6.24)
Pideal =T (% (625)
Poctual = k- Pigear = k(T : Uz') (626)

As can be seen in the induced velocity term as described by Equation 6.31, the ratio 7'/ A is known as the disk
loading. The disk loading is a key parameter in rotorcraft aerodynamics that measures the amount of thrust gener-
ated per unit area of the rotor disk where it is an important indicator of the rotorcraft’s performance characteristics.
Lower disk loading generally indicates higher efficiency, particularly in hover and low-speed flight, because the
rotor generates more lift with less induced drag. As a result, induced power can thus be minimised by minimising
the induced velocity resulting in the mass flow through the disk being large resulting in a large disk area. Rotor-
craft with lower disk loading are typically more efficient in hover since they can produce the necessary lift with
lower induced velocities and hence lower induced drag. Higher disk loading on the other hand generally requires
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more power to produce the same amount of lift since higher disk loading results in higher downwash velocities,
which increases induced drag and thus the power required to overcome it.

Another performance indicator is the power loading 7'/ P where the ideal power loading is inversely proportional
the the induced velocity at the disk where power loading decreases quickly with an increase in disk loading [59].
As a result, low disk loading will require low-power units per unit thrust and will be more efficient since less
power is required to generate a certain amount of thrust.

Another term that influences the rotor characteristics is the solidity factor as described by Equation 6.27 which
affects the drag of the rotor. This implies that reducing the solidity factor reduces the profile drag of the rotor
by minimizing the blade area. However, minimizing solidity must be done with caution since reducing solidity
means a higher blade section angle of attack is needed with a higher lift coefficient to obtain the same thrust
coefficient and disk loading. This increases the blade loading, as described by Equation 6.28, and can lead to
blade stall. As a result, the minimum value of solidity is constrained by the onset of blade stall [59].

Nbladesc
— rades” 6.27
o R (6.27)

Cr T A

= —(— 6.28
o pAwR?) ( Ap ) (6.28)
6.5.2. Power in hover
At hover, the total power is described by the sum of the induced power and profile power as described in Equa-
tion 6.29. Note that no parasitic power is present in this equation since no free stream velocity acts on the model.

Phover = Pinduced,hover + Pprofile,hover (629)

The induced power, Pjpduced,hover, 1S given by Equation 6.30, where the induced velocity in hover, vpover,
represents the change in airspeed caused by the rotor blades relative to the free-stream velocity. This induced
velocity can be estimated using Equation 6.31, derived from momentum theory under the assumption of constant
air density p. It is important to note, however, that the thrust in the power equation corresponds to the rotor-
generated thrust required to maintain hover, which is equal to the aircraft’s weight. This relationship is expressed
as Thover = W = MTOM - g, where MTOM represents the maximum takeoff mass.

T3/2
PZ’I’L uce over T mauce k 6-30
duced,h Vinduced = J20A (6.30)
over — nduce 6.31
U, = Vinduced = \/QpA \/2p7rR2 (6.31)

The profile power is described by Equation 6.32 where the solidity factor is introduced. As described by Equa-
tion 6.27, the solidity factor defines the ratio of the area of the rotor blades to the area of the rotor disk influencing
the overall profile drag of the disk.

UOD,profile (

Pprofile,hm;er = 3 14 QR)SWR2 (632)

6.5.3. Power in Axial flight

For axial flight, an additional velocity component comes into play when modelling the power and velocity at
the rotor disk. At the plane of the rotor, the total velocity is namely described by vazia1 + Vinduced resulting in
the induced power equation now being described by Equation 6.33 here e=iaL js the work done to change the

hover

potential energy of the rotor and WM is the work done on the air by the rotor.

Pinduced o Vazial T Vinduced (6 33)

Pmduced,hover Vhover
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In axial flight the axial velocity affects the total velocity experienced by the rotor blades and consequently, the
profile power required. As a result, the condition changes from hover due to the additional vertical velocity
component. This velocity component not only contributes to the parasitic power, as described by Equation 6.45,
but also affects the effective blade tip speed in vertical flight. As a result the profile power now combines the
rotational speed and the axial velocity component as approximated by Vs s = 1/(QR)? + , resulting in the
profile power equations as described by Equation 6.34 and Equation 6.35.

axza

oC ,profile
Pprofile,aa:ial = D+fp(‘/eff)3ﬂ—R2 (634)
c rofile
Pprofile,awial = z D,g i p((QR)2 + ’Ugm’al)gmﬂ-RQ (635)

Operational modes

In the extreme regions of the angle of attack of the disk, where flight is close to vertical, rotorcraft have three
operational modes with the so-called normal working state, vortex ring state and windmill brake state [62]. To
define the three modes, the following fractions of axial velocity v,.q; Over the induced hover velocity vpoper

apply:

1. Normal working state: ;eziel > ()
h

over

2. Vortex ring state (VRS): —2 < Fazial < ()

Vhover

3. Windmill brake state: gh‘”—“” < =2

During regular operation, air moves downward through the rotor, while in the windmill brake condition, air
ascends through the rotor as a result of rapid descent [62]. The normal working state thus requires a higher power
required to climb compared to hover while the power required for ascending flight is less than hover since the
rotor is extracting power from the air by functioning as a windmill. It should be noted however that as the climb
speed increases the induced power becomes a smaller fraction of the total power required to climb. An additional
note has to be made for the axial descent phase where the slipstream will now be above the rotor [59].

The first two modes can be interpreted as simplified cases with Equation 6.52 as derived with the conservation
of momentum where cos ag; i s equal to zero as also depicted in Figure 6.16 [63]. The third mode concerned
with the vortex ring state involves a recirculation phenomenon that greatly diminishes the rotor efficiency. In the
vortex state namely, the slipstream is not well developed and the flow can take two different directions. As a result,
the induced velocity varies greatly, particularly over the domain —1.4 > ;’}“:" - > —0.4 reducing acrodynamic
damping [63].

Upstream J, Vi Downstream Vo = vy — (Tl Upstream \L Vo=0
0 o o, 100 .D
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Figure 6.16: Propeller momentum theory model for climb, descent and hover condition in order[64]

Climb (normal working state): During vertical climb, the rotor must produce not only the lift to support the
weight of the aircraft but also additional thrust to overcome drag forces. The power required in vertical climb
includes the power to produce lift and the power to overcome drag which can be seen in the total power equation
for climb Equation 6.36.

Pclim,b = Pinduced,climb + Pprofile,amial + Pparasitic,climb (636)
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1
Pparasitic,climb = stclimb = §pvgl7;mb Z(CDS)S (637)

With the induced velocity at climb as described by Equation 6.38, the induced power needed in vertical climb can

be described by Equation 6.39 which is also known as the power ratio M [59]. 1t should be noted that

induced,hover

this equation holds for the condition of vcjimb/Vhover > 0 in accordance with the previously described normal
working state.

Vinduced,climb o _( Velimb Velimb 2 +1 (6 38)
Vhover QUhover QUhover
Hnduced,climb _ Velimb Velimb )2 +1 (639)
Pinduced,hover 2Uhover 2vhover

Descent: Contrary to the climb condition, at higher descent speeds the power required to maintain the condition is
significantly lower than for the hover condition [59]. This is because gravity now acts as a force acting in the same
direction as the desired path. Additionally, the parasitic drag force now acts as a lifting force, further reducing
the power required for descending flight. It should be noted that when talking about the descent condition and
as pointed out by Leishman [59], the velocity is measured positively as pointing downward for the descent mode
and thus at the plane of the rotor, the velocity is described by |vgzial| — Vinduced-

Pdescent = Pinduced,descent + Pprofile,descent - Pparasitic,dcscent (640)
1 3
Pparasitic,descent = DyVdescent = §pvdescent § (CDS)S (641)

As mentioned in the operational modes, for the descent phase, there are two modes present namely the Vortex
Ring State and Windmill brake state. Concerned with the windmill brake state, the power ratio for the descent
flight is described by Equation 6.43 valid for v, /vpey, < —2. It should be noted that due to the descending
motion of the aircraft, the parasitic drag force now acts in the opposite way of movement, adding to the lifting
force. As a result, the parasitic power is subtracted from the overall power in descent as shown in Equation 6.40.
Additionally, the induced velocity and as a result induced power equations are now described by Equation 6.42
and Equation 6.43.

Vinduced,descent o _( Vazial B Vazial 2 1 (6 42)
Vhover 2Vhover 2Vhover
Pinduced,descent o Vdescent Vazial 2 1 (6 43)
= —_ - ) .
Pinduced,hover 2Uhove'r 2Uho’uer

theory is not valid where in this flight regime of the Vortex Ring State, there is no analytical solution for thrust.
As a result, the imperial relationship Equation 6.44 is used in combination with the power ratio as described
by Equation 6.33. To still solve for the induced velocity in the Vortex Ring State, Leishman [59] provides an

empirical model of induced velocity valid for —2 < ;’;“7[ < 0 which is used in combination with Equation 6.33
to calculate the induced power.

It should be noted however that for the vertical velocity ratios of —2 < Vgescent/Vhover < 0 the actuator disk

Vinduced,descent = _Uhover(k - 1125(M) - 1.372(11116-9087” )2 - 1.718(1}‘1@50@”75 )3 - 0655(M)4)
' Vhover Vhover Vhover Vhowver
(6.44)
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6.5.4. Cruise

For a rotorcraft to achieve forward flight, both the mass and the forward thrust have to be sustained by the rotors
resulting in a tilt angle between the free stream velocity and the rotor disk. As a result, the rotors move through
the air with an edgewise component of velocity parallel to the rotor plane as described by Equation 6.45 [59].

Vadvance = Voo €08 sk /LR (6.45)

As for the axial power modelling, the total power in cruise also consists of the profile, induced, and parasitic term,
as described by Equation 6.47 in Equation 6.46. Additionally the profile power is now described by Equation 6.48
being dependent on the advance ratio in cruise as described by Equation 6.49

Peryise = Pprotile,cruise + Pinduced,cruise + Pparasitic,cruise (6.46)
Pparasitic,cruise = DsVeruise = %pvgruise Z(CDS)S (6.47)
Pyrofile.cruise = Porofite hover(1 + 4.6517) (6.48)

p= e (6.49)

Note that to achieve propulsion in the translational direction, the rotor disk must be tilted forward (positive g;si)
as the rotors are required to produce the total force of the aircraft. For straight and steady flight with the vertical
equilibrium 7" cos ag;s; = W and horizontal equilibrium 7' sin aig;sx = D cos agisi =~ D, where the drag is
composed of the parasitic drag of the fuselage, this means that the rotor disk angle of attack is thus related to the
thrust and drag by means of Equation 6.50 [59].

D D D
tanagisk = 5 = +— = T

=T (6.50)

As a result, in cruise, the total thrust varies not only with the power input but also with the free stream velocity
and the angle of attack of the disk. Again, the induced power is the power input required to create the induced
velocity, so when the rotorcraft undergoes translational motion, or changes the angle of attack, the induced power
requirement of a rotorcraft changes [63]. This is because the induced power demand for the rotorcraft varies as
the angle of attack at which the thrust matches the hover value increases with higher forward speed. As a result,
for level flight, the power necessary to maintain altitude increases as forward speed increases [62]. This overall
relationship between free-stream speed Vj and propeller-induced velocity v; is depicted in Figure 6.17.

0

Upstream

—
Vi

Downstream

Figure 6.17: Propeller momentum theory model for cruise condition [64]

This relation of change in angle of attack and induced velocities is given by the power ratio equation in forward
flight (Equation 6.51) [59]. The first term 7" - v¢py4se SiN tg;s; corresponds to the power required to propel the
rotor forward, whereas the second term T - v, gyceq 1S the term of induced power. As a result, the power required
first decreases to a minimum after which it increases again, as it depends on the rotor disk angle of attack and the
cruise speed. Note that the induced velocity as described in Equation 6.52 in cruise is not only dependent on the
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angle of attack of the rotor disk with the freestream velocity, it is also dependent on its own solution, resulting in
the need to be solved iteratively [65].

Pc’r‘uise o Vcruise sin Qdisk T Vinduced (6 51)
Phover Vhover
2

Yhover (6 52)

V; - prmnd
induced,cruise (1} oS )2 T (U — sinou, o, - )2
cruise disk cruise disk induced,cruise

6.6. Multicopter Dynamics

The kinematics and dynamics of the multicopter are evaluated using standard aerodynamic symbol notation,
which decomposes the motion of a rigid body into translational and rotational components based on the Newton-
Euler equations. This analysis employs two reference frames: the earth inertial frame (e-frame) and the body-
fixed frame (b-frame), both defined using the North-East-Down (NED) coordinate system, as visualized in Fig-
ure 6.18. The transformation between the body and inertial frames is achieved using the rotation matrix C} as
described by Equation 6.53, where the relationship CfT = Cg‘l = C? holds [66].

- cosfcosy —cosfsiny + singsinfcosy  sin@siny + cos ¢ sinf cos
Cy = Cg = |cosfsiny  cosfcosy 4 singsinfsiny  —sin@cosy + cos ¢ sin b sinp (6.53)
—sinf sin ¢ cos 6 cos ¢ cosf

The angular positions of the body frame relative to the inertial frame are described by the Euler angles: roll (¢),
pitch (0), and yaw (¢)) [67]. The velocity vector in the body-fixed frame consists of three components: u, v,
and w, aligned with the z, y, and z axes, respectively, as depicted in Figure 6.18 and summarized in Table 6.5.
Similarly, the angular velocity vector comprises the components p, g, and r, corresponding to rotations about the
same axes. The moments and forces acting on the multicopter are denoted as L, M, N (moments) and F;, F,,
F, (forces), all expressed in the body-fixed frame. The total moments of inertia are represented by the diagonal
components I, I,, and I, with the off-diagonal products of inertia given by I, I, and I, [66].

Table 6.5: Multirotor Dynamics Convention

Axis Velocity Angular Rate Moment Moment of Inertia Force

X u p L I, F,
y v q M I, F,
4 w T N Iz FZ
CoG
Roll
Yaw
4

Figure 6.18: Coordinate frame for Multirotor dynamics
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6.6.1. Center of Gravity

To analyze the moments acting on the multicopter, determining the center of gravity (CoG) is essential. The
CoG is the point within an object at which the gravitational force can be considered to act. This point represents
the object’s balance center, irrespective of its orientation, and serves as the axis about which the multicopter
rotates and moments are applied. The CoG of the multicopter is calculated by treating each component as a point
mass located at its own center of mass (CoM). The position of the overall CoG is then determined using the
following equations where x;, y; and z; denote the position coordinate of the components CoM and m,; denoting
the components mass:

DT My

N 6.54

CoG, S (6.54)
_ D Yitmy

CoG, = S (6.55)
D%y

CoG, = S (6.56)

6.6.2. Inertia Frame

The moment of inertia quantifies an object’s resistance to rotational motion and depends on both the object’s mass
and the distribution of that mass relative to the axis of rotation. Using the mass moment of inertia tensor, the mass
distribution in three dimensions can be fully characterized. The components of the tensor include the moments
of inertia and the products of inertia, which describe rotational properties about any given axis.

As represented in Equation 6.57, the diagonal elements I, Iy, and I, are the principal moments of inertia
about the z-, y-, and z-axes, respectively, with the center of gravity (CoG) located at the origin. The off-diagonal
elements, such as I, and I, represent the products of inertia. These terms account for the mass distribution in
the planes intersecting the axes, influencing how the object behaves under combined rotational and translational
motion. Note that in the equations defined below, the terms 2/, v/, and z’ define the distances from the CoG to
specific points in the object’s frame of reference.

Iwm _Ia:y _I:cz
I=|~1,, I, —I,. (6.57)
_I;cz _Iyz Izz

Iy = Z mi(ygz + 222) (6.58)
Ly = Z mi(xgz + 222) (6.59)
L. = Z mi (2} + ) (6.60)
Loy =D miy; (6.61)
I. = Z mir;z; (6.62)
I,.= Zmiy% (6.63)
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6.6.3. Equations of motions

An analytical model of the multicopter can be derived from the equations of motion for a rigid body, as derived
by Nelson in his book “Flight Stasbility and Automatic Control” [68], which establish the relationship between
internal and external forces and moments using Newton’s second law. In the force equations, the familiar F' =
ma term is supplemented by additional components that arise due to the rotational motion of the aircraft body
relative to the inertial space as described by Equation 6.64, Equation 6.65 and Equation 6.66 [68]. Similarly,
the moment equations (Equation 6.79, Equation 6.80, Equation 6.81) [68] include additional terms that account
for the rotational dynamics of the multicopter, which are influenced by the inertial matrix I, as described in
Equation 6.57.

Translational Dynamics

F, = m(i+ qw — rv) (6.64)
Fy=m(d+ru—pw) (6.65)
F, =m(w + pv — qu) (6.66)
Rotational Dynamics
L= Iop — Loy — Lozt — Tuzpq — Iyoq® + (I = Iy)qr + Loypr + Lo (6.67)
M = —ILyp+ I,G — Lot + (I — L)pr — Lyyqr + L. (p* — r®) — I..pq (6.68)
N = —Ipp = Iyoq+ Lt = Loyp® + (Iy — L)pg — Lyzpr + Loyq® + Lozqr (6.69)

The symmetrical design of the multicopter about the z-z plane can be leveraged to simplify the moment equations.
Due to this symmetry, the products of inertia I, and I, can be considered negligible. This simplification results
in a reduced form of the equations of motion, similar to those commonly used for airplanes, which also typically
possess a single plane of symmetry resulting in the following reduced form:

L= Ia:p - Ixzf - Ixzpq + (Iz - Iy)qT (670)
M =1I,G+ (I, — L)pr + L..(p* — %) (6.71)
N=—-I.p+1L7+ (Iy - Ia:)pq + Ipqr (6.72)

6.6.4. Gyroscopic Moments

In the previous section, the moment equations excluded the rotational effects of the motors. However, as noted
by Stepaniak [66], the gyroscopic effects of the spinning motors can become significant, particularly because
multirotors operate at relatively low speeds. These effects are so pronounced that the torque generated by the
motors serves as the primary mechanism for yaw control. Due to their importance, the gyroscopic moments are
incorporated into the moment equations as defined below, where H denotes the total angular momentum of the
motors for x, y, and z in accordance to Equation 6.76, Equation 6.77 and Equation 6.78.

L= LP—ILZT—IMPQ‘F (Iz _Iy)qr+Hw +qu_Hyr (673)

M =1,G+ (I, — L)pr + L.(p* — %) + H, + Hyr — H.p (6.74)

N=—-I.p+1L7+ (Iy - Ix)pq + Ip.qr + Hz + Hyp — H.q (6.75)
H, = Z Lwl + ILw! + I, W} (6.76)

H, = Z Iiw + Ik wh + I ! (6.77)

H, = le + I w4+ I w (6.78)

Considering the angular momentum of the motors, which are symmetric about the x-z and y-z planes, the products
of inertia of the motors are negligible, such that I,,, = I,,, = I,. = 0. Here, I* and w"* represent the moment
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of inertia and angular velocity of the i*" motor, respectively. Additionally, since the motor shafts are parallel
to the z-axis, the angular momentum of each motor is limited to the z-axis, resulting in w, = 0 and w, = 0.
Consequently, the components of angular momentum along the x- and y-axes vanish, i.e., H, = 0 and H, = 0,
while H, is described by Equation 6.83.

The time rate of change of angular momentum is defined as torque, expressed as H = (). This relationship modi-
fies the equations of motion to include gyroscopic moments, which are simplified to Equation 6.79, Equation 6.80,
and Equation 6.81. In these equations, @ is determined for each i rotor, as described by Equation 6.84. The
resulting torque about the z-axis arises due to action-reaction forces: as the rotors rotate, they exert a torque on
the airframe, with the reaction torque Q* defined with Equation 6.82.

L= a:p_Iacz"."_Izzpq_F (Iz _Iy)qT+qu (679)
M = 1,6+ (I, = L)pr + L. (p* — %) — H.p (6.80)
Q: Qi
Cr — - 6.82
7 pAVZ R pAQ2R? (6.82)
H,=> Ilw! (6.83)
=1
Q=> @ (6.84)
=1

6.6.5. External Forces

Three primary external forces influence the multicopter: gravity, thrust, and aerodynamic forces. These forces
are fundamental in shaping the equations of motion and are incorporated into the previously developed dynamic
model. Figure 6.19 schematically illustrates the force conventions for an example multirotor, including rotor
thrust, rotor torque in the direction of rotation, and weight. Meanwhile, Figure 6.20 depicts the resultant thrust,
moments, torque, and aerodynamic forces.

It should be noted however that for modeling purposes, distributed forces such as thrust and drag are represented
as point forces. This assumption simplifies the computational framework, making it more efficient for the pre-

liminary design phase.
$ T,y T,
Q1 Q:
== %Jg
Q4 < : Qs

Yy, CoG
P,
/ ' : \
-:'-‘UJ

Figure 6.19: Rotor forces and torques of a multirotor schematic with 4 rotors together with yaw and roll angle convention
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Gravity

In the context of multirotor dynamics, most forces, torques, and other factors exist in the body-fixed frame,
while gravity is the only force naturally defined in the earth inertial frame [69]. In the inertial frame, the z-axis
aligns with the local gravity vector, resulting in a positive gravitational force as expressed in Equation 6.85. When
transformed into the body frame with using Equation 6.53, the gravitational force is represented by Equation 6.86.

It should be noted that since gravity acts uniformly across the entire mass of the multirotor, it can be treated as
a single force passing through the center of gravity (CoG). As a result, gravity does not generate any associated
moment terms, simplifying its integration into the equations of motion. Furthermore note that it is assumed that
the gravity field is constant at 9.81[m/s?]

0
Fo=10 (6.85)
mg
—sinf
b .
F) =mg |sin¢cost (6.86)
cos ¢ cosf

Thrust

Thrust is the dominant external force acting on a multicopter, generated by the rotors. Unlike gravity, thrust is
applied at the center of each rotor disk and is aligned with the motor shaft in the body-fixed frame as displayed
in Figure 6.19. Since the motor shafts are oriented along the z-axis, the  and y components of thrust are zero,
as is the moment about the z-axis due to thrust. This is mathematically expressed as T, = 0, T}, = 0, Ny = 0,
and T, = T. The total thrust along the z-axis,Equation 6.90, is the sum of the thrust produced by all 7 rotors,
individually expressed with Equation 6.87.

Thrust also contributes to moments when the rotor disk is not aligned with the CoG. In such cases, the offset
creates a moment arm, generating moments about the CoG. These moments are proportional to the distances
2’ and 3y’ from the rotor disk to the z- and y-axes in the z-y plane. The moments about the z- and y-axes are
expressed in Equation 6.88 and Equation 6.89, respectively as displayed in Figure 6.20.

T T;

Cr, = L = : 6.87
T; pAin%p,- pAzQZQRZQ ( )
Ly =Y _aiT, (6.88)

1=1
Mr = yT; (6.89)

=1
T=>T (6.90)

=1

Aerodynamic Forces

The total drag acting on a multicopter is composed of several components, each arising from different acrodynamic
phenomena as enumerated below. These include parasitic drag, which increases with the square of the flight
velocity; induced drag, or drag due to lift, which decreases inversely with velocity, and profile drag, which
results from the rotor blades moving through the air [46]. While induced and profile drag are associated with
rotor dynamics, parasitic drag arises from the shape and surface characteristics of the aircraft. It should be noted
that no drag force from the side of the fuselage in yaw is assumed.

1. Parasitic Drag: Drag arising from the multicopter’s non-lifting surfaces, such as the fuselage, arms, land-
ing gear, and other structural components.

2. Induced Drag: Drag generated as a byproduct of lift production by the rotors.

3. Profile Drag: Drag due to the aerodynamic resistance of the rotor blades themselves.
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In accordance with the ”Guidelines for a First Dimensioning of Helicopter Rotors [46], the profile drag force on
rotor blades is excluded from the multicopter dynamics analysis of forces acting on the vehicle in forward flight.
This exclusion simplifies the force modeling for system dynamics but may introduce slight inaccuracies in pre-
dicting aerodynamic forces, especially at higher forward velocities where profile drag contributes significantly
to the total force balance. Such underestimation could affect the predicted acceleration and deceleration charac-
teristics during dynamic maneuvers. Additionally, profile drag plays a role in damping forces on the rotors, and
its omission may lead to underestimating damping effects, potentially resulting in overpredictions of oscillatory
or unstable behavior in the dynamic response. While this simplification is considered acceptable at this stage,
incorporating profile drag in future refinements could enhance the accuracy of the dynamic behavior analysis.
Furthermore, it is important to note that profile drag is included in the power requirements model, ensuring its
impact on performance predictions, particularly in terms of power consumption, is captured.

Similarly, the induced drag is assumed to have a negligible contribution to the aerodynamic forces in the Mul-
ticopter Dynamics model and is therefore excluded from the external force calculations. This assumption is
based on the observation that induced drag decreases significantly with increasing advance ratio in forward flight,
making its contribution relatively minor under such conditions. Nevertheless, this is a strong assumption whose
validity depends on the specific flight regime. While the induced drag term is included in the power requirements
model to ensure accurate power predictions, its exclusion from the Multicopter Dynamics analysis may affect the
fidelity of the dynamic model, particularly during hover or low-speed forward flight. Induced drag contributes to
resistance against changes in motion, particularly during vertical or axial movements. Omitting this term might
lead to overly optimistic predictions of the vehicle’s responsiveness to control inputs. Future iterations of the
model could incorporate induced drag into the dynamic analysis to provide a more comprehensive representation
of the forces acting on the multicopter.

It is important to acknowledge that this approach simplifies the drag estimation, as real-world rotor interactions
can significantly influence overall drag, especially in varying flight regimes. For instance, in forward flight, the
tilt of the multicopter and varying relative airspeeds across the vehicle’s surfaces can alter the effective drag.
Furthermore rotor wake interactions, body interference effects, and non-uniform flow patterns can significantly
affect drag in real-world scenarios but for simplification reasons this is ignored for the preliminary design phase.

Given the absence of wings or a lifting body, and to simplify the aerodynamic forces acting on the multicopter as
mentioned above, this study assumes that the acrodynamic effects are limited to the parasitic drag of the fuselage.
This drag is modeled using Equation 6.91, with the drag force assumed to act through the center of gravity. The
area terms influencing parasitic drag are derived in Section 6.2. Under this assumption, no aerodynamic moments
are generated, and the net drag forces acting on the multicopter in the equations of motion (EOM) are described
by the parasitic aerodynamic force components C, Cy, and C,.

1
D, = 5pV2CDA (6.91)

Parasitic Dragin Hover Inhover, the multicopter remains stationary relative to the ground with no translational
motion. However, the downwash from the rotors induces airflow around the fuselage, creating some parasitic drag
where for conventional rotorcraft this effect is accounted for using the so-called "Download Factor.” In contrast,
for multicopters, where the fuselage is not fully within the rotor wake, this term is ignored for the preliminary
analysis. Consequently, the parasitic drag force components are assumed to be C, = C, = C, = 0 during hover.

Parasitic Drag in Axial Flight In axial flight (ascending or descending), the multicopter experiences a vertical
velocity component that increases the relative airflow over the fuselage and other structural elements. Since the
fuselage has the largest surface area and contributes the most to parasitic drag, the effects of other non-lifting
surfaces are neglected in this analysis. As a result, the drag components are simplified to C, = D,,__,.,, where
D, ..., represents the parasitic drag acting in the axial direction. The corresponding drag coefficient and area
terms are derived in Section 6.2.

1

Dipciar = 30O Ao ottom (6.92)

52



6.6. Multicopter Dynamics Bas van Leeuwen - Thesis report

Parasitic Drag in Cruise During cruise flight, the multicopter tilts its airframe forward to generate horizontal
motion. This tilt redirects a portion of the rotor thrust to counteract drag and sustain forward flight. As a result,
in the cruise phase, parasitic drag is modeled as acting along the vehicle’s forward axis and is balanced by the
horizontal thrust component to maintain steady flight, as schematically illustrated in Figure 6.20, represented by
Cy. The term Cp,, .. in Equation 6.93 denotes the drag coefficient associated with the front of the fuselage,
derived in Section 6.2 alongside the estimated frontal area A ¢,op:.

1
Dpcru,ise = §pu20DfmmAfront (693)

6.6.6. Full Non-linear Equations of Motion

The derivation of the full nonlinear equations of motion is based on several key assumptions to simplify the model-
ing of the multicopter’s kinematics and dynamics. It is assumed that the multicopter behaves as a rigid body with
a symmetrical structure along the x-z plane. Furthermore, the Earth’s rotation is neglected, and the atmosphere
is considered stationary. These assumptions help isolate the vehicle’s dynamics from external environmental
complexities, ensuring a more tractable model.

A critical design consideration is the use of counter-rotating rotors, as also illustrated in Figure 6.19, with a layout
mirrored across the z-x plane. The symmetric arrangement of rotor rotational directions ensures that the moments
of inertia remain constant, and as a result, the total angular momentum about the z-axis, H, is zero under trim
conditions. Similarly, the total torque about the z-axis is also zero, which further simplifies the analysis.

Incorporating the effects of gravity (in the form of weight), along with the total thrust, torque, and parasitic drag
forces, the complete equations of motion are derived. These are shown schematically in Figure 6.20, where the
total thrust force (7'), total torque (Q)), weight (W), and parasitic fuselage drag components (C'x, Cy, and Cz)
are included as described by Equation 6.94, Equation 6.95, and Equation 6.96. Additionally, moments due to
thrust imbalances between rotors, ALt (roll moment) and A My (pitch moment), are accounted for in the body
frame.

These simplifications provide the basis for analyzing the dynamics and stability of the multicopter under vari-
ous flight conditions. The analysis considers both translational and rotational dynamics, expressed in terms of
aerodynamic force coefficients, total thrust, total torque, and coefficients related to moments caused by thrust
imbalances, as described below.

3]

Q
: W

Figure 6.20: External forces and moments of the multirotor schematic in body frame

1

C, = 5 pu*Cp, . Afront (6.94)
1
Cfll = §pUZCDSidCAS7;d€ (6'95)
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1
C, = §pw2CDtop/botto7n Atop/bottom (696)
Translational Dynamics expressed in terms of accelerations
. Cx
U= —gsinf — — —quw +rv (6.97)
m
. . Cy
v =gsingcostd — — —ru + pw (6.98)
m
T C,
w=gcospcos) — — — — —pv+qu (6.99)
m m

Rotational Dynamics expressed in terms of angular accelerations

I LI, —1%—12 L.(I, — I, + L) H
s z L ylz P xz zz\1x Y z Az 6.100
A Sy N A S R N S PR A A (6.100)
. MT (Iz - Ia:)pT I:rz 2 2 Hz
=L p iz P TeEg2 2y Ey (6.101)
1, I, 1, I,
I I2—I1,+1I2 IL.(I, — I, + ) Q
s Tz I T Ty _ Azz\Ue Y z 2 6.102
L A R Ay Sy R LL -1z 17T (6.102)

6.6.7. Linearized Equations of Motion

Linearization is a fundamental technique in flight dynamics that simplifies the mathematical representation of a
system, allowing the application of well-established linear control theories and analysis tools such as root locus
and state-space methods. By linearizing the equations of motion around a hover condition or any equilibrium
point, a valid approximation can be achieved for small perturbations about the operating point. This process
is particularly useful during the preliminary design phase to assess system stability, control effectiveness, and
disturbance rejection capabilities. While the linearized model provides valuable insights, it is important to note
that its validity is limited to small deviations from the equilibrium point. Consequently, the full dynamics of the
system under larger disturbances are not captured.

The linearization itself is performed by applying a first-order Taylor series expansion to the nonlinear equations
of motion (EOM), as derived below, while eliminating higher-order terms. As discussed earlier in Section 6.6.6,
the total angular momentum about the z-axis, H,, and the total torque under trim conditions are zero, i.e., ) =
H, = 0. Each equation is expanded around the trim condition, with small perturbations from the equilibrium
point denoted by A, resulting in the following perturbation variables:

1. u=wup+ Au
2. v =19+ Av
3. w=wy+ Aw
4. ¢ =¢o+ Ad
5.0 =00+ A0
6. ¢ =1+ Ay
7. p=po+ Ap
8. ¢=q +4Aq
9. r =19+ Ar
10. T =Ty + AT
1. @ = Qo+ AQ
12. Ly = Ly, + ALy

—_
[98)

. Mp = Mg, + AMp
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The linearized EOM around the nominal values, described by Equation 6.107, Equation 6.108, Equation 6.109,
Equation 6.110, Equation 6.112, and Equation 6.111, are obtained through a Taylor series expansion. Perturbation
variables are substituted, and higher-order terms are neglected. For instance, the Taylor expansion of sin(fy +
AD) is performed as shown in Equation 6.103. The aerodynamic terms contributing to the linearized model are
provided by Equation 6.104, Equation 6.105, and Equation 6.106.

fla+Az) ~ f(a) + f'(a) Az (6.103)
1 2
C, = ip (uo + QUOAU) CDfmmAfront (6.104)
1 2
qf:?4%+a%Amcbmym@ (6.105)
1
C. = ip (U}g + QwOAw) CDtop/botmmAtop/bottom (6.106)

Linearized Translational Dynamics expressed in terms of accelerations

. C,
= —g (sin(fy) + cos(fy)Af) — P (gowo + goAw 4+ woAq) + (rovg + roAv + voAr) (6.107)

V= g(sin(qSo) cos(fg) + cos(pg) cos(bp)Ag — sin(pg) sin(OO)AG)
(6.108)
- % - (rouo + roAu + qur) + (powo + poAw + woAp)

w=g ( cos(¢o) cos(fp) — cos(¢o) sin(dy) Af — sin(¢pg) cos(GO)Agb)
(6.109)
- — E — (pQ’U() +p0Av + ’U()Ap) + ((]OUQ + quu + UOAq)

Linearized Rotational Dynamics expressed in terms of angular accelerations
I, I, — 12 -12, I.(I,—1,+1,)
= T 19 —”’I"Oqo +
I.I. —1I2, I.I. —1I2, I.I. —1I2,
Il —I? - 12, L. (I, —1,+1,
yI 1. — 2 (TOAq+QOAT) + S— T _!}2 )
(MTo + AZWT) (Iz — Il‘) 2

; + +£ﬂ 2)
q Iy Iy PoTo Iy o — Po

Iz - Iw I:vz
L———%mAp+mAﬂ+~—%%mv—2mAm
I?J Iy
@—Q@+@;q_Q4Q—@+M
LI, —12, "% LI, —I2,
Lol — I, + L)
LI, — 12,

P (L1, + AL7) + Poqo

(6.110)

(PoAgq + qoAp)

(6.111)
+

_ IIZ
LI 12,
I2—I0,+1I2

Lo = laly T w0 A Ap) —
+ T — 2 (PoAg + goAp)

T (L1, + ALT) + T0qo

Qo+ AQ
I,

(6.112)

(roAq + goAr) —

6.6.8. Hover Trim Condition

The hover trim condition, schematically illustrated in Figure 6.21, represents a state of equilibrium where the
multicopter remains stationary in hover. In this condition, the initial roll and pitch angles are both zero, as are
all moments about the z, y, and z axes. The earth reference frame is defined by the axes Xg, Yg, and Zg.
Additionally, the initial linear velocities ug, vg, and wy, as well as the angular rates pg, qo, and ¢, are all zero.
The absence of torques from thrust ensures that L, Mr,, and () are also zero. Consequently, all initial states
are assumed to be zero except for the initial thrust 7Ty, which equals the weight of the multicopter during hover.
This assumption significantly simplifies the system dynamics. Under these conditions, the aerodynamic force
coefficients reduce to C, = 0, Cy = 0, and C, = 0, indicating no net aerodynamic forces acting along the
body-fixed axes. These simplifications lead to the following reduced equations of motion, which govern the
translational and rotational dynamics:
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Figure 6.21: Hover trim condition forces and moments on multirotor schematics

Hover Trim Translational Dynamics expressed in terms of accelerations

0= —gAf (6.113)

b = gAd (6.114)

o= 2T (6.115)
m

Hover Trim Rotational Dynamics expressed in terms of angular accelerations

I
= ——= AL 11
b= oAl (6.116)

§= AMy (6.117)
I’!/
I, AQ
P I.tszI;ﬁ'zALT_ T (6.118)

6.6.9. Longitudinal trim condition

In the steady cruise trim condition, the initial yaw angle is assumed to be zero to eliminate sideslip during forward
flight. Similarly, the initial roll angle is set to zero to maintain a longitudinal trim condition, ensuring no initial
velocities concerned with vy and wg. However, unlike in hover, the initial pitch angle 6, equal to the angle of the
rotor disk g with the free stream velocity, and forward velocity ug are nonzero. The horizontal thrust component
required to sustain forward flight is achieved through the pitch angle relative to the earth reference frame, defined
by the axes X g, Yg, and Zg, as shown schematically in Figure 6.22, which illustrates the cruise trim condition
along with the relevant velocity components, forces, and angles.

While the pitch angle and forward velocity in the x-direction are nonzero, the initial torques Lg,, Mr,, and Qo,
as well as the initial angular rates pg, qg, and r( , remain zero. Consequently, the thrust 7 no longer equals the
weight of the multirotor but must account for both lift and the horizontal force required for steady cruise. The
expression for the horizontal thrust component in cruise can be derived from Equation 6.50 as further detailed in
Section 6.5.4. This horizontal thrust component is then the balance force to counteract the parasitic drag term,
C,, due to the initial forward velocity, as described by Equation 6.119, while the aerodynamic force coefficients
Cy and C, remain zero. As a result, the equations of motion (EOM) for the longitudinal trim condition simplify
to the following translational and rotational dynamics:
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Figure 6.22: Cruise trim condition forces, moments and pitch angle on multirotor schematic

1
Co=5p (ug + 2uoAu) Cp,,.... Afront
Cy=0
C,=0
Linearized Translational Dynamics expressed in terms of accelerations
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Linearized Rotational Dynamics expressed in terms of angular accelerations
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6.7. State-Space System

(6.119)

(6.120)
(6.121)

(6.122)
(6.123)
(6.124)

(6.125)
(6.126)

(6.127)

To assess the stability of the multicopter, a state-space representation is utilized. This approach provides a concise
mathematical framework for modeling the physical system, capturing the relationship between inputs and outputs
through first-order differential equations. The state-space model describes the system’s dynamics as a vector of

states evolving over time within a defined state space.

The state-space representation is defined by the state vector x (Equation 6.129), the input or control vector u
(Equation 6.130), the system matrix A, and the input matrix B [70]. The state vector x comprises the key dynamic
variables of the multicopter, while the control vector u encapsulates the control inputs. Specifically, the control

vector includes the following components:
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1. The change in total upward force due to total thrust, AT
2. The change in roll moment around the x-axis caused by thrust imbalances, A L.
3. The change in pitch moment around the y-axis caused by thrust imbalances, A M.

4. The change in yaw moment around the z-axis due to net torque, AQ.

& = Ax + Bu (6.128)
xT:[Aaj Ay Az Au Av Aw A¢p A Ay Ap Aq Ar] (6.129)
u" = [AT ALr AMp AQ)] (6.130)

To compute the A and B matrices, the partial derivatives of the equations of motion (EOM) with respect to each
state and input variable are evaluated at the trim conditions for both hover and longitudinal trim cases, as described
below. The state matrix, A, is obtained as the Jacobian of the system dynamics with respect to the state vector,
while the input matrix, B, is derived as the Jacobian of the system dynamics with respect to the input vector. Each

element of these matrices corresponds to gﬂ{ £ and f;’: L respectively.
J J

This process results in the A and B matrices, which are defined in Equation 6.131 and Equation 6.132 for the hover
trim condition, and in Equation 6.133 and Equation 6.134 for the longitudinal trim condition. These matrices
provide a linearized representation of the system dynamics around the respective trim points, facilitating stability
and control analysis.

Hover system

0001000 0 0O0TO0O
0000100 O O0O0TO OO
0000010 O 0O0TO0O
0000O0O0DGO —-g 0000
000O0O0O0DSG g 0 00O0O0O0
0000O0O0DGO0O O 0O0O0O

A=10000000 0 0100 (6.131)
0000O0O0ODGO0O O 0O0T10
000O0O0O0ODGO0O 0O 0O0O0 1
0000O0O0ODO0O O 0O0GO0O
000O0O0O0ODGO0O O 0O0O0O
0 0000O0O0 O 00 0 0f

[0 0 0 0]
0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0
-1 0 0 0
Bzo 0 0 0 (6.132)
0 0 0 0
0 0 0 0
0 == 0 0
0 ”io
[0 i 0 7
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Longitudinal system

0 0 0 1 00 0 0 00 0 0]
000 0 10 0 0 00 0 0
000 0 01 0 0 00 0 0
0 0 0 —Z9%rondient g g g _geos@p 0 0 0 0
000 0 0 0 geosy 0 0 0 0 —u
A— 10 0 0 0 00 0 —gsinfp 0 0 uy O (6.133)

000 0 00 0 0 01 0 0
000 0 00 0 0 00 1 0
000 0 00 0 0 00 0 1
000 0 00 0 0 00 0 0
000 0 00 0 0 00 0 0
0 0 0 0 00 0 0 00 0 0]

[0 0 0 0]

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

-1 0 0 0

B=| g 0 0 0 (6.134)

0 0 0 0

0 0 0 0

01115113200

0 £ 0

[0 gm0 1)

6.7.1. State-Space Eigenvalues

This analysis of eigenvalues and eigenvectors is crucial for characterizing the stability, oscillatory properties,
and state interactions of the system, forming the foundation for further control design and dynamic analysis. To
evaluate the stability and dynamic characteristics of the system, the eigenvalues and eigenvectors of the state-
space model are computed. The eigenvalues A of the system matrix A are determined from the characteristic
equation, as shown in Equation 6.135, where I is the identity matrix. These eigenvalues provide critical insights
into the system’s stability and dynamic response.

det(A — AI) =0 (6.135)

The real part of each eigenvalue indicates the stability of the corresponding mode where a stable Mode has a
negative real part signifies that the mode is stable and decays exponentially over time. An Unstable Mode on the
other hand has positive real part indicates instability, with the mode growing exponentially over time. At last,
Neutral Stability entails a real part equal to zero corresponds to marginal stability, where the mode neither grows
nor decays.

The imaginary part of an eigenvalue, if present, represents oscillatory behavior in the system where the magnitude
of the imaginary component corresponds to the oscillation frequency of the mode. As a result, a purely real
eigenvalue implies no oscillatory motion, while a complex eigenvalue indicates the presence of oscillations.

Each eigenvalue is associated with an eigenvector, which describes the contribution of each state variable to the
corresponding mode. The magnitude and direction of each component in the eigenvector determine the influence
of the state variable on the dynamics associated with the eigenvalue where larger components of an eigenvector
indicate a greater contribution of the corresponding state variable to the mode’s dynamics. The eigenvectors also
provide insight into the modal structure of the system, aiding in understanding how states interact dynamically.
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Optimization

In order for the VTOL to fulfill its mission as efficiently and effectively as possible, the flyer must be optimized
in accordance with the mission parameters as further elaborated in Section 7.1. The design of an eVTOL is highly
multidisciplinary, and therefore, to obtain the preliminary optimal design parameters as a solution to the GoAERO
competition, a Multi-Disciplinary Optimization (MDO) approach is employed. MDO helps to integrate various
constraints and objectives from different disciplines, resulting in an optimal and feasible solution. The disciplines
incorporated for this optimization include a Dynamics model, Rotor model, Power & Energy model and Structure
model.

It should be noted however, as the optimization focuses on minimizing the flyer’s mass, the inherent nonlinearity
in the mass estimation, as outlined in Chapter 6, classifies the optimization scheme as nonlinear. This nonlin-
earity is further reinforced by the constraints, which also exhibit nonlinear behavior, as discussed in Section 7.4.
Following this, the chosen optimization technique to deal with the non-linear optimization scheme is elaborated
upon in Section 7.7.

7.1. Optimisation Case

As outlined in Chapter 2, the productivity mission represents the most demanding scenario in terms of endurance
and mass. This is due to its emphasis on the Payload-to-System Mass ratio ranking and the overall power re-
quirements, making it critical for sizing the eVTOL’s propulsion system and configuration. The mission entails
ferrying a maximum payload of 144.6 kg (REQ-OPS-01) over a total horizontal distance of 2412 m, followed by
a landing, and repeating this process until a cumulative payload of 567 kg is transported.

To satisfy these requirements, the eV TOL must complete the mission in multiple cycles, encompassing four flights
with payload and four return flights without payload, amounting to a total mission distance of 19.3 km in accor-
dance with REQ-PERF-01. This demanding operational profile necessitates a robust optimization framework
that accounts for the interplay between payload capacity, energy efficiency, and propulsion system performance.

The flight profile for this mission includes distinct phases of steady-level climb, steady cruise, and hover, as
illustrated in Figure 7.1. These phases impose specific performance requirements on the eVTOL’s design, with
the cruise altitude defined as detailed in Chapter 5 and in accordance with REQ-PERF-02. It should be noted
that the cruise phase is the most energy-intensive phase for the productivity mission and thus plays a pivotal role
in determining the overall system efficiency and impact of the optimization process.
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Figure 7.1: Optimisation mission profile

7.2. Objective Function

The main objective is to optimize the propulsion system configuration to minimize the Maximum Take-Off Mass
(MTOM) as described in Equation 7.1. The MTOM primarily consists of the operating empty mass and useful
mass, as previously discussed in Section 6.3 and formulated in Equation 6.2. It should be noted that in this
optimization process, the battery mass, propulsion system mass, airframe mass, and fuel mass are treated as
functions of the objective as can aslo be seen in Equation 7.1.

f(j) = MTOM(:f) = Mbattery (i') +Mairf7’ame (9_3) +Mpropulsion(a_7) +Mcrew +Mpayload +Mfuel (j) (71)

7.3. Design Vector

The design variables central to the optimization process are encapsulated within the design vector, as defined
in Equation 7.2, where ¢ denotes the ith rotor. These variables serve as the foundation for the optimization,
directly influencing the objective function and ultimately guiding the design towards achieving the minimum
Maximum Takeoff Mass (MTOM). The design variables are carefully selected to align with the principles of
momentum theory, as detailed in Section 6.5. These variables include key rotor-specific parameters that influence
aerodynamic performance, power requirements, and overall system efficiency.

It should be noted, however, while the momentum theory provides valuable insights, it is an idealized model that
does not account for real-world factors such as blade shape or blade twist. Notably, the assumption of no twist
in the propeller design simplifies the analysis but introduces limitations, as blade twist impacts aerodynamic
efficiency and overall aerodynamic performance by optimizing the angle of attack along the blade span. To
address this, the design vector incorporates the thrust coefficient as a parameter for each rotor, allowing the
optimization process to approximate an optimal required rotor design without explicitly modeling blade twist or
shape.

Additionally, the design vector incorporates parameters related to the propulsion support structure, as detailed
in Section 6.4.4. These parameters are critical for maintaining the structural integrity and weight efficiency of
the multirotor configuration, ensuring it can withstand operational loads while minimizing unnecessary mass.
Configuration-specific variables are also included in the design vector, significantly influencing the multirotor’s
dynamic behavior, as highlighted in Section 6.6, particularly through their impact on overall inertia effects and mo-
ment arms. Furthermore, the inclusion of structural and geometric parameters provides a comprehensive approach
to the optimization process. This holistic integration ensures that the resulting configuration not only achieves
the required performance objectives but also complies with the design constraints imposed by the GOAERO com-
petition.
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7.4. Constraints

To ensure a final optimum design that is also feasible, constraints are implemented. These constraints guarantee
that the optimization process remains within the feasible design space. For this optimization problem, equality,
inequality, and consistency constraints are applied, where the latter ensures the consistency of parameters between
disciplines. These constraints are crucial for maintaining data integrity and avoiding inconsistencies that could
result in errors or unfeasible designs.

7.4.1. Inequality Constraints

Rotor Dimensional Bound Constraint

As defined by the dimensional requirements of the GOAERO competition, the placement of rotors and their radii
must remain within the dimensional bounds, as detailed in Section 5.1.4 and required by REQ-OPS-02. To
implement this constraint, the following mathematical relations are used to ensure that the rotor centers are at
least a distance R from the design space borders.

Trot — (Tmin + Ryot) =0 (7.3)
(Tmaz — Rrot) — Trot = 0 (7.4)
Yrot — (Ymin + Rrot) =0 (7.5)
(Ymaz — Rrot) = Yrot =0 (7.6)

Rotor Overlapping Constraint

To prevent rotors from overlapping and to maintain the assumption of no rotor interaction effects, a constraint is
introduced to ensure that the rotors’ positions and radii do not overlap. The mathematical representation of this
constraint is as follows.

((x’f'oh - 377-0752)2 + (yrot] - y7'ot2)2 - (Rl + R2)2) =0 (77)

Rotor Solidity

Rotor solidity, a function of the inverse aspect ratio of the propellers and the number of blades, defines the ratio of
the blade area to the total disk area, as provided in Equation 6.27. The maximum solidity ratio theoretically equals
1, which implies a fully solid disk where no airflow passes through. Therefore, the solidity factor is constrained
to be less than 1.

1—-00t0r =0 (78)
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Achieved Velocity Constraints

To adhere to the TLARs described in Chapter 5, the minimum velocities for each flight phase must be respected.
This constraint is implemented as an inequality, ensuring that the optimizer does not limit performance but meets
the minimum requirements in accordance with REQ-PERF-04. Additionally, during descent, the absolute ve-
locity is limited by an upper bound to avoid a scenario where the optimizer minimizes power by reducing rotor
speeds to zero, leading to an unsafe descent. The descent speed is bounded between 6 m/s and 8 m/s [71] (REQ-
PERF-03).

Velimb — Velimbyim = 0 (7.9)
Veruise — Veruisemin — 0 (710)
Udescent — Udescentpmin — 0 (7.11)
Vdescentmas — Udescent = 0 (712)

Motor Power Constraint
To ensure that the optimized design remains within feasible bounds and is technologically achievable, the maxi-
mum motor power is constrained to 640,000 W, as specified in Table 6.4.

640000 — Protor,,,. =0 (7.13)

Rotor Support Structure Deflection Constraint

As discussed in Section 6.4.4, the rotor support structure influences the mass and rotor positions. The deflection
of the structure must be limited to 0.001 m to ensure a rigid support system in accordance with REQ-STRCT-01.
This deflection depends on the length of the support structure and the inner and outer radii of the hollow circular
beams.

0.001 — 8,0z (7.14)

Aspect Ratio Constraint

As stated by Diessen [72], the nominal aspect ratio (AR) for manned rotorcraft typically ranges between 14
and 20. The AR, defined in Equation 7.15, is a critical parameter influencing both the structural integrity and
aerodynamic performance of the rotor blades. A lower AR increases induced drag, compromising aerodynamic
efficiency, while a higher AR poses structural challenges, particularly in maintaining adequate torsional stiffness
[46].

ARz% (7.15)
AR —14=0 (7.16)
20— AR =0 (7.17)

Tip Speed Constraint

The tip speed is a critical design parameter for rotor performance. As explained by Leishman [59], the tip speed
of the advancing blade can enter supercritical and supersonic flow regimes, resulting in wave drag and shock-
induced separation, leading to increased power requirements and limiting operational speed. To avoid advancing
blade compressibility effects, a linear function, as described in Equation 7.19, represents the limit beyond which
the advancing blade tip Mach number My , causes a significant increase in profile drag [72]. The tip Mach
number is defined by Equation 7.20, where the tip speed Vi = Q- R+ V, {2 represents the rotor angular velocity,
R the rotor radius, and V' the free-stream velocity, while ¢ represents the speed of sound.

It should be noted, however, that the tip speed depends on the relative direction of the incoming flow to the blade
rotation. For a propeller perpendicular to the airflow, the combined tip speed is described by Equation 7.18, which
accounts for both rotational velocity and translational velocity. This combined speed, referred to as the helical tip
speed, is typically considered during climb [73]. During cruise, the tip speed depends on the angle of the rotor
disk a4 relative to the airflow, as described in Equation 6.45.
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VTheli,ca,l = Vr20t + Vo2o (718)
C
My, =0.85— 0.527T (7.19)
Vi
My, = TT (7.20)

On the retreating side, the blade moves away from the free-stream airflow, resulting in potential blade stall due to
the required increase in the angle of attack to maintain the same thrust coefficient and disk loading, as explained
in Section 6.5.1. To avoid retreating blade stall, Diessen [72] suggests using Equation 7.21 to express the limit
of blade loading C1/o, in relation to the advance ratio u. This equation, based on wind tunnel coefficients from
Talbot et al. [74], expresses the maximum allowable Cr /o, which is also the maximum thrust-to-power ratio.
The advance ratio u is defined by Equation 6.49, representing the rotor’s forward speed relative to the tip speed.

C
=T —0.128 — 0.1254 (7.21)
ag

Mathematical Constraints

Additional mathematical constraints are applied to prevent errors related to square roots and trigonometric func-
tions. For example, during climb, the thrust produced must exceed the MTOM, as described in Equation 7.23,
while during descent, the thrust must be less than the MTOM, as provided by Equation 7.22. Additionally, for
calculations involving cos~!(a), o must be between -1 and 1 for the result to be real, and the calculated angle
must be greater than zero for cruise resulting in the constraints defined by Equation 7.24, Equation 7.25 and
Equation 7.26.

MTOM - g — Tyescent = 0 (722)
Tetimy — MTOM - g =0 (7.23)
MTOM -
|- MTOM -9 _ (7.24)
Tc’r‘uise
MTOM -
MTOM -9  y _, (7.25)
Tcruise
a—0=0 (7.26)

7.4.2. Equality Constraints

Thrust in Hover Constraint

To ensure that the VTOL remains stationary during hover, the thrust produced must be equal to the weight of the
eVTOL. This results in the following relation.

Thover — (MTOW % g) =0 (7.27)

Moment Constraint

Since steady flight is assumed during all flight phases, all moments around the center of gravity (CoG) must be
zero, ensuring that angular rates are also zero. As the system is symmetrical around the x-axis, and with the
use of counter-rotating rotors, the yawing moments are assumed to be zero regardless in all flight phases. The
pitch moment is provided by the thrust produced by each rotor multiplied by the distance from the CoG, given
by My = Z - Trotor, where Z is the distance from the rotor to the CoG.

> My,,,., —0=0 (7.28)
> My, —0=0 (7.29)
Z My.,;.. —0=0 (7.30)
> My, —0=0 (7.31)
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7.4.3. Consistency Constraint

Consistency constraints are essential for maintaining coherence across the various disciplines and subsystems
within the Multidisciplinary Design Optimization (MDO) framework. These constraints ensure compatibility
by aligning the outputs of one discipline with the inputs required by another. For example, if a parameter is
computed within one subsystem, the consistency constraint guarantees that this value is accurately propagated
and utilized in subsequent calculations. This alignment prevents conflicts or mismatches, enabling seamless
interactions between interconnected disciplines and preserving the integrity of the design process.

In this context, the MTOM serves as the consistency variable that bridges the interdependence between disci-
plines. Determined by the optimizer, M TOM is used for calculations across different disciplines while consis-
tency with the objective function is enforced through an equality constraint. This approach ensures alignment
between the objective function and the disciplines, maintaining the integrity and effectiveness of the optimization
process.

7.5. Bounds

To narrow the design space and facilitate optimization convergence, bounds are introduced. These bounds define
the feasible design space and are selected based on what is realistic for a VTOL aircraft and conventional within
the aerospace industry, as summarized in Table 7.1.

Table 7.1: Design vector bounds

4.1
Variable Lower Bound Upper Bound
C; 0.05 0.4
Rrotori [m] 0.5 1.8
Lrotor; [m] 0 4.1
Yrotor; [m] 0 3.65
3.65 Saiax Zror, [0 19 41
' M blades; 2 6
Qhover; [rad/s] 0.1 367
chimbi [rad/s] 0.1 367
Qeruise; [rad/s] 0.1 367
Qdeﬁcemi [rad/s] 0 367
. MTOM [ke] 400 3000
D_min Cr, 0.01 0.15
r; [m] 0 0.25
Figure 7.2: Rotor diameter design space 7o [m] 0.025 0.25

Rotor Radius

The lower bound for the rotor radius is informed by small-sized personal eVTOLs, which typically feature rotor
radii ranging from 0.7 m to 0.8 m, as observed in the A* Vahana [20] and EHang [75]. The upper bound is con-
strained geometrically by dimensional requirements. For the quadrotor configuration, combined with a minimum
rotor radius of 0.5 m (as illustrated in Figure 7.2), the maximum rotor radius is set to 1.8 m.

Rotor Position

The bounds for rotor positions are determined by the design space defined in the TLARs (Section 5.1.4). Dimen-
sional bounds include a length of 4.1 m and a width of 3.65 m. Rotor height is bounded by the fuselage height
(1.9m) and the GOAERO competition’s maximum height requirement of 4.1 m. Furthermore the lower bound is
defined by the fuselage, ensuring that propulsion support structures do not obstruct access to critical aircraft areas
as per REQ-STRCT-03 and REQ-PROP-04.

Number of Blades
The lower bound for the number of blades is set at two, ensuring a balanced rotor configuration. For the upper
bound, the five-blade configuration of the Joby S4 serves as a reference [76].
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Blade Chord

Bounds for the propeller blade chord length are informed by studies on blade shape optimization [77]. These
studies suggest a range between 0.075 m and 0.2 m, consistent with findings from research on rapid blade shape
optimization for eVTOL aircraft, which extends the upper limit to 0.35m [78].

Rotor Rotational Speed

The maximum rotor rotational speed is defined as 3300 rpm, also based on the blade shape optimization work of
Xia et al. [77]. The lower bound is 0 rpm, enabling the optimizer to deactivate engines during descent. During
climb, hover, and cruise, the lower bound is set to 1 rpm to ensure all rotors remain active.

Rotor Thrust Coefficient

The range for the rotor thrust coefficient is derived from the previously mentioned blade optimization research
[77], with the maximum value set at 0.15. This is further supported by NASA’s propeller design and performance
studies [79].

MTOM
The MTOM bounds are based on existing aircraft. The lower bound references the Volocopter 2X, which has an
MTOM of 450 kg [80], while the upper bound is based on the Joby Aviation S4, with an MTOM of 2404 kg [76].

Support Structure Size

As detailed in Section 6.4.4, the rotor support structure is modeled as circular beams with optimizable inner
and outer radii. The inner radius ranges from 0 m (allowing solid beams) to the outer radius. The outer radius
is constrained between 0.025 m and 0.25 m, ensuring feasible and practical support structure designs based on
engineering judgment.

7.6. Extended Design Structure Matrix

With the optimization objective, constraints, and bounds defined, the next step involves structuring the logic of
the optimization framework. This framework integrates various disciplines, encapsulated in a Dynamics model,
Rotor model, Power & Energy model and Structure model, by programming and interconnecting them to form a
cohesive multidisciplinary optimization (MDO) system.

The overall optimization problem is represented using an eXtended Design Structure Matrix (XDSM). The XDSM
is a visual tool designed to map MDO processes, highlighting the interactions and interfaces among the compo-
nents of a complex system. The diagram employs a numbering system, process flow lines, and block connections
to illustrate the sequence in which computational steps are executed. This comprehensive depiction enables a
clear understanding of data and process flows within the architecture [81].

For this study, a simultaneous optimization approach is employed and implemented in the computational environ-
ment. Discipline analyses are simulations that model the behavior of individual aspects of the multidisciplinary
system. These analyses involve solving a system of equations and returning specific response variables. Within
this approach, the optimizer explicitly enforces consistency constraints while satisfying objectives and other prob-
lem constraints. The XDSM effectively captures the direct connections between the optimizer and each discipline,
as illustrated in Figure 7.3, offering a clear visualization of the optimization architecture.
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7.6. Extended Design Structure Matrix
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7.7. Optimizer

7.7.1. Optimizer Characteristics

The optimization process is implemented using the scipy.optimize.minimize module, a versatile tool capa-
ble of handling scalar functions of one or more variables, where it has various optimization algorithms making
it versatile for different types of optimization problems [82]. Among its various optimization algorithms, the
Sequential Least Squares Programming (SLSQP) method is selected for this study. The Sequential Least Squares
Programming (SLSQP) method is particularly well-suited for solving constrained optimization problems, as it can
effectively handle a combination of bounds, equality constraints, and inequality constraints. Moreover, SLSQP
is specifically advantageous for addressing nonlinear optimization problems, making it an appropriate choice for
the described optimization scheme.

As a gradient-based optimizer, the SLSQP method leverages the gradients (Jacobian) of both the objective func-
tion and the constraints to iteratively refine the design variables. This approach enables efficient exploration of
the design space, especially for large-scale problems where computational resources are a concern. The reliance
on gradient-based techniques ensures that the optimizer can converge to a solution with a high degree of precision
while maintaining computational efficiency.

7.7.2. Optimizer Settings

The optimization framework is configured to achieve a balance between convergence accuracy and acceptable
runtime with the termination criteria and tolerances are summarized in Table 7.2. The tolerance for the op-
timization process is set to le — 8, striking a balance between high accuracy and manageable convergence
times. Additionally, the maximum number of iterations is capped at 25,000 to prevent excessively long run-
times. The eps parameter, which defines the step size used for numerical gradient approximation, is left at
its default value of 1.4901161193847656e — 8, as specified in the scipy documentation [82]. Similarly, the
finite_diff_rel_step parameter remains unchanged, allowing the relative step size for finite difference ap-
proximations to be selected automatically.

Table 7.2: scipy.optimize.minimize settings

Option Setting Description

method SLSQP Specifies the method used.

ftol 1x10°8 Specifies the precision goal for the value of the objective func-
tion in the stopping criterion [82].

eps 1.49 x 1078  Specifies the step size used for numerical approximation of the
Jacobian [82].

maxiter 25000 Specifies the maximum number of iterations [82].

finite_diff_rel_step None Specifies the relative step size used for numerical approxima-

tion of the gradient [82].

7.7.3. System Setup

The eVTOL system is developed based on reference eVTOL designs with limited data and different mission
requirments, meaning the optimization process does not begin with a feasible design vector. To address this,
the optimization framework includes a Multidisciplinary Analysis (MDA) coordinator that configures the system
prior to optimization.

The MDA coordinator accepts an initial design vector as input, evaluates all constraints, and determines whether
they are satisfied or violated. In cases of constraint violations, it quantifies the severity and provides feedback
to the user. This ensures that the starting point of the optimization corresponds to a feasible or near-feasible
design vector. To increase the likelihood of achieving a valid global optimum, the process begins with multiple
initial design guesses. Among these, the configuration yielding the lowest Maximum Takeoff Mass (M T OM)
is selected for further analysis.

Normalization of the objective function and constraints is another critical component of the system setup. Normal-
ization addresses challenges arising from variables or constraints with significantly different magnitudes, which
can lead to numerical instability, slower convergence, or inaccurate results. By scaling all variables to a similar
range, normalization enhances the efficiency of the optimization process, enabling the algorithm to explore the
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design space more effectively. It also ensures that no single variable disproportionately influences the objective
function due to its larger absolute value, thereby preventing bias in the optimization process.

These preparatory measures, being constraint verification and normalization, and the use of multiple initial
guesses, are integral to the robustness and reliability of the optimization framework. Together, they ensure the
identification of feasible, accurate, and optimal design solutions, providing a solid foundation for the optimization
process.

7.7.4. Initial Design Vector

The optimization process begins with an initial set of design variables, as outlined in Table 8.2, Table 8.3, and
Table 8.4. These variables establish the baseline parameters for the quadrotor, hexarotor, and octorotor configu-
rations, respectively, based on the reasoning detailed below and the coordinator as outlined in Section 7.7.3.

It should be noted, however, that given the limited availability of multirotor eVTOL data and the highly specific
design requirements of the GOAERO competition, the initial design vector is constructed based on predefined
bounds and constraints rather than being adapted from an existing configuration. As a result, to ensure the initial
design meets thrust requirements while remaining feasible across all rotor configurations, key parameters such
as the initial chord length, rotor radius, thrust coefficient, and blade count are deliberately set near their upper
bounds.

Furthermore, the initial rotor positions are determined to fit within the dimensional design space without overlap,
as shown in Figure 7.4, Figure 7.5, and Figure 7.6. To minimize support structure length, the rotors are positioned
on top of the fuselage. Additionally, the parameters defining the rotor support structure were deliberately over-
dimensioned within the set bounds to ensure compliance with the deflection constraint at the initial design point.

The resultant corresponding physical design spaces are visually represented in Figure 7.4, Figure 7.5, and Fig-
ure 7.6, illustrating the rotor layout in the x and y directions, as well as rotor dimensions and blade counts for
each configuration. These representations provide a clear understanding of the initial geometry and constraints
within the design space prior to optimization.

Initial Rotor Positions 4 rotors Initial Rotor Positions 6 rotors Initial Rotor Positions 8 rotors
3 3 3
2 2 2
3 3 o]
m m m
= = [ =
T oA T oA T o
o o [=]
=] [=] (=]
[l ul ]
> > >
-1 -1 —% >H< -1 1
-2 -2 4 -2 4
-3 1 -3 1 -3
T T T T T T T T T T T T
0 1 2 3 4 0 1 2 3 4 0 1 2 3 4
X Coordinate X Coordinate X Coordinate
Figure 7.4: Initial quadrotor layout Figure 7.5: Initial hexarotor layout Figure 7.6: Initial octorotor layout
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Results

8.1. Optimization Characteristics

The optimization process concluded successfully, as indicated by the termination message: ”Optimization termi-
nated successfully (Exit mode ().” This message confirms that the algorithm met the convergence criteria and
provides essential information, including the exit mode, number of iterations, and counts of function and gradient
evaluations, as summarized in Table 8.1.

The iteration count represents the number of times the algorithm completed its main loop. Each iteration typically
involves evaluating the objective function, verifying constraints, updating design variables, and adjusting param-
eters to progress toward an optimal solution. The total number of iterations provides insight into the algorithm’s
convergence behavior and efficiency.

The number of function evaluations corresponds to how many times the objective function was computed during
the optimization process. Each evaluation represents a single computation of the objective function, and a higher
count may indicate either a more complex problem or reduced algorithmic efficiency.

Table 8.1: Optimization characteristics at HF = 0.1

Metric Quad Rotor Hexa Rotor  Octo Rotor
Time to converge [min] 252.32 185.67 263.07
Number of iterations 2596 1229 1789
Average time per iteration [min] 0.0972 0.15 0.1471
Number of function evaluations 134150 64451 98715
Average time per evaluation [min] 0.0019 0.0029 0.0027

8.2. Convergence History

To evaluate whether the optimization algorithm successfully converged to the normalized objective function while
satisfying the normalized constraints, convergence plots are generated. These plots, provide insights into the
trajectory of the optimization and validate the adherence to the imposed constraints.

It should be noted that, for the sake of clarity and focus, this section presents the optimization results specifically
for the hexa-rotor configuration with a HF set to 0.1. Although optimizations were also performed for other
configurations and HF values, these results are omitted here for conciseness but are provided in Appendix B.

8.2.1. Objective convergence

The convergence history of the normalized objective function over the total number of iterations is shown in
Figure 8.1, Figure 8.2 and Figure 8.3. It should be noted that to enhance visibility of the overall progression,
the y-axis has been scaled to limit displayed peaks and provide greater resolution for observing the convergence
trend.
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Figure 8.1: Objective convergence of Figure 8.2: Objective convergence of Figure 8.3: Objective convergence of
quadrotor at HF = 0.1 hexarotor at HF = 0.1 octoroto at HF = 0.1

8.2.2. Constraint convergence

In Figure 8.4 and Figure 8.5, the convergence of the aspect ratio constraint and the maximum takeoff mass con-
straint are presented. The aspect ratio constraint comprises upper and lower bounds for each rotor blade, as
described in Section 7.4.1. For the hexa-rotor configuration, constraints 1 and 2 correspond to rotor 1, constraints
3 and 4 to rotor 2, and constraints 5 and 6 to rotor 3. The MTOM constraint ensures consistency between the
disciplines within the multidisciplinary design optimization (MDO) framework.

Convergence of AR_constraints Convergence of MTOW_constraint
0.40 0.20
—— Constraint 1
035 4 . 0.15 1
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3 0154 —— Constraint5 | 2
S —— Constraint6 | G
—0.05
0.10 4
—0.10
0.05 4
0.00 - —0.151
~0.05 T T , T , v —0.20 T T v T v r
0 200 400 600 800 1000 1200 0 200 400 600 800 1000 1200
Iteration Iteration

Figure 8.4: Aspect Ratio constraint convergence of hexarotor HF = Figure 8.5: MTOM Consistency constraint convergence hexarotor
0.1 HF =0.1

The deflection constraint, shown in Figure 8.6, imposes inequality constraints on the maximum deflection of the
support structures for each rotor, resulting in three constraints (one per rotor). Conversely, the moment constraint,
depicted in Figure 8.7, consists of four constraints, one for each flight phase, to ensure stability regarding attitude
rates during different flight conditions, as outlined in Section 7.4.2.
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Figure 8.6: Deflection constraint convergence hexarotor HF = 0.1 Figure 8.7: Moment constraint convergence hexarotor HF = 0.1

The convergence of the velocity constraints, for each flight phase, is illustrated in Figure 8.8. For the descent
phase, constraints 3 and 4 ensure adherence to performance benchmarks, as explained in Section 7.4.1. The angle
of attack constraint, depicted in Figure 8.9, includes three sub-constraints: constraints 1 and 2 ensure the argument
of the arccos function remains within [—1, 1], while constraint 3 ensures the angle of attack is realistic (greater
than 0°) for cruise conditions.

Convergence of aca_real_constraint

Convergence of speed_constraints 107
2.0 —— Constraint 1
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Figure 8.8: Velocity constraint convergence hexarotor HF = 0.1 Figure 8.9: Angle of Attack congtrlalnt convergence hexarotor HF =

The tip Mach number constraint, shown in Figure 8.10, is an inequality constraint applied to each rotor to ensure
the tip Mach number does not exceed its maximum allowable value. For the blade stall constraint, Figure 8.11
illustrates two inequality constraints per rotor, as described in Section 7.4.1. Constraints 1, 2, and 3 correspond
to Equation 7.21 and 4, 5 and 6 correspond to the blade loading needing to be larger than 0.

72



8.2. Convergence History

Bas van Leeuwen - Thesis report

Convergence of Tip_mach_constraint

—— Constraint 1
—— Constraint 2

—— Constraint 3
254

2.04

Constraint Value

Constraint Value

0 200 400 600 800 1000 1200
Iteration

Figure 8.10: Tip Mach constraint convergence hexarotor HF = 0.1
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Figure 8.11: Blade Stall constraint convergence hexarotor HF = 0.1

The motor power constraint, presented in Figure 8.12, ensures the maximum available power for off-the-shelf elec-
tric motors is not exceeded. Meanwhile, the rotor bound constraint (Figure 8.13) consists of 12 sub-constraints,4
per rotor, to ensure the physical design space is not violated. Specifically, constraints 1-4 correspond to rotor 1,
constraints 5-8 to rotor 2, and constraints 9—12 to rotor 3, as described in Section 7.4.1.
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Figure 8.12: Motor Power constraint convergence hexarotor HF = 0.1Figure 8.13: Rotor bound constraint convergence hexarotor HF = 0.1

The rotor solidity constraint, illustrated in Figure 8.14, imposes an inequality constraint on each rotor to maintain a
solidity below 1. The axial thrust constraint, shown in Figure 8.15, includes two inequality constraints: constraint
1 ensures the produced thrust during climb exceeds the MTOM, while constraint 2 ensures the thrust during
descent is less than the MTOM to avoid mathematical errors in square root calculations.
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Figure 8.14: Rotor solidity constraint convergence hexarotor HF =

01 Figure 8.15: Axial thrust constraint convergence hexarotor HF = 0.1

Thrust during hover is governed by an equality constraint, visualized in Figure 8.16, which ensures the produced
thrust matches the MTOW. Finally, the rotor overlap constraint, presented in Figure 8.17, includes three inequality
constraints, one per rotor, to ensure no physical overlap occurs between the rotors.
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Figure 8.16: Hover thrust constraint convergence hexarotor HF = 0.1 Figure 8.17: Rotor overlap cons(;ricl int convergence hexarotor HF =

8.3. Design Parameter Results

For each configuration, with a hybridization factor (HF) of 0.1, the design parameters corresponding to the opti-
mized objective function are summarized in Table 8.2, Table 8.3, and Table 8.4. These tables provide a detailed
comparison of the initial and optimized values of each design parameter across the various configurations.

An analysis of these results reveals valuable insights into the impact of the optimization process on the design.
The variations in parameter values demonstrate how the optimization algorithm adjusted the design to achieve
the optimal solution, reflecting the necessary trade-offs to satisfy the imposed constraints while minimizing the
objective function. These results also shed light on the interactions between design variables within the multidis-
ciplinary design optimization framework, offering a deeper understanding of the complex relationships that drive
the overall design objectives of this study.
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Table 8.4: Optimized design parameters

octorotor
Parameter Initial Optimized
Objective function
MTOM [kg] 2642.03  590.76
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hexarotor Design vector
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— —— ¢3 [m] 0.4 0.05472
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8.4. Processed Results

To assess the impact of design variables and their interactions, a series of plots and tables are generated to illustrate
how individual parameters influence the overall design. Additionally, comparative plots are created to provide
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insights into the differences between the various configurations.

To provide a comprehensive understanding of the physical implications of the optimized parameters, such as
layout, dimensions, and distribution, Figure 8.18, Figure 8.19, and Figure 8.20 present detailed visual represen-
tations of the configurations. These figures showcase the arrangement of key components, including rotor blade
count, chord length, radius, and their spatial positioning relative to the fuselage. Such visualizations clarify how
the optimized parameters translate into structural and geometric changes within the design.

CoG X-Y View (Top) 4 rotors CoG X-Y View (Top) 6 rotors CoG X-Y View (Top) 8 rotors

Figure 8.18: Optimised quadrotor design Figure 8.19: Optimised hexarotor design Figure 8.20: Optimised octorotor design

Further, to evaluate the effect of rotor positioning on the balance of the system, the locations of the center of
gravity (COG) and center of mass (COM) for key subsystems are depicted in Figure 8.21, Figure 8.22, and
Figure 8.23. These figures offer valuable insights into the balance of various configurations by highlighting the
relative positions of the COG. It is important to note that the COG shown represents the combined center of
gravity for all subsystems, including the turbine generator, fuel, battery, and propulsion system, while excluding
the payload and crew.

Z-Y View (Side) 4 rotors Z-Y View (Side) 6 rotors Z-Y View (Side) 8 rotors
N Motor 1 B Propeller 1 I Motor 1 B Propeller 1 N Motor 1 i Propeller 1
. Motor 2 Propeller 2 m Motor 2 Propeller 2 m Motor 2 Propeller 2
Motor 3 Propeller 3 Motor 3 Propeller 3
Em Motor 4 . Propeller 4
5 5
4 4

Figure 8.21: Quadrotor COG overview Figure 8.22: Hexarotor COG overview Figure 8.23: Octorotor COG overview
(Rotors, motors and total) (Rotors, motors and total) (Rotors, motors and total)

8.4.1. Overall Characteristics

The optimized design parameters represent only the characteristics of the individual components. These parame-
ters are integrated into various subsystems, collectively influencing the overall characteristics of each configura-
tion.

To comprehensively evaluate the differences between configurations, a range of physical and performance met-
rics has been calculated. These metrics, summarized in Table 8.5, provide a detailed comparison of performance
across different hybridization factors for each configuration. Analyzing these characteristics offers valuable in-
sights into how specific design choices impact the overall system performance. This, in turn, enables a clearer
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understanding of the trade-offs and synergies that emerge between different configurations, helping to inform the
selection of the most balanced and efficient design.

Table 8.5: Characteristics of the optimized configurations against different HF

Aircraft Quadcopter Hexacopter Octacopter

HF 0.1 0.5 0.9 0.1 0.5 0.9 0.1 0.5 0.9
OEW [kg] 241.17 34489 490.24 242.87 359.52 506.67 249.38 364.10 526.27
Motor mass [kg] 4545 48.00 52.84 46.02 47.68 5036 4556 4731 5222
Propeller mass [kg] 29.03  29.23 3422 2631 2978 3320 26.62 30.19 31.87
Supp-struc mass [kg] 5.15 5.20 8.17 8.30 1931  37.12 1556  31.61  46.10
Fuel mass [kg] 13.04 8.72 2.03 13.49 8.74 1.95 13.10 8.18 2.03
Battery mass [kg] 20.11  121.03 253.57 20.81 121.31 24454 2020 113.54 254.64
Battery capacity [kWh] 5.17 31.15  65.26 5.35 3122 62.94 5.20 2995 6554
ICE mass [kg] 83.47 88.17 91.81 8451 8757 90.53  83.67 86.89 9191
ICE power [kW] 250.40 264.50 275.44 253.55 26273 271.61 251.02 261.63 275.75
Climb speed [m/s] 19.91 19.24 1648 2043 1503 1630 20.04 1724 1590
Cruise speed [m/s] 65.67 6566 6566 6567 6567 6567 6567 6567 6568
Descent speed [m/s] 8.00 8.00 8.00 8.00 8.00 7.86 8.00 8.00 7.98
Disk area [m?] 11.93 10.99 1340 11.27 1391 17.05 1340 1640 16.19
Max Motor Power [kW]  79.28  71.18  91.07 53.34 66.82 57.21 37.63 4587 45.18
I, [kg m?] 187.59 171.41 219.67 199.87 258.95 380.82 269.03 351.48 408.15
I, [kg m?] 93.79 103.68 124.49 115.04 104.08 107.52 109.29 103.67 9491
I.. [kg m?] 214.94 209.77 276.51 249.28 297.67 422.03 312.82 389.74 436.58
8.4.2. Mass Results

The primary objective, the Maximum Takeoff Mass (MTOM), is analyzed for various hybridization factors (HF)
across each configuration. HF is a key parameter that highlights the influence of hybrid propulsion systems on
MTOM, revealing how different levels of hybridization affect the total system mass. Figure 8.24 illustrates the
relationship between HF and MTOM for the different configurations, facilitating a direct comparison of their
responses to varying levels of hybridization and the corresponding impact on MTOM. Additionally, the relative
increase in MTOM between configurations is presented in Table 8.6, using the quadrotor configuration as the
baseline. The analysis also quantifies the increase in MTOM for different HF values within the same configuration,
with HF = 0.1 serving as the baseline for each configuration.

MTOM vs HF
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Figure 8.24: MTOM verus HF
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Table 8.6: Increase in MTOM for each configuration compared to the quadrotor as baseline and Increase in MTOM for different HF to the
same configuration at HF = 0.1 as the baseline

Aircraft Quadcopter Hexacopter Octacopter

HF 0.1 0.5 0.9 0.1 0.5 0.9 0.1 0.5 0.9
MTOM Increase,

Configuration [%] Baseline Baseline Baseline 0.53 2.05 1.82 1.19 2.58 323
MTOM Increase,

HF [%] Baseline 17.88 20.73 Baseline 19.66 20.46 Baseline 19.50 21.50

The displayed MTOM is the aggregate sum of multiple subsystems, each contributing a specific fraction to the
total mass. The mass contributions of these subsystems are highly sensitive to the hybridization factor, reflecting
how the choice of HF influences the overall mass distribution. To provide a clearer understanding of the mass
distribution across subsystems within each configuration, pie charts are presented in Figure 8.25, Figure 8.26,
and Figure 8.27. These visualizations break down the contributions of key subsystems to the overall MTOM,
highlighting changes in subsystem contributions as HF varies. Furthermore, they allow for a comparative analysis
of how the relative mass distribution differs between configurations, offering valuable insights into the trade-offs

inherent in hybrid system design.
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Figure 8.25: Subsystem weight fractions
quadrotor at HF = 0.1
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Figure 8.28: Subsystem weight fractions
quadrotor at HF = 0.9

8.4.3. Rotational Speeds
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Figure 8.26: Subsystem weight fractions
hexarotor at HF = 0.1
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Figure 8.29: Subsystem weight fractions
hexarotor at HF = 0.9
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Figure 8.27: Subsystem weight fractions
octorotor at HF = 0.1
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The thrust generated by each rotor is influenced by a combination of multiple design parameters. Together with
the rotational speeds, these parameters determine the produced thrust for each configuration. Since rotational
speeds are a key means of controlling the multirotor, and they vary depending on the thrust requirements for each
flight phase, each phase has an optimal rotational speed distribution between the rotors. This distribution ensures
that the total required thrust is generated while maintaining stability throughout the flight.
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To present the results, Figure 8.31, Figure 8.32, Figure 8.33, and Figure 8.34 show the individual rotor speeds for
each configuration across the different flight phases. These figures provide insight into how the rotational speeds
vary for each configuration and flight phase, highlighting the relationship between the thrust requirements and
the necessary adjustments in rotor speed to achieve optimal performance and a steady flight phase.

Omega per rotor per configuration hover phase HF 0.1 Omega per rotor per configuration descent phase HF 0.1
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Figure 8.31: Individual rotor speed at hover for each configuration Figure 8.32: Individual rotor speed at descent for each configuration
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Figure 8.33: Individual rotor speed at climb for each configuration Figure 8.34: Individual rotor speed at cruise for each configuration
HF=0.1 HF=0.1

8.4.4. Power Requirements

The objective Maximum Takeoff Mass (MTOM) is directly related to the overall power required for the system,
with both factors influencing each other. To understand the differences between the configurations, Figure 8.35
presents the total installed power for each configuration at a specific hybridization factor (HF), which is sized
to meet the peak power requirements of the individual rotors. To further explore the power requirements, Fig-
ure 8.36 illustrate how total power varies with increasing cruise speed. This plot offers insights into how the
induced, profile, parasitic, and total power components respond to changes in cruise speed, shedding light on the
contribution of each power type to the overall system performance at different speeds.

79



8.4. Processed Results Bas van Leeuwen - Thesis report

Power in Cruise Phase 6 rotors HF 0.1

Power installed vs HF 2501 — Induced Power
o— MTOW 4 —— Profile Power
290 - .
—e— MTOW 6 —— Parasitic Power
- Total P

285 4 —e— MTOW 8 200 otal Power
280
§ s 150
5275 2
b =
= @
Z 270 H
£ c 100
]
3 265
o
I

260 50

255

250 1

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 0 10 20 30 40 50 60 70
HE Cruise Speed (m/s)

Figure 8.35: Installed power on each configuration for different HF Figure 8.36: Power curves for different hexarotor cruise velocities at
HF=0.1

While the installed power provides insight into the overall power sizing of the configurations, a deeper understand-
ing of the individual power requirements for each flight phase is essential. To achieve this, the power requirements
for each steady flight phase were calculated and are shown in Figure 8.37, Figure 8.38, and Figure 8.39. These
figures present the profile power, parasitic power, induced power, and total power across different flight phases.

It is important to note that, since the optimizer minimizes overall mass as part of the power optimization, the
overall power characteristics of the configurations are closely aligned within a similar range. To highlight the dif-
ferences in power content across the configurations, the power result of the quadrotor and octorotor are normalised
with respect to the hexa-rotor configuration as displayed in Figure 8.38. This provides a clearer visualization of

how each configuration differs in power consumption relative to the baseline as visualised in Figure 8.37 and
Figure 8.39.

Power Requirements for Different Flight Phases quadrotor HF 0.1 Power Requirements for Different Flight Phases hexarotor HF 0.1 Power Requirements for Different Flight Phases octorotor HF 0.1
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Figure 8.37: Normalised power contributions Figure 8.38: Power contributions hexarotor Figure 8.39: Normalised power contributions
quadrotor for each flight phase at HF = 0.1 for each flight phase at HF = 0.1 octorotor for each flight phase at HF = 0.1

8.4.5. Disk Loading and Blade Loading

As discussed in Section 3.5, disk loading and blade loading are critical performance metrics for VTOL configura-
tions, as they provide valuable insights into hover efficiency and rotor performance. Disk loading represents the
amount of mass supported by the rotor system per unit area of the rotor disk. In simpler terms, it is the ratio of the
aircraft’s mass to the area swept by the rotor blades. This parameter is essential for understanding the efficiency
and performance of the rotor system, as it influences the required power for hover and the overall aerodynamic
characteristics of the rotorcraft.

Figure 8.40 provides a comparison of disk loading and hover efficiency for each rotor across the various con-
figurations. This figure offers a detailed examination of how blade loading varies with respect to hybridization
factors, helping to assess the impact of different design choices on rotor performance.
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Disk Loading vs hover efficiency
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Figure 8.40: Disk loading vs hover efficiency

Blade loading is another critical parameter in rotary-wing aircraft performance, representing the amount of lift
force generated by each rotor blade relative to its surface area. It quantifies the load (or force) carried per unit area
of the rotor blade, directly influencing aerodynamic efficiency and overall rotor system performance. However,
since the blade shape is not explicitly defined by the evaluated parameters, the indicative measure Cr/c is used
to assess blade loading as displayed in Figure 8.41, Figure 8.42, and Figure 8.43 for each configuration across
different hybridization factors.

Blade Loading per rotor per configuration HF 0.1 Blade Loading per rotor per configuration HF 0.5 Blade Loading per rotor per configuration HF 0.9
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Figure 8.41: Blade loading for each Figure 8.42: Blade loading for each Figure 8.43: Blade loading for each
configuration at HF = 0.1 configuration at HF = 0.5 configuration at HF = 0.9

8.4.6. Thrust and Attitude

The performance of the eVTOL in cruise flight is influenced by both the total thrust generated and the angle of
attack required to maintain forward flight. To analyze the relationship between thrust and attitude at varying cruise
speeds, Figure 8.44 presents the total thrust produced across a range of cruise velocities for each configuration.
This figure provides insight into how the thrust requirements change as the cruise speed increases, highlighting
the impact of different configurations on thrust generation during forward flight.

In addition to thrust, the required pitch angles to maintain steady cruise speeds are a crucial aspect of the eVTOL’s
flight behavior. The corresponding pitch angles for each configuration are shown in Figure 8.44. These plots
allow for a comparison of how the attitude of the eVTOL adjusts with increasing cruise speed. By examining
these figures, a better understanding is gained of each configuration on how thrust and attitude interact to maintain
stability and performance during cruise flight.
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Figure 8.44: Thrust and angle of attack versus flight speed of all configurations at HF = 0.1

8.4.7. Solidity

Solidity is defined as the ratio of the total rotor blade area to the area of the rotor disk. In simpler terms, it measures
how much of the rotor disk is covered by the rotor blades. Rotor solidity plays a crucial role in determining the
aerodynamic efficiency and performance of the rotor system, as it influences both the lift and drag characteristics
of the rotor.

Since both the rotor radius and chord length are optimization parameters in this study, the resulting optimized
configurations lead to specific blade solidities for each design. To better understand the effects of solidity on rotor
performance, Figure 8.46, Figure 8.45, and Figure 8.47 display the individual rotor solidities for each configu-
ration across different hybridization factors (HF). These figures provide insights into how the optimized solidity
values vary with the hybridization factor and help assess the impact of solidity on the overall aerodynamic per-
formance of each configuration.

solidity per rotor per configuration HF 0.1 solidity per rotor per configuration HF 0.5 solidity per rotor per configuration HF 0.9

solidity
solidity

Quad rotor Hexa rotor octo rotor Quad rotor Hexa rotor octo rotor Quad rotor Hexa rotor octo rotor

Figure 8.45: Individual rotor solidity for eachFigure 8.46: Individual rotor solidity for each Figure 8.47: Individual rotor solidity for each
configuration at HF = 0.1 configuration at HF = 0.5 configuration at HF = 0.9

8.4.8. Stability
In the context of systems of differential equations, eigenvalues play a critical role in determining the stability of
trim points. Specifically, the eigenvalues of the system’s state-space matrix, derived from the A matrix, reveal
the system’s inherent stability characteristics. To evaluate stability across different configurations, eigenvalues
around the hover and cruise conditions are plotted for each configuration. These plots, presented in Figure 8.48,
Figure 8.50, and Figure 8.52, provide insights into the stability of each configuration, highlighting how eigenval-
ues shift between hover and cruise conditions.

To complement the eigenvalue analysis, a series of plots illustrates the variation of the stability derivative X,
which is associated with the fully real eigenvalue, as cruise velocity u changes. These plots, shown in Figure 8.49,
Figure 8.51, and Figure 8.53, reveal how changes in cruise velocity influence the stability derivative. Together,
these results offer an evaluation of the system’s dynamic stability around the trim points and demonstrate the
relationship between the stability derivative and increasing velocity.
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Discussions

9.1. Optimisation evaluation

9.1.1. Optimization Characteristics Evaluation

The optimization process for the quadrotor, hexarotor, and octorotor configurations is evaluated based on con-
vergence behavior, computational efficiency, and the relationship between design complexity and performance.
As illustrated in Figure 8.1, Figure 8.2 and Figure 8.3 the objective functions for all configurations converged
successfully to a minimum, with subsequent design vectors differing by less than the assigned tolerance of 1078,
This convergence is further corroborated by the exit message as discussed in Section 8.1, confirming that the
optimizer met both the convergence criteria and the set constraints.

Convergence times, summarized in Table 8.1 exhibit notable differences among the configurations. The hexaro-
tor converged the fastest, followed by the quadrotor, with the octorotor taking the longest. This trend aligns with
expectations, given the varying complexities of their respective design spaces. The hexarotor’s intermediate de-
sign complexity likely strikes an optimal balance, enabling efficient exploration and convergence. In contrast, the
octorotor, with its increased number of rotors and associated design variables, demands additional computational
effort to explore and refine its larger, more intricate design space effectively.

The number of iterations required for convergence further underscores the distinctions among the configurations.
Interestingly, the quadrotor required the highest number of iterations, significantly more than both the hexarotor
and the octorotor. Despite this, the average time per iteration was lowest for the quadrotor, followed by the
octorotor, while the hexarotor had the highest average time per iteration.

The quadrotor’s shorter iteration time can be attributed to its simpler aerodynamic and structural constraints,
requiring fewer computational resources per iteration. However, its higher iteration count and increased number
of function evaluations indicate that the optimizer engaged in a more extensive exploration of its design space.
This behavior could stem from the increased sensitivity of the quadrotor’s design to small changes in variables,
making it more challenging to achieve an optimal solution while adhering to all constraints.

On the other hand, the hexarotor and octorotor configurations involve more complex interdependencies among
design variables, leading to slightly higher average iteration times. However, the hexarotor’s intermediate com-
plexity facilitated a balance between exploration and exploitation of the design space, contributing to its faster
overall convergence compared to the octorotor.

9.1.2. Convergence History Evaluation

The convergence plots (Figure 8.1, Figure 8.2, and Figure 8.3) reveal several key insights into the optimization
process. A prominent observation is the high variability and pronounced peaks during the initial iterations. This
behavior is typical of optimization algorithms, particularly during the early exploratory phase, as they navigate
the design space. However, this variability can also be attributed to the initial design vector, which is based on a
hypothetical multirotor configuration rather than a proven baseline. Unlike conventional optimization processes,
that refine realistic designs derived from robust reference data, this study faced unique challenges as a result.
The nascent state of eVTOL technology and the stringent requirements of the GOAERO competition limited the
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availability of reliable reference data. Consequently, the initial objective function exhibited a significant over-
estimation, as evidenced by its value being reduced by more than half in the early iterations before achieving
more stable convergence.

A comparison of the convergence behavior across the three configurations, quadcopter, hexacopter, and octo-
copter, reveals several interesting trends. All three configurations exhibit a sharp decline from the initial objective
value, followed by a phase of more gradual convergence. However, while the hexacopter and octocopter gener-
ally show a monotonic decrease in objective value, the quadcopter demonstrates a distinctive behavior. Around
800 iterations, the quadcopter’s objective value increases from a minimum temporarily before ultimately converg-
ing to the final minimum. This suggests a local exploration phase, potentially triggered by a shift in the balance
between competing constraints. Additionally, the octocopter exhibits relatively higher peak variability compared
to the other configurations. This can likely be attributed to the increased number of design variables introduced
by the additional rotors, amplifying the complexity of the design space and the sensitivity of the optimization
process.

The interdependence of the Maximum Take-Off Mass (MTOM) constraint with other constraints is another no-
table observation. Peaks in the MTOM constraint are mirrored in constraints such as the axial thrust (Figure 8.15),
motor power (Figure 8.12), speed (Figure 8.8), and moment constraints (Figure 8.7), as well as the overall objec-
tive convergence Figure 8.2. This correlation highlights the critical role of MTOM in determining the feasibility
of the design. Conversely, constraints related to rotor characteristics, such as tip speed, exhibit comparatively
weaker correlations with MTOM, indicating a more decoupled relationship. This decoupling suggests that rotor-
specific design parameters are less sensitive to the overall mass and more influenced by localized aerodynamic
considerations.

MTOM Constraint

The consistency constraint exhibits a similar trend to the objective function, with noticeable peaks during the
optimization process as visualised in Figure 8.5. This correlation is expected due to the direct dependency of the
overall design feasibility on the Maximum Take-Off Mass. Despite these occasional peaks, the optimizer demon-
strates a robust ability to satisfy the consistency constraint effectively. After initial deviations, the constraint
consistently converges back to zero, indicating that the optimization process successfully resolves conflicts be-
tween the MTOM and other constraints as iterations progress. Additionally, the observed adherence to the MTOM
constraint suggests that the initial formulation of the constraint and its inclusion in the optimization framework
were effective to use for the disciplines and result in an optimized objective.

Aspect Ratio Constraint

The convergence history of the aspect ratio constraint (Figure 8.4) shows a clear separation between the upper and
lower bounds, consistent with the imposed constraints. During the optimization process, the aspect ratio value
adjusts within these bounds, with opposing trends observed for the two constraints.

Significant variability is evident during the first 300 iterations, particularly in the early stages, where pronounced
peaks dominate the convergence history. This variability gradually subsides as the optimization progresses and
the aspect ratio stabilizes. In the initial phase, the constraint exhibits violations, as indicated by negative peaks, but
the optimizer quickly adjusts the values to bring the constraint back within the feasible region. Over subsequent
iterations, these violations diminish, and the constraint values converge smoothly within the allowable bounds.

Structural Deflection Constraint

The deflection constraint exhibits significant peaks during the early stages of optimization, as shown in Figure 8.6.
During this phase, the constraint is violated multiple times, as indicated by the negative values in the convergence
history, before eventually stabilizing. This behavior is strongly influenced by variations in mass, which affect
thrust production and, consequently, the forces acting on the support structure. As the optimization progresses,
the variability diminishes, and the constraint converges to a stable value, reflecting the resolution of mass-induced
perturbations.

Moment Constraint

The moment constraint, depicted in Figure 8.7, demonstrates significant variability during the descent phase, with
pronounced peaks in both the positive and negative regions throughout the optimization process. This indicates
that the moment constraint posed a considerable challenge for the optimizer to converge.
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This behavior can be attributed to the adjustments made by the optimizer to the rotational speeds of certain rotors
during descent. These adjustments cause substantial variations in the generated moments, which must be balanced
to satisfy the constraint. Consequently, the observed fluctuations reflect the optimizer’s iterative efforts to achieve
convergence.

Speed Constraint

The convergence of the speed constraint reveals significant peaks during the initial iterations across all flight
phases, as shown in Figure 8.8. Among these, the cruise speed constraint exhibits the highest initial variability,
followed by a rapid reduction and stabilization. The descent speed constraint also stabilizes quickly, whereas
the climb speed constraint displays prolonged variability and converges to a higher value compared to the other
flight phases. This extended variability in the climb speed constraint may result from the optimal climb speed
being higher than the minimum allowed value, most likely to balance parasitic and induced power, whereas the
other constraints align more closely with their respective minima. This behavior reflects the optimizer’s efforts
to balance the competing requirements for each flight phase.

Angle of Attack Constraint

The angle of attack constraint (Figure 8.9) stabilizes rapidly after the initial iterations. The early peaks reflect the
optimizer’s efforts to ensure that the arguments of the arccos function remain within the valid range of [—1, 1]
and that the angle of attack stays physically realistic (i.e., greater than 0°). This rapid stabilization demonstrates
the robustness of the optimizer in addressing this constraint with minimal violations.

Tip Mach and Blade Stall Constraints

The tip Mach constraint (Figure 8.10) shows significant peaks during the initial iterations, followed by a gradual
stabilization as the optimization progresses. Similarly, the blade stall constraint, represented by two inequality
conditions, transitions from a phase of high variability to more refined adjustments before ultimately converging.
Although both constraints exhibit pronounced peaks in the early stages, the optimizer quickly adapts, minimizing
violations and guiding the constraints toward convergence with increasing precision.

Motor Power Constraint

The motor power constraint stabilizes rapidly near its final value, requiring minimal adjustments during the later
stages of optimization, as shown in Figure 8.12. This behavior indicates that the constraint has a relatively limited
influence on the overall design variability, particularly since no violations are observed throughout the optimiza-
tion process.

Rotor Bound and Overlap Constraints

The rotor bound constraint (Figure 8.13) exhibits significant peaks and variability, particularly associated with
rotor placement. Similarly, the overlap constraint (Figure 8.17) shows high variability during the early stages of
optimization. Both constraints play a critical role in ensuring the physical feasibility of the rotor configuration
and gradually converge as the optimization progresses.

Although the convergence process involves minimal constraint violations overall, the constraints undergo signif-
icant changes as the rotor positions are optimized. The overlap constraint displays similar characteristics, with
substantial adjustments observed as the optimization refines the rotor placement, eventually achieving stable and
feasible values.

Solidity Constraint

The solidity constraint (Figure 8.14) exhibits a rapid reduction in variability, quickly converging to its final value.
This behavior reflects the straightforward nature of the constraint and the optimizer’s efficiency in satisfying this
requirement. As a reslt, while the solidity constraint shows significant peaks during the initial stages, it does not
exhibit any violations and is not a limiting factor in the overall optimization process, similar to the motor power
constraint.

Thrust Constraints

The thrust constraints exhibit distinct behaviors across different flight phases, as shown in Figure 8.15. During the
climb phase, the thrust constraint demonstrates high variability due to the increased thrust requirements needed
to overcome the eVTOL’s weight. In contrast, the descent phase shows lower variability, reflecting the reduced
thrust demands and corresponding lower rotor speeds.
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The hover thrust constraint initially exhibits pronounced peaks in both directions but stabilizes quickly, ensuring
that the generated thrust equals the MTOW. While some constraint violations and high variability are observed
during the early iterations for the climb phase, the optimizer effectively adjusts the values, ensuring adherence to
the constraint until convergence. In comparison, the descent thrust constraint is not violated and converges more
rapidly than the climb constraint. As a result, after the initial strong fluctuations, the constraint quickly stabilizes
around its converged value, demonstrating the optimizer’s ability to handle early violations and achieve a steady
solution.

9.2. Design Vector Evolution and Bounds Evaluation

For all configurations, the initial design vector served as a conceptual, unproven starting point for the optimiza-
tion, as described in Section 7.7.4. Analyzing how the design parameters evolved throughout the optimization
process provides valuable insights, particularly as the process aimed to minimize the mass of the multirotor sys-
tem, focusing on both the propulsion system and structural components.

Furthermore, the design space in this study is constrained not only by the optimization constraints but also by the
set bounds on various parameters, as discussed in Section 7.5. A comparison of the optimized design parameters,
Table 8.2, Table 8.3 and Table 8.4 with their respective bounds provides valuable insight into which parameters
are driving the optimization process and to what extent the bounds influence the final solution.

9.2.1. Rotor characteristics

Rotor radius and chord

Across all configurations, similar trends were observed, with the most notable being a general reduction in ro-
tor radius. Furthermore, the rotor radius remains well within its upper and lower bounds, suggesting that this
parameter is not a limiting factor in the optimization process. The reduction is likely driven by the optimizer’s
effort to minimize profile power during hover and axial flight, as derived from the equations in Section 6.5.2 and
Section 6.5.3. A smaller rotor radius can also positively impact tip speed velocity and rotor mass, contributing to
overall efficiency. However, this is a balancing act: profile power also scales with rotor rotational speed, which
increases in response to reduced radius, ensuring sufficient thrust production. The thrust generated by the rotors
depends directly on both the rotor radius and rotational speed.

As the rotor radius decreases, the average blade chord also decreases significantly, as observed in the optimized
design vectors. This trend is likely driven by the aspect ratio constraint, which enforces a strict relationship
between chord length and radius, keeping the chord within a bounded range. Since the aspect ratio directly links
rotor radius to blade chord, any reduction in radius inherently results in a corresponding decrease in average chord
length. Across all configurations, the rotor blade chord consistently reaches or approaches the lower bound.

Rotor Speed

The complexity of this balance between rotor parameters is further evident in cruise conditions, where profile
power depends on the advance ratio. A reduced rotor radius increases the advance ratio for a constant rotor
velocity, introducing additional trade-offs.

The rotational speeds of the rotors generally remain well within their bounds, with only two rotor sets in the
octorotor configuration approaching the upper limit. This occurs primarily during the descent phase, where the
speeds of the remaining rotor sets are significantly reduced. This compensation is necessary to maintain thrust
balance and stability during the descent. The results indicate that the current bounds on rotational speeds are
adequate but should be carefully evaluated for different flight phases to ensure feasibility.

Number of blades and thrust coefficient

For most rotors, the number of blades reaches the upper bound, except in the hexarotor and octorotor configura-
tions, where one set of rotors reduces to five blades. This trend suggests that maximizing the number of blades
generally enhances performance, likely due to increased rotor solidity and reduced blade loading as the profile
power is further influenced by the solidity factor.

This observation aligns with the implications discussed in Section 6.5.1, where minimizing solidity must be ap-
proached with caution. A lower solidity requires a higher blade section angle of attack and a higher lift coefficient
to maintain the same thrust coefficient and disk loading. This, in turn, increases blade loading and can lead to
blade stall. Consequently, the minimum solidity value is constrained by the onset of blade stall, as defined by the
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constraints in Section 7.4.1. However, deviations in certain configurations may arise from aerodynamic or struc-
tural trade-offs that favor fewer blades. Reducing the solidity factor lowers the rotor’s profile drag by minimizing
the total blade area, which may provide performance benefits in specific cases.

The interplay between rotor parameters becomes even more evident when considering the blade loading constraint.
Similarly, the thrust coefficient is optimized near its lower bound across all configurations. The reduction in thrust
coefficient from the initial design point is likely a direct consequence of this stringent constraint, which aims to
prevent blade stall on the retreating blade side, as discussed in Section 7.4.1.

Rotor aerodynamics

Additionally, the tip Mach number constraint further influences blade loading, underscoring the interaction be-
tween aerodynamic and structural considerations. The bounds on aspect ratio impose further restrictions on chord
length and radius, leading to an interdependent optimization of rotor parameters. Since the thrust coefficient is
directly linked to rotor radius and average chord through the blade loading parameter, which also depends on the
advance ratio and rotational speed, these constraints collectively shape the final optimized design.

Additionally, blade loading is constrained by the advancing blade tip Mach number to limit increases in profile
drag. This complex interplay between rotor radius, chord length, thrust coefficient, and rotational velocity leads
to the observed trends: decreasing radius, thrust coefficient, and chord length, accompanied by an increase in
rotational velocity.

As discussed further in Section 9.1.2, constraints such as tip Mach number, blade stall, and hover thrust were
initially violated during the optimization process, highlighting the challenging trade-offs necessary to balance
these rotor parameters. Ultimately, the optimizer converged on a solution that satisfied all constraints, resulting
in a design that deviated significantly from the initial educated guess.

9.2.2. Rotor Positioning Parameters

Rotor positions evolved throughout the optimization process, particularly along the x- and y-axes, as dictated by
constraints on rotor overlap and dimensional bounds. As expected, these positions remained within the set limits,
further constrained by rotor radius and spatial positioning requirements to prevent overlap. However, significant
variability in rotor positioning was observed, likely due to moment constraint violations during optimization.
Changes in rotor size directly influenced support structure mass and aerodynamic performance, which, in turn,
affected thrust and rotational velocity, ultimately shaping the final rotor positions.

Interestingly, the vertical (z) positioning of the rotors remains unchanged in the optimized results. This is likely
due to the lack of significant benefits from altering the z position within the current model. Increasing the z posi-
tion would only contribute to additional support structure mass without offering meaningful dynamic or structural
advantages. This result points to the need for future investigations into the potential benefits of three-dimensional
rotor positioning in improving system performance.

9.2.3. Rotor Support Structure Parameters

The parameters defining the rotor support structure underwent significant changes from their initial values. How-
ever, during optimization, variations in maximum takeoff mass (MTOM) and required thrust led to fluctuating
forces that influenced deflection, often resulting in temporary constraint violations.

As noted earlier, the initial design was over-dimensioned to satisfy the deflection constraint. The optimizer subse-
quently refined the support structure parameters to maintain compliance with this constraint while taking advan-
tage of the absence of penalties related to surface area or parasitic drag. This approach aligns with the benefits
of thin-walled, large cross-sectional designs, which enhance the moment of inertia and reduce deflection, as dis-
cussed in Section 6.4.4.

Consequently, the support structure dimensions are nearly maximized within the specified bounds across all con-
figurations. However, this finding underscores the need for a more detailed structural analysis to evaluate poten-
tial trade-offs between structural weight and aerodynamics, as a larger structure could increase overall drag and
aerodynamic interference.
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9.3. Optimised eVTOL Configuration Evaluation

9.3.1. Rotor evaluation

Starting from the initial configuration, as displayed in Figure 7.4, Figure 7.5 and Figure 7.6 the optimized con-
figurations, shown in Figure 8.18, Figure 8.19 and Figure 8.20 reveal interesting changes in design parameters.
Across all configurations, rotors are positioned as close to the fuselage and each other as possible while avoiding
overlap, adhering to set constraints. This setup minimizes the support structure’s mass, as shorter arms experience
reduced bending moments, thus requiring less structural reinforcement. This outcome aligns with optimization
expectations, as longer support structures would impose significant mass penalties due to the higher strength
requirements.

The optimization results indicate a near-central placement of the overall center of gravity (CoG), which is neces-
sary to achieve a balanced moment distribution. However, for the quadrotor configuration, an unusual asymmetry
in rotor size emerges: the aft rotors are larger than the front ones to balance disk area requirements, compensating
for limited flexibility in rotor placement due to fewer rotors. The hexacopter and octocopter, however, maintain
similar rotor sizes, indicating that configurations with more rotors allow for greater homogeneity in disk loading.
The optimization achieves an ideal average rotor radius of approximately 0.75 m for HF = 0.1, with six blades,
although quadrotor configurations deviate slightly to adapt disk loading.

Average thrust coefficients remain similar across configurations and hybridization factors, constrained primar-
ily by blade loading limits, with solidity factors stabilizing around 0.13 to 0.14. These values reflect a bound
allowed by the blade loading constraints as visualised in Figure 8.41, Figure 8.42 and Figure 8.43 suggesting
an upperbound for the rotor solidity. Interestingly, while hexacopter and octocopter solidity factors remain rel-
atively consistent across hybridization factors, the quadrotor experiences variations due to its restricted design
space. This further highlights how rotor count influences design flexibility and disk loading adaptation.

9.3.2. Mass Evaluation

A clear trend emerges across the configurations: an increase in rotor count corresponds to a heavier overall system,
and this relationship holds true across all hybridization factors (HFs). At lower HFs, the differences in Maximum
Take-Off Mass (MTOM) between configurations are minimal, with only minor variations observed as quantified
in Table 8.6 with the mass increase remaining within approximately 1%. However, at higher HFs, as illustrated
in Figure 8.24, these differences become more pronounced, with the MTOM of the octocopter increasing by
approximately 3% compared to the quadrotor at HF = 0.9. This indicates that hybridization amplifies the mass
distinctions between rotor configurations, driven primarily by the growth in Operating Empty Mass (OEM) as
system mass increases.

When analyzing the impact of hybridization, higher degrees of hybridization (i.e., increased reliance on batteries)
result in a significant rise in MTOM. This trend is primarily driven by the relatively low energy density of batteries
compared to fuel, requiring additional battery mass to meet energy demands. Consequently, battery mass becomes
a dominant contributor to MTOM, as illustrated in Figure 8.28, Figure 8.29, and Figure 8.30.

As battery mass increases, the overall system mass and power requirements also rise, further amplifying MTOM.
This effect persists even though the mass fractions of other subsystems remain relatively constant, except for the
support structure, which adapts to accommodate the increased loads.

The increased battery mass also drives up the support structure mass due to the higher overall mass, particularly
in hexacopter and octocopter configurations, as reflected in Table 8.6. Notably, during the initial HF step to
0.5, MTOM increases by approximately 19% across all configurations, being a significant rise. This increase
is more pronounced in the hexacopter and octocopter due to the greater impact on rotor support structure mass.
Beyond HF = 0.5, the rate of MTOM increase stabilizes, culminating in a total rise of approximately 21% for all
configurations.

These observations underscore the critical need to optimize the design of support structures, as structural penalties
become increasingly significant with rising MTOM. While the masses of components such as motors, propellers,
batteries, and internal combustion engine (ICE) subsystems remain relatively consistent across configurations
for a given HF, the support structure mass disproportionately affects MTOM at higher HFs. Configurations with
more rotors experience greater structural mass penalties, exacerbating the overall MTOM.

However, it is important to recognize that the presented results reflect simplified system modeling and may deviate
in real-world applications. The current analysis does not fully account for the masses of integrated subsystems,
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including cabling, fuel lines, and auxiliary components, which would contribute additional weight and complexity.
Additionally, the simplified rotor support structure model likely underestimates the true impact of adding rotors.
In practical scenarios, the support structure not only increases total mass but also contributes to greater parasitic
drag. This added drag further elevates the overall power requirements, compounding the MTOM increase beyond
the structural mass alone. These limitations highlight the importance of incorporating more detailed modeling to
account for aerodynamic penalties and structural intricacies associated with multirotor configurations.

9.3.3. Inertia Evaluation

The placement of rotors significantly influences the moment of inertia around various axes. This trend is partic-
ularly evident for configurations with a larger number of rotors, such as hexacopters and octocopters. As shown
in Table 8.5, the moment of inertia about the x-axis shows a general increase with hybridization factor (HF) for
hexacopters and octocopters, but not for quadcopters. This increase arises from the limited design space, which
necessitates placing rotors farther from the centerline to accommodate the larger disk area. Consequently, the
placement amplifies the rotational inertia.

A similar pattern is observed for the moment of inertia about the z-axis. Here too, I, increases consistently with
HF across all configurations, as shown in Table 8.5. The increased total disk area, necessitated by the higher
mass, pushes rotors further from the CoG, amplifying the rotational inertia about the z-axis. For both the z- and
z-axes, the rise in rotor count exacerbates this trend, as the need to position rotors farther from the CoG becomes
more pronounced due to spatial constraints.

In contrast, the moment of inertia about the y-axis demonstrates a different relationship. For the quadcopter
configuration, I, increases with HF, likely driven by the added weight of the rotors and motors and the increase
in disk area. However, for hexacopters and octocopters, a different trend emerges: I, decreases with an increase
in the hybridization factor (HF). This decrease is likely due to the limited design space, which forces rotors to
extend more outward along the y-axis and less so along the z-axis as the total rotor area increases. Notably, for
higher HF values, the octocopter exhibits the lowest I, even lower than the quadcopter’s I,.

For the product of inertia, I, the first observation is its overall significantly lower magnitude compared to the
moments of inertia about the principal axes. This is likely due to the inherent symmetry in rotor placements,
which minimizes cross-coupling between the z- and z-axes. No distinct or consistent relationship is observed
between I, and HF across different configurations. While the hexacopter shows the lowest I, for HF = 0.9, its
values vary at lower HF levels, suggesting no clear pattern of dominance across all hybridization factors.

9.3.4. Performance Evaluation

Diskloading and Hover efficiency

Performance metrics critical to rotorcraft design, such as disk loading and hover efficiency, are evaluated and
are visualized in Figure 8.40. At lower hybridization factor (HF) values, the configurations exhibit clustering in
terms of disk loading and hover efficiency. However, as HF increases and the associated maximum takeoff mass
(MTOM) rises, greater deviations become evident among rotor configurations, reflecting the influence of rotor
count and configuration-specific design trade-offs.

Configurations with higher rotor counts generally achieve lower disk loading due to an increase in the total rotor
disk area, leading to improved hover efficiency. In contrast, the quadrotor configuration exhibits a noticeable
decline in hover efficiency at higher HFs, attributed to the limitations in disk area and the resultant increase in
blade loading. When compared to established eVTOL designs such as eHang and Vahana, as shown in Figure 3.10,
the optimized configurations demonstrate competitive hover efficiency and disk loading values. This positions
them as effective intermediaries between traditional rotorcraft and modern multirotor designs.

Bladeloading

Blade loading analysis indicates consistent average loading across configurations, although quadrotors experience
higher per-blade loading due to their reduced rotor count. This increased loading results from the higher thrust
required per rotor, as constrained by the overall thrust coefficient and solidity. Interestingly, HF variations do not
significantly affect blade loading trends, with maximum blade loading remaining constant across configurations,
reflecting a maintained balance in aerodynamic design parameters.
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Thrust and angle of attack

The analysis of angle of attack for each configuration, as visualized in Figure 8.44, reveals a non-linear trend.
Angle of attack initially increases exponentially before transitioning to linear growth at higher velocities. This
behavior parallels the thrust curve; however, the exponential rise in thrust initiates at a higher cruise velocity
compared to the angle of attack, which exhibits exponential growth from the onset of the velocity regime. The
gradient of thrust increase with flight velocity decreases slightly as rotor count rises, suggesting that additional
rotors distribute the aerodynamic load more evenly. At maximum speeds, configurations with more rotors, such
as hexacopters and octocopters, exhibit marginally lower angles of attack, likely due to their higher mass and the
associated reduction in thrust gradient.

Rotor speed

Rotational velocities across different flight phases further elucidate configuration-specific behaviors. Larger ro-
tors operate at lower speeds due to tip-speed constraints, as demonstrated in Figure 8.31, Figure 8.32, Figure 8.33,
and Figure 8.34. As expected, the lowest rotational speeds are observed during hover, while slightly higher speeds
are required during cruise to overcome parasitic drag. In both cases, all rotors are effectively utilized. However,
in axial flight modes, the optimizer exploits the flexibility of additional rotors in hexacopters and octocopters by
selectively reducing rotational speeds for specific rotors, likely to enhance efficiency. This effect is particularly
pronounced during the descent phase, as shown in Figure 8.32, where the rotational speeds of certain rotors (e.g.,
rotors 1 and 4 in the octorotor) are significantly reduced. This adaptability underscores the potential efficiency
gains achieved with additional rotors in axial flight.

Velocities

The optimized configurations met cruise and descent speed requirements near the minimum set thresholds as
shown in Table 8.5. The optimized cruise speed demonstrate a significant advantage over existing multirotor
designs such as the VC2X and eHang, achieving nearly twice their cruise speed. This highlights the substantial
performance gains in the cruise phase, making the design competitive with conventional rotorcraft.

Climb speeds, on the other hand, exceeded the minimum requirement of 7 m/s, likely due to induced power sav-
ings achieved through higher speeds at balance with the parasitic power. As HF and mass increase, climb speeds
decrease across all configurations, while cruise and descent speeds remain closely aligned with their respective
minima due to their direct dependence on parasitic drag and descent-limited power.

9.3.5. Power Evaluation

The evaluation of overall installed power, as shown in Figure 8.35, reveals distinct trends across the different
configurations and hybridization factors (HF). At a low HF of 0.1, the quadrotor configuration demonstrates the
lowest overall installed power. However, this advantage diminishes rapidly as HF increases, with the quadrotor
exhibiting a steeper gradient in installed power compared to the hexarotor and octorotor. This behavior indicates
that while the quadrotor may be advantageous for lower payloads, its performance is less robust under increased
mass and power demands. Conversely, the hexarotor demonstrates a flatter gradient in installed power, suggesting
enhanced power stability across varying HFs. The octorotor, despite its higher initial power requirements, exhibits
a steeper gradient at elevated HFs, implying that the power efficiency gains achieved by adding rotors are offset
by the accompanying weight increase.

Analyzing the power contributions across flight phases for the three configurations, normalized with respect to the
hexarotor, provides further insight. For the hexarotor, the induced power shows a significant reduction, consistent
with the power curve visualized in Figure 8.36. However, the cruise phase emerges as the most power-intensive
phase, primarily due to the considerable increase in parasitic drag and due the power required to propel the rotor
forward as explained in Section 6.5.4. This trend underscores the sensitivity of cruise performance to drag effects,
which scale with velocity. Across the configurations, profile power exhibits minimal variation during hover and
climb phases, with slightly elevated values during climb due to increased tip velocities. Induced power peaks
during the climb phase, while hover and descent phases exhibit similar induced power requirements. Notably,
during descent, the induced power benefits from the windmilling effect, reducing the overall power requirement.
The descent phase also displays favorable parasitic power, which becomes negative due to the drag contributing
to lift, resulting in the most power-efficient phase overall.

When comparing configurations during various flight phases, parasitic power during cruise remains consistent
across configurations due to the simplified drag model employed, which does not penalize configurations for
increased parasitic drag from additional support structures. For the quadrotor, hover, climb, and descent phases
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exhibit lower overall power requirements, likely due to reduced profile power resulting from the smaller number
of rotors. Conversely, the octorotor demonstrates higher profile power during these phases, attributable to its
increased rotor count. However, this is counterbalanced by a reduction in induced power, which lowers the total
required power, particularly during hover. This improved load distribution among the rotors enhances efficiency
in hover, where the octorotor outperforms both the quadrotor and hexarotor in terms of total power requirements.

The descent phase of the octorotor reveals an interesting dynamic; while its higher profile power may stem from
its increased rotor count, its induced power advantage persists across all flight phases, further affirming the ben-
efits of load distribution. These observations underscore the trade-offs inherent in rotor configuration design.
The quadrotor offers simplicity and efficiency at lower payloads, while the octorotor excels in induced power
efficiency and robustness during hover. The hexarotor, positioned between these configurations, balances power
stability and efficiency across varying flight conditions, making it a strong contender for operational scenarios
requiring consistent performance.

9.3.6. Cost Evaluation

As part of the GOAERO competition requirements, both reduced acquisition costs and operational costs compared
to traditional rotorcraft are critical evaluation metrics. As outlined in Section 3.4, the purchase cost of an aircraft
is primarily driven by its empty mass, installed power, structural and mechanical complexity, and the cost of
electronic systems. For electric propulsion systems, the cost of batteries must also be explicitly included in
the purchase cost estimation. On the operational side, a significant portion of costs arises from fuel or energy
consumption, which tends to be lower for all-electric propulsion configurations despite their typically higher
overall mass.

Acquisition Costs

Addressing acquisition costs, configurations with lower hybridization factors (HFs) generally would exhibit re-
duced empty mass and installed power. These factors contribute to lower presumed purchase costs, in addition
to the cost of batteries being significant expense in electric propulsion. However, the hybrid system’s increased
mechanical and structural complexity partially offsets these savings, as hybrid architectures introduce additional
components, such as turbine generators, power management systems, and control interfaces. These additions
inherently increase production and integration costs.

Moreover, rotor count plays a pivotal role in acquisition costs. While increasing the number of rotors can reduce
the installed power per rotor and thereby potentially decrease component-level costs, it also raises the empty
mass and overall system complexity. This added complexity, particularly in terms of manufacturing, assembly,
and system integration, is likely to lead to higher acquisition costs.

Operational Costs

Operational costs include energy or fuel costs, maintenance, and system longevity. Atlower HFs, fuel dependency
increases, resulting in higher energy costs over the aircraft’s operational life. Additionally, turbine generators in
hybrid systems are expected to incur higher maintenance costs due to the mechanical wear and tear associated
with their moving parts. In contrast, electric propulsion systems generally demand less maintenance due to the
relative simplicity and durability of electric motors and their associated components.

When comparing configurations, the increased rotor count further complicates the operational cost landscape.
While more rotors can improve redundancy and system reliability, they may also require more frequent inspections
and maintenance due to the higher number of components subject to wear and failure. Conversely, configurations
dominated by electric systems may experience lower maintenance costs overall, aligning with the GoOAERO
competition’s emphasis on cost efficiency.

9.3.7. Stability Evaluation

The equations of motion (EOM) provide insights into the flight mechanics of the eVTOL, as outlined in Sec-
tion 6.6. Linearizing the EOM around the hover and the longitudinal trim point reveals information about the
multirotor’s stability and dynamics during hover and cruise. However, the accuracy of these stability evaluations
depends heavily on the fidelity and granularity of the underlying mathematical model. Analyzing the external
forces and moments acting on the multirotor, as presented in Section 6.6.5, shows that these forces primarily
originate from rotor thrust, rotor torque, gravity, and parasitic drag.

Examining the system matrices for hover and cruise (Equation 6.131 and Equation 6.133), reveals that the exter-
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nal forces generated by the rotors are not part of the state matrix but are instead captured in the control matrices
(Equation 6.132 and Equation 6.134). These control matrices describe variations in total thrust, roll torque, pitch
torque, and yaw torque. This separation occurs because the current mathematical model contains stability deriva-
tives related to external forces and moments that are independent of the system states. Instead, these forces are
directly influenced by rotor thrust and are reflected in the control matrices, which depend on the multirotor’s mass
and moments of inertia.

For the hover trim point, the system matrix is influenced by gravitational components associated with perturba-
tions in the pitch and roll angles, as well as translational and rotational rates. Since all initial states are zero,
aerodynamic terms vanish from the A matrix at the hover trim point. For the longitudinal trim point, the A ma-
trix is similar in its treatment of gravitational components and perturbations in translational and rotational rates
but now includes terms associated with the multirotor’s initial pitch angle, total mass, and initial velocity in the
x-direction. The initial velocity in the x-direction is coupled with perturbations in the ¢ and r states, while the
mass contributes to the linearized drag term C,. Despite these changes, the control matrix remains unchanged
from the hover trim point.

Influence of rotor placement

The natural stability of the multirotor, as determined by the eigenvalues of the system matrix, is invariant to rotor
configuration for a given total mass. Rotor placement, thrust characteristics, and other configuration-specific
parameters do not directly appear in the system matrix. Instead, they influence the control dynamics through the
control matrix. This indicates that the inherent stability characteristics are unaffected by rotor configuration under
the current model, except through overall mass. Consequently, these factors become critical in control design,
where inertia and moment arms significantly impact control behavior.

Rotor placement and symmetry further shape the dynamic characteristics of the system. In the derived mathemat-
ical model, the stability along the principal axes is governed by the collective effects of all rotors and any thrust
imbalances. However, asymmetry around the y-z plane affects the control matrix, particularly in the change in
roll torque (A Ly). This is primarily linked to the coupling of roll and yaw accelerations through the off-diagonal
inertia tensor term I, as detailed in Section 6.6.3.

9.3.8. Eigenvalue Analysis

The eigenvalue analysis of the linearized system matrix provides valuable insights into the system stability. Eigen-
values represent the natural modes of the system, with their real components indicating stability and their imagi-
nary components representing oscillatory behavior, as explained in Section 6.7.1.

At the hover trim point, zero eigenvalues are observed across the different configurations, as shown in Figure 8.48,
Figure 8.50, and Figure 8.52. These zero eigenvalues indicate that the corresponding mode of the system is neu-
trally stable. This means the system neither grows unbounded nor decays but remains constant or evolves linearly
over time, depending on the initial conditions. A zero eigenvalue corresponds to a state that does not naturally
return to equilibrium or diverge. For a multirotor, this behavior aligns with the fact that certain movements, in the
absence of control inputs, lack restoring forces. This is because the primary external force acting on a multirotor,
thrust generated by the rotors, is represented in the control matrix of the derived mathematical model rather than
the system matrix.

At the cruise trim point, a fully real, negative eigenvalue is observed, as shown in Figure 8.48, Figure 8.50, and
Figure 8.52. A negative real eigenvalue indicates stability in the direction associated with the corresponding
eigenvector, with the system states along this mode decaying exponentially to zero over time. This behavior is
desirable for stable flight. The absence of an imaginary component confirms the lack of oscillatory behavior,
suggesting purely damping effects. The observed fully real eigenvalue is tied to the stability derivative X,
which is associated with the parasitic drag term derived from the system matrix and the mass of the configuration.
However it should be noted that the absence of any imaginary component in the eigenvalues may result from
modeling simplifications or specific parameter choices which reduce the observed eigenvalues to be fully real.

The mode associated with the fully real eigenvalue in cruise is entirely dependent on the motion in the z-direction
and is therefore characterized by the surge motion of the multirotor. Due to this exclusive x-direction dependence
and the non-oscillatory nature of the mode, it can be identified as the surge subsidence mode. In this context,
”surge” refers to the motion along the longitudinal z-axis, while the term “subsidence” denotes the absence of
oscillatory behavior and the gradual decay of perturbations in the z-direction.
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Further analysis of the stability derivative X,,, as shown in Figure 8.49, Figure 8.51, and Figure 8.53, reveals
a linear decrease in X, (becoming more negative) with increasing cruise velocity. This trend is attributed to
the parasitic drag term, which contributes to the stable convergence of changes in velocity (Aw) in the absence
of external control inputs means that the system naturally resists disturbances in the corresponding state (e.g.,
forward velocity). When X,, becomes more negative as cruise speed increases, it indicates that the damping
effect due to parasitic drag grows stronger, enhancing the system its ability to resist and damp perturbations in
forward velocity. The fact that X,, decreases linearly implies a consistent, proportional increase in the stabilizing
force (drag) with speed.

Additionally, the analysis shows that the real eigenvalue is influenced by the overall mass of the configuration
through the stability derivative X,,. As displayed in Figure 8.49, Figure 8.51, and Figure 8.53, a higher mass
reduces the gradient of the stability derivative with increasing cruise velocity, thereby decreasing the magnitude
of the eigenvalue in the cruise condition indicating indicates slower exponential decay resulting in a more gradual
stabilization with slower damping. This demonstrates the impact of mass on the system’s dynamic response and
stability where an increase in mass reduces the system response.

9.4. Validating eigenvalue Results

The results obtained from this study align well with expectations derived from the mathematical model, partic-
ularly concerning the inherent controller dependence of multirotors. However, it is worth noting that research
on the natural dynamics of multirotors is limited, as the majority of studies focus on closed-loop control systems
rather than open-loop behavior. This gap in the literature highlights the importance of analyzing multirotor natural
dynamics in the context of design optimization.

In a study by Venkatesh et al. [83], a linear model for open-loop quadcopter dynamics was developed for planar
motion and PD controller design. Their analysis of the open-loop transfer function matrix identified poles at the
origin when linearized around the hover trim point, indicating neutral stability. This observation aligns with the
findings of this thesis, where eigenvalue analysis similarly reveals poles at the origin for the hover trim point,
confirming neutral stability in that mode. However, the study by Venkatesh et al. is limited to the hover trim
point and does not extend its analysis to additional trim points, such as cruise, which are explored in this thesis,
providing a broader perspective on system stability across different flight conditions.

However, a comparison with the work of Niemiec and Gandhi [84] adds further context to the validation process.
Their study compared quadcopters operating in ’plus” and “cross” configurations through eigenvalue analysis,
identifying two oscillatory modes in hover: a longitudinal phugoid mode (coupling longitudinal translation and
pitch) and a lateral phugoid mode (coupling lateral translation and roll). Both modes are stable, with poles posi-
tioned relatively close to the origin. This differs from the findings of this study, which do not show the presence
of such stable oscillatory modes.

Upon closer examination of the derived system matrix, it is evident that additional stability derivatives, such as
L,, My, and N,., are not present in the mathematical model used in this paper. These derivatives account for
damping effects in roll, pitch, and yaw, respectively, and their absence may explain why oscillatory modes are
not observed. It is worth noting however that Gandhi’s study does not explicitly detail the origin of these stability
derivatives, leaving open questions about the underlying assumptions and dynamics contributing to the observed
modes. The lack of detailed stability derivative data in Gandhi’s work limits the ability to fully align the findings.

9.5. eVTOL Configuration HQ implications

Handling qualities (HQ) are a critical design parameter for rotorcraft, particularly for eVTOL configurations tai-
lored to emergency response scenarios, as emphasized by the mission tasks outlined in Chapter 2. HQ significantly
impacts the vehicle’s ability to perform precise and controlled movements in confined or adverse environments.
However, the results presented in this study provide limited insights into the HQ potential of the three configura-
tions beyond the stability analysis and overall dependence on controller design for stability.

9.5.1. Controllability

As highlighted in the literature review (Section 3.6), determining the optimal number of rotors for multirotors is
non-trivial due to the trade-offs between static and dynamic performance. While an increased number of rotors
generally improves static performance, the added weight and complexity can diminish the dynamic performance
advantages.
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Configurations with more rotors tend to exhibit smaller individual rotor inertias due to their reduced size. This
reduction in inertia theoretically requires less power per motor to achieve adequate rise times, improving respon-
siveness in pitch, roll, and heave control axes [85]. Research findings consistently show that configurations
with higher rotor counts require lower current margins to regulate these axes, primarily because smaller rotors
overcome their inertia more efficiently during thrust changes [86].

The findings of Ieter [85] further confirm this trend, demonstrating that both the hexacopter and octocopter achieve
significantly lower rise times compared to the quadcopter while requiring less power per motor. Among the
evaluated configurations, the octocopter achieved the shortest rise times with the least power, suggesting an
advantage in responsiveness and agility for higher rotor counts.

Yaw control presents unique challenges for multirotors. Unlike roll and pitch, yawing moments are generated
by the net torque differential between rotors, resulting in smaller available moments to execute yaw commands.
Larger yaw commands are more likely to push rotors to their operational limits, especially for configurations with
higher moments of inertia, such as the octocopter.

Studies on yaw performance during equivalent maneuvers show that the quadcopter and hexacopter remained
within input limits throughout the maneuvers, while the octocopter experienced dynamic discontinuities due to
input saturation. This is attributed to the higher moment of inertia of the octocopter, which requires greater yawing
moments, even with more rotors available to generate torque [29].

Furthermore in this paper the difference in innertias is mapped for the different configurations themselves. While
the individual rotorational innertias of the rotors decrease for the increase in rotors due to the smaller rotor size,
the overall innertia generally increases of the eVTOL due to the spreading of the rotors except for the I, due to
the more evenly distributed masses within the design space compared to the other configurations. As a result
the notion is to be made that while individual controll of rotors generally increases for an increase in rotor count,
dynamic performance around the z-axis and x-axis degrade due to the increased innertias while around the y-axis
the performance is improved at the cost of overall increase in mass.

9.5.2. Disk Loading

Disk loading plays a critical role in hover efficiency, control authority, and overall energy consumption. Lower
disk loading reduces the induced power required for lift, improving both hover performance and maneuverability.
Configurations with higher rotor counts, such as hexacopters and octocopters, achieve reduced disk loading by
distributing lift across a larger total disk area. This reduction in per-unit thrust potentially improves stability,
particularly during low-speed maneuvers, where fine control over thrust is essential for navigating confined spaces
or performing precise landings.

Additionally, reduced disk loading facilitates smoother transitions between hover and forward flight, critical in
emergency response scenarios where adaptability is key. Reduced disk loading, a result of spreading thrust across
larger rotor areas or more rotors, decreases the amount of lift each rotor must generate. This potentially allows
smoother aerodynamic transitions between hover and forward flight, as the rotor system experiences less abrupt
changes in induced velocity and thrust. Lower induced power demand enhances overall energy efficiency, partic-
ularly in hover-intensive missions, making such configurations advantageous for tasks requiring prolonged hover
operations, such as search-and-rescue or payload delivery in tight urban environments.

9.5.3. Center of Gravity (CoG)

A centrally located CoG is crucial for balanced moment distribution and predictable flight dynamics. Deviations
in CoG placement can increase control effort and compromise stability, particularly during rapid maneuvers or
high-speed transitions. This study’s optimized configurations maintain a near-central CoG, which enhances both
static and dynamic stability.

The centralized CoG minimizes unwanted pitch, roll, and yaw moments, simplifying control algorithms and en-
abling smoother transitions between flight phases. This balance not only reduces the computational burden on
stabilization systems but also decreases the energy required for control corrections. Furthermore, maintaining
a centralized CoG improves maneuverability by ensuring that thrust adjustments across rotors yield predictable
responses, which is especially critical in emergency scenarios involving rapid repositioning or tight-space navi-
gation.
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9.5.4. Power Distribution and Stability

Higher rotor counts allow for more uniform power distribution, reducing individual rotor stresses during high-
thrust maneuvers. Spreading thrust demand across multiple rotors potentially lowers mechanical strain and ther-
mal loads on individual motors, enabling smoother thrust modulation and improved operational stability. This
capability is particularly advantageous in dynamic operations where precise and rapid adjustments to thrust are
required, such as during obstacle avoidance or hover-to-cruise transitions.

Even power distribution also reduces power gradients, enabling configurations with higher rotor counts to adapt
quickly to control inputs without overloading individual motors as previously discussed. This adaptability en-
hances responsiveness and ensures reliable performance during demanding maneuvers, such as high-speed turns
or rapid altitude changes. However, the added mass from extra rotors and structural components introduces a
trade-off, as it increases the system’s inertia, slightly reducing agility compared to lower-rotor-count configura-
tions.

9.6. GOAERO eVTOL Evaluation

The GoAERO competition focuses on developing and operating a single-occupant, affordable, robust, and effec-
tive emergency response aircraft designed around three primary missions. These missions aim to advance eVTOL
technology through three key objectives: productivity, adversity, and maneuvering. Each mission emphasizes
unique performance aspects, such as payload efficiency, endurance, operational robustness in challenging con-
ditions, and precise maneuverability. Additionally, the designs must achieve lower acquisition and maintenance
costs compared to conventional rotorcraft.

Formulating the configurations in accordance with the competition’s requirements, including the payload capacity
to accommodate a caregiver and pilot, and optimizing the design parameters within the permissible design space
enabled the evaluation of three viable configurations. These configurations adhered to the GOAERO competition
guidelines and are optimized for minimum MTOM during the Productivity Mission. While all configurations
complied with the competition requirements, their performance varied, making them unequal contenders.

The Productivity Mission aims to demonstrate the flyer’s ability to deploy quickly and continuously while ef-
ficiently transporting payloads. This mission is identified as the most critical for sizing the overall propulsion
system, as it directly influences power requirements, performance, and system mass while the performance rank-
ing is based on the ratio of total payload weight ferried to the total weight of the system. Consequently, the
configurations are optimized for MTOM in accordance with the mission’s payload and range requirements.

In contrast, the Adversity Mission and Maneuvering Mission act as constraints for overall sizing and guide config-
uration assessments based on performance and handling qualities. The Adversity Mission focuses on robustness
and operational reliability in challenging conditions, while the Maneuvering Mission evaluates the flyer’s ability
to navigate tight spaces, avoid obstacles, and maintain stability during critical operations such as takeoff, landing,
and hovering.

9.6.1. Trade-off

When comparing the optimized configurations to existing eVTOL designs such as eHang and Vahana, it becomes
evident that these configurations exhibit competitive hover efficiency and disk loading values. They effectively
bridge the gap between conventional rotorcraft and modern multirotor systems. Furthermore, their cruise speeds
demonstrate a significant advantage over existing multirotor designs like the VC2X and eHang while maintaining
competitiveness with conventional HEMS rotorcraft, such as the Bell 505 Jet Ranger X. These findings underscore
the promising potential of the configurations developed in this research.

A comparative evaluation of the configurations reveals notable distinctions. From a purely mass-oriented perspec-
tive, the quadrotor demonstrates the lowest Maximum Take-Off Mass (MTOM). This characteristic suggests it
would score the highest in terms of payload-to-system ratio, aligning with the scoring criteria for the Productivity
Mission. Additionally, its simpler design implies lower acquisition and maintenance costs, as fewer components
typically translate to reduced maintenance demands. However, the mass evaluation also highlights that the pri-
mary difference in mass stems from the increased structural mass in higher-rotor-count configurations. Notably,
the simplified structural model used in this research could understate the impact of structural optimizations, which
a more detailed structural analysis might reveal.

This is the result of the clear trend emerged from the optimization results: configurations with higher rotor counts
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consistently exhibit greater MTOM across all hybridization factors (HFs). At lower HFs, these differences in
MTOM are less pronounced, indicating that hybridization amplifies mass disparities between configurations.
This phenomenon is primarily driven by the exponential rise in Operating Empty Mass (OEM) as system mass
increases. Consequently, at an HF of 0.1, the quadrotor would achieve the highest productivity mission score, as
all configurations are optimized to meet the same performance requirements for this mission.

When considering the Adversity and Maneuvering Missions, however, a different perspective emerges. Con-
figurations with higher rotor counts benefit from reduced disk loading due to a larger total rotor disk area, en-
hancing hover efficiency. Notably, hexacopter and octocopter designs achieve more uniform disk loading across
rotors, promoting control authority, stability, and energy efficiency during hover-intensive operations. This char-
acteristic is particularly advantageous for precise maneuvers, such as navigating confined spaces or landing in
challenging environments, as required by these missions. Reduced disk loading also improves the aerodynamic
transitions between hover and forward flight, critical in dynamic emergency response scenarios. While increased
rotor counts enhance static performance, the added weight and complexity can slightly offset these benefits in
dynamic performance. However, the mass differences observed in this study are not substantial enough to signif-
icantly affect this trade-off.

Another key advantage of higher rotor counts is the ability to distribute power demands more evenly across rotors.
This uniform power distribution reduces mechanical stresses on individual rotors during high-thrust maneuvers,
enhancing system stability and reliability. Configurations like the hexacopter and octocopter would theoretically
achieve smoother thrust modulation and improved responsiveness during demanding maneuvers, such as obstacle
avoidance or rapid altitude changes. This characteristic could directly contributes to better handling qualities
(HQ), particularly in dynamic operational environments.

On the other hand, increased rotor counts introduce challenges in yaw control. Configurations with higher mo-
ments of inertia, such as the octocopter, require greater yawing moments, which can push rotors closer to their
operational limits during large yaw commands. For instance, the octocopter exhibited dynamic discontinuities in
yaw performance due to input saturation, a limitation not observed in the quadcopter or hexacopter. Furthermore,
while the octocopter’s inertial properties improved pitch and roll responsiveness, its yaw dynamics are negatively
affected by the higher moment of inertia.

The hybridization factor (HF) also plays a pivotal role in the trade-off analysis. Lower HFs generally result in
reduced MTOM and better performance in the Productivity Mission due to lower fuel dependency and overall
system mass. However, hybrid systems with higher HFs provide operational advantages, such as reduced fuel
consumption and lower energy costs over the aircraft’s lifecycle. The increased reliance on electric propulsion
systems also lowers maintenance demands, as electric motors are inherently more durable and simpler to maintain
than turbine generators.

Despite these advantages, the increased structural complexity and higher acquisition costs of hybrid systems
must be considered. Configurations with higher rotor counts or more electrified systems inherently demand
more intricate manufacturing and integration processes, driving up costs. Additionally, the added weight from
extra rotors and structural components in higher-rotor-count configurations increases the system’s inertia, slightly
reducing agility compared to quadrotor designs.

Ultimately, the trade-off between rotor count, hybridization factor, and mission requirements highlights the need
for a balanced approach. While the quadrotor excels in terms of productivity and cost-effectiveness, configura-
tions with higher rotor counts offer superior performance in hover efficiency, handling qualities, and adaptability,
making them more suited to the Adversity and Maneuvering Missions. These findings underscore the impor-
tance of aligning configuration selection with specific mission priorities to optimize overall performance in the
GoAERO competition.

9.6.2. Proposed Configuration

Concerned with lower HF, the reliance on the turbine generator increases, potentially driving up acquisition costs
due to increased system complexity. Moreover, lower HFs generally result in higher operational costs, primarily
due to increased fuel consumption and maintenance requirements associated with turbine generators. To compre-
hensively evaluate the trade-offs, further analysis is necessary to assess the overall performance and mass benefits
relative to the additional costs incurred at lower HFs to be able to propose a viable value.

Depending on the desired trait, different configurations excel in various aspects of the GOAERO competition.
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For missions prioritizing general mass constraints, the quadrotor at a low Hybridization Factor (HF) emerges
as the optimal choice. Its lower Maximum Take-Off Mass (MTOM) leads to a higher payload-to-system mass
ratio, aligning well with the productivity mission. Additionally, the simpler architecture of the quadrotor suggests
reduced acquisition and maintenance costs due to fewer components.

Despite this, configurations with higher rotor counts demonstrate significant handling quality (HQ) and hover
performance advantages, including enhanced hover efficiency and control authority. From a controllability per-
spective, the addition of rotors generally results in reduced power gradients, faster rise times, and improved
responsiveness. These benefits argue in favor of the octocopter concerned with the maneuvering and adversity
mission.

However, the octocopter presents challenges that cannot be overlooked. Larger yaw commands required to coun-
teract its higher moments of inertia, combined with the inherent dependence of multirotors on controllers for
stability, may limit its responsiveness and dynamic performance around the z-axis and x-axis. While increased
damping due to higher inertia enhances stability, it simultaneously reduces agility. Furthermore, the octocopter’s
greater structural mass and complexity, coupled with potential interaction effects between closely spaced rotors,
diminish its viability, especially at higher HFs where the performance gains do not outweigh the mass penalties.

Balancing these considerations, the hexacopter is proposed as the most viable configuration for further develop-
ment in the GOAERO competition. While its MTOM is higher than that of the quadrotor, the hexacopter achieves
a favorable balance between mass, controllability, and overall HQ. The additional rotors provide greater design
flexibility, enabling optimization of rotor placement, size, and redundancy, while maintaining manageable com-
plexity compared to the octocopter. The hexacopter also benefits from improved handling qualities and hover
performance, which are critical for the adversity and maneuvering missions. Moreover, it mitigates the draw-
backs of increased inertia and yaw response challenges inherent in the octocopter, ensuring robust performance
across the varied mission profiles of the competition.

9.7. Limitations
This thesis faces several limitations stemming from modeling assumptions, simplifications, and the defined scope
of the study. These limitations, while necessary to make the problem manageable within the preliminary design
phase, affect the fidelity and potential applicability of the results to real-world scenarios. By acknowledging
these constraints, this research seeks to provide a clear context for interpreting its findings and to outline areas
for future investigation.

9.7.1. Aerodynamics

Key simplifications in the aerodynamic modeling include the use of idealized methods, such as momentum theory,
to calculate rotor thrust. This approach assumes inviscid, incompressible, and steady flow, which, while suitable
for preliminary analyses, fails to fully capture real-world phenomena such as blade-tip effects and rotor wake
dynamics. These discrepancies are partially mitigated by incorporating a figure of merit (FoM), but the resultant
predictions still diverge from actual performance. Additionally, the actuator disk model assumes an infinite
number of blades operating within a uniform streamtube, oversimplifying the complexities of real-world rotor
dynamics.

It is important to note that this study excludes rotor wake interaction effects and rotor-airframe interaction effects,
as outlined in the initial assumptions. A relevant study investigating the aeromechanics and wake of a quadcopter
in forward flight [87] using large-eddy simulations and a Vortex Particle-Mesh method highlights the significant
impact of rotor-rotor acrodynamic interactions. These interactions are shown to notably affect the performance
of rear rotors, altering the aircraft’s overall trim conditions. Consequently, the performance differences observed
among quadcopter, hexacopter, and octocopter configurations in this thesis may not fully capture the influence
of such effects, nor do they account for potential mitigation strategies such as staggered rotor placements.

However, the same study concludes that the contributions of rotors to the overall lift and drag of the airframe
are negligible. This finding supports the exclusion of airframe interaction effects in this study, validating the
assumption of a simplified model for rotor forces. Furthermore, the authors indicate that while their research
focused on a small-scale drone, the scalability of rotor-airframe interaction effects to larger Urban Air Mobility
(UAM) vehicles ensures the broader applicability of these results. Thus, the findings of this study remain robust
within the scope of the chosen assumptions and design framework.
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The aerodynamic modeling also assumes constant air density and neglects environmental effects, such as cross-
winds, rain, and gusts, which could significantly influence real-world performance. Furthermore simplified ge-
ometric shapes (e.g. ellipsoids) are used to estimate drag coefficients, excluding the effects of complex shapes,
surface irregularities, and detailed aerodynamic interactions.

9.7.2. Modeling Scope

The computational simulations in this study rely on idealized assumptions, including perfect initial conditions and
steady-state operations, while excluding the effects of operational wear-and-tear and transient dynamics. Key
external disturbances, such as wind gusts, electromagnetic interference, and extreme weather conditions, are
omitted from the model, even though they are critical considerations for disaster response scenarios. Additionally,
variations in gravitational acceleration due to altitude or geographic location are neglected.

The model assumes constant payload, crew, and fuel masses, disregarding dynamic variations during missions
such as fuel consumption or payload redistribution, which could impact stability, performance, and handling
qualities (HQ). Furhtermore parasitic drag is assumed to dominate for the dynamic model, with induced and
profile drag forces excluded due to their relatively smaller contributions. While this simplification streamlines
the calculations, it introduces inaccuracies in stability predictions compared to real-world conditions.

The hybrid-electric propulsion system is modeled with fixed energy density and efficiency values, ignoring the
potential effects of temperature, aging, and operational stresses on system performance. Furthermore, the fuel
mass is conservatively overestimated, potentially leading to inaccuracies in optimal fuel consumption predictions
for specific mission profiles. These simplifications limit the applicability of the results to real-world conditions
and suggest the need for further refinement in future studies.

9.7.3. Stability and Nonlinear Dynamics

The evaluation of stability in this study is based on linearized state-space models. While effective for initial
analysis, these models fail to capture the nonlinear dynamics, unsteady aerodynamic effects, and pilot interac-
tion influences that arise during complex or aggressive maneuvers. This limitation may result in an incomplete
understanding of the vehicle’s dynamic behavior under real-world operating conditions.

Stability assessments rely heavily on the control matrix, emphasizing stability achieved through active control
rather than the inherent natural stability of the airframe. Consequently, HQ is to be approached predominantly
as a control design challenge, potentially overlooking opportunities for airframe-level design improvements that
could enhance stability and reduce reliance on active control systems.

Additionally, gyroscopic effects, which can significantly influence handling during rapid yaw or roll maneuvers,
are not explicitly evaluated. These effects could play a critical role in determining dynamic stability and ma-
neuverability. Addressing these limitations would require incorporating nonlinear dynamics, pilot-in-the-loop
simulations, and more comprehensive modeling of gyroscopic interactions and unsteady aerodynamic phenom-
ena.

9.7.4. Structural Limitations

The structural analysis in this study is based on statistical mass estimation methods derived from historical data.
While useful for preliminary design, these methods may not fully account for advancements in materials science or
innovative structural configurations, potentially leading to inaccuracies in weight predictions and load distribution.
This limitation could result in conservative or overly optimistic performance estimates.

The rotor system is modeled with rigid blades, neglecting flexibility and aeroelastic effects that significantly
influence stability, dynamic response, and overall performance. Similarly, the fuselage, support structures, and
rotors are treated as rigid bodies, ignoring vibrational modes and structural deformation under operational loads.
These simplifications overlook critical aeroelastic interactions that could affect handling qualities, stability, and
structural integrity during real-world operations.

Additionally, vibrational modes and aeroelastic phenomena, which play a significant role in multirotor perfor-
mance, are not explicitly analyzed. The absence of these considerations impacts the fidelity of the results, partic-
ularly for configurations operating under high loads or in dynamic environments. Addressing these limitations
would require advanced computational techniques, such as finite element analysis (FEA) or coupled aeroelastic
simulations, to better predict structural performance and interactions.
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Conclusions and Recommendations

This thesis presents a comprehensive optimization framework for multirotor eVTOL designs tailored to emer-
gency response missions, aligning with the objectives of the GOAERO competition. By focusing on three primary
mission profiles, i.e. Productivity, Adversity, and Maneuvering, this research developed a robust and efficient
emergency response aircraft capable of excelling across diverse performance metrics. The optimization process
prioritized minimizing the Maximum Take-Off Mass (MTOM) while meeting payload, range, and operational
requirements mandated by the competition.

This study examined the optimization of various multirotor configurations, quadrotor, hexarotor, and octorotor,
focusing on design trade-offs, constraint adherence, and performance metrics. The analysis explored the inter-
play between rotor count, hybridization factors, and overall system performance, providing key insights into the
implications of configuration-specific parameters.

Additionally, by deriving and linearizing the equations of motion (EOM) around the hover and longitudinal trim
points, and formulating the dynamic system, the inherent stability characteristics of multirotor systems are eval-
uated. These findings enhance the understanding of multirotor eVTOL design and serve as a foundation for the
future development of emergency response aircraft capable of excelling in real-world applications.

These critical design trade-offs, including energy efficiency, payload capacity, and stability, are systematically
addressed, resulting in optimized configurations suitable for demanding operational scenarios. This research
provides a proof of concept for multirotor eVTOL configurations that meet stringent performance requirements
while leveraging innovative hybrid-electric propulsion systems and advanced optimization techniques with the
central research question being:

What are the optimal design parameters that drive handling qualities for a hybrid multi-
rotor emergency response eVIOL in the GoAERO competition?

Optimisation

The optimization process demonstrated successful convergence across all configurations, with the algorithms
effectively meeting convergence criteria and constraints. The results validate the use of momentum theory for
power requirements and the framework’s ability to explore and refine the design space.

Distinct behaviors among configurations were revealed during convergence histories. Early peaks in the objec-
tive function and constraints reflected the exploratory phase of the optimization, shaped by the nascent state of
eVTOL technology and limited reference data. These challenges were successfully resolved by the optimizer,
demonstrating its capability to navigate constraint-driven design challenges.

The evaluation of the design bounds highlighted the importance of rotor blade parameters, number of blades,
and rotor positioning in shaping the final design. While rotor radius and positioning were not limiting factors,
rotor blade chord length and thrust coefficient were consistently optimized near their lower bounds, indicating
aerodynamic and structural constraints that governed the design choices. Furthermore, the analysis of support
structure dimensions revealed a tendency to maximize the structure’s size within the given bounds, suggesting that
future investigations could benefit from exploring trade-offs between structural mass and aerodynamic penalties.
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Overall, the optimization study successfully demonstrated the intricate interplay between design complexity, com-
putational efficiency, and constraint satisfaction for multirotor eVTOL configurations. The findings highlight the
effectiveness of the optimization framework in navigating complex design spaces and provide valuable insights
for future research on eVTOL aircraft design, particularly in refining rotor configurations, structural components,
and computational strategies for enhanced performance and feasibility.

Configuration

Optimized configurations highlight trends in rotor placement and size, emphasizing efforts to minimize support
structure mass while maintaining a near-central center of gravity (CoG) to balance moments. The findings under-
score the impact of rotor count on design flexibility, with hexacopters and octocopters achieving greater homo-
geneity in disk loading and and overall rotor parameters compared to quadrotors, which faced constrained design
spaces when it comes to rotor parameters.

Mass evaluation reveals the substantial influence of hybridization and rotor count on Maximum Takeoff Mass.
Battery mass emerges as a critical contributor to MTOM, driving up support structure requirements and empha-
sizing the importance of optimizing structural design. While configurations with fewer rotors demonstrate lower
MTOW at higher HFs, the simplified model employed in this study suggests potential underestimations of struc-
tural and aerodynamic penalties associated with increased rotor counts. Future work should incorporate more
detailed subsystem modeling to refine these estimates.

Inertia analysis revealed that higher rotor counts increase moments of inertia, which can significantly impact
control. A greater moment of inertia results in slower system dynamics, reducing agility and responsiveness.
These findings emphasize the importance of carefully considering inertia properties in the early design stages to
achieve a balance between stability and responsiveness.

Performance evaluation guided to the benefits of increased rotor count for hover efficiency and control author-
ity. Quadrotor configurations faced challenges in maintaining efficiency due to elevated blade loading, while
hexacopter and octorotor designs demonstrated robust power performance and energy efficiency. Despite these
challenges, the optimized configurations exhibit competitive performance metrics, positioning them favorably
against existing eVTOL designs in terms of hover efficiency compared to other eVTOLS and cruise speed com-
pared to HEMS rotorcraft.

The findings highlight the inherent trade-offs between rotor count, hybridization factor (HF), and mission-specific
priorities. Configurations with lower rotor counts, such as the quadrotor, excelled in terms of payload-to-system
mass ratio and simplicity, making them ideal for the Productivity Mission. Their reduced MTOM and lower
acquisition and maintenance costs reinforce their suitability for applications prioritizing mass efficiency and cost-
effectiveness. However, these designs faced limitations in hover efficiency, control authority, and handling qual-
ities, which are critical for the Adversity and Maneuvering Missions showing the importance of considering HQ
in an early stage.

Stability and Handling Qualities

Stability

The eigenvalue analysis provides valuable insights into the stability characteristics of the multirotor system at both
hover and cruise trim points. At the hover trim point, the presence of zero eigenvalues indicates neutral stability,
reflecting the absence of inherent restoring forces in the natural dynamics of the system. This behavior aligns with
expectations, as multirotor motions remain unconstrained without control inputs. Namely, an examination of the
system matrices for hover and cruise reveals that the external forces generated by the rotors are not included in
the state matrix but are instead captured within the control matrices. This distinction underscores the multirotor’s
reliance on active control for stability.

The cruise trim point on the other hand reveals a fully real, negative eigenvalue corresponding to the surge sub-
sidence mode, which signifies stable, non-oscillatory decay of disturbances in the longitudinal direction. The
stability derivative X, plays a key role in this behavior, with its dependence on parasitic drag and system mass
highlighting the proportional relationship between cruise velocity and stability.

Furthermore, the linear decrease in X,, with increasing cruise speed demonstrates how aerodynamic drag con-
tributes to stability at higher velocities. However, the effect of system mass slows the stabilization process, as-
suming the drag force acts through the center of gravity (CoG). These findings highlight the critical role of system
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mass and aerodynamic properties in shaping the dynamic response and stability of multirotors across different
flight conditions.

This analysis not only corroborates findings from prior studies, such as those by Venkatesh et al. [83] regarding
neutral stability in hover but also shows the dynamics concerned with cruise conditions. However, the absence
of oscillatory modes observed in other studies, such as those by Niemiec and Gandhi [84], underscores a possible
limitations of the current mathematical model, where the stability derivatives like L,, My, and N, are not seen
in the system matrix. These omissions highlight the need for further refinement of the model to possibly capture
additional dynamic behavior. Overall, this study contributes to the broader understanding of multirotor natural
dynamics for the derived mathematical mode, providing a valuable foundation for future work on open-loop
stability and control system design.

Configuration specific Handling Qualities

From literature it follows that configurations with higher rotor counts achieved better power distribution, reducing
mechanical strain on individual motors during high-thrust maneuvers. However, the resulting increase in mass
and inertia introduced challenges for agility. While higher rotor counts enhance control responsiveness, due
to smaller rotors and improved rise times, they also increase moments of inertia, which degrade agility. The
octocopter’s dynamic discontinuities during yaw maneuvers further illustrate the stability and control challenges
associated with higher moments of inertia.

Lower disk loading in configurations with higher rotor counts improves hover efficiency and control authority,
making these configurations well-suited for precision operations. The reduced per-unit thrust demand and induced
power requirements facilitate smoother transitions between hover and forward flight, a critical attribute in emer-
gency response scenarios. These configurations also enhance energy efficiency, particularly for hover-intensive
missions, by distributing lift across a larger total disk area.

GoAERO Implications

The findings highlight the inherent trade-offs between rotor count, hybridization factor (HF), and mission-specific
priorities. Configurations with lowest rotor count, i.e. the quadrotor, excelled in terms of payload-to-system
mass ratio and simplicity, making them ideal for the Productivity Mission. Their reduced MTOM and lower
acquisition and maintenance costs reinforce their suitability for applications prioritizing mass efficiency and cost-
effectiveness. However, this design faced limitations in hover efficiency, control authority, and handling qualities,
which are critical for the Adversity and Maneuvering Missions.

Among the evaluated configurations, the hexacopter emerged as the most viable option for the GOAERO com-
petition, striking an optimal balance between mass, handling qualities, and overall mission performance. Its
additional rotors provide greater design flexibility and redundancy, enhancing robustness and adaptability across
diverse mission profiles. While its MTOM is only marginally higher than that of the quadrotor, the hexacopter
effectively mitigates the agility and yaw control limitations observed in the octocopter, making it a compelling
choice for further development.

Final Remarks

This thesis makes a valuable contribution to the advancement of eVTOL technology for emergency response
applications. By addressing critical gaps in early-stage HQ assessments on the basis of other literature and con-
figuration optimization, it provides actionable insights for designing high-performance aircraft tailored to the
stringent requirements of the GOAERO competition. The integration of a hybrid propulsion system, multidisci-
plinary optimization frameworks, and HQ principles highlights the potential for eVTOL systems to bridge the
gap between conceptual design and practical implementation.

10.1. Recommendations

The findings from this study provide actionable recommendations for advancing future research and development
in eVTOL systems. Several limitations identified in this study underscore areas requiring further investigation as
outlined below.

Hybrid Propulsion Systems and Subsystems Modeling

The analysis highlights the significant mass and possible cost advantages of hybrid propulsion systems, impacting
both acquisition and operational expenses. However, the current model does not comprehensively evaluate an
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integrated propulsion system with all its subsystems. Future research should develop a more detailed propulsion
system model, encompassing subsystems such as energy storage, power electronics, and thermal management.
Once a refined propulsion model is established, a more accurate cost and mass estimation framework can be
developed. This would facilitate optimized eVTOL sizing based on HF requirements and operational scenarios
while improving the understanding of the trade-offs between cost and performance.

Exploring advanced hybrid power systems, including regenerative energy recovery and adaptive power distri-
bution, could further enhance mission endurance and efficiency. For example, sizing the hybrid system to in-
clude regenerative capabilities could reduce overall battery requirements, particularly for missions with higher
hybridization factors (HF). This could lead to lighter designs and improved performance.

Structural Model Refinements

The structural analysis in this study used a simplified rotor support model. Future work should implement detailed
structural modeling, focusing on innovative support designs that minimize the structural mass penalty associated
with increased rotor counts. Integrating advanced materials and topology optimization techniques could further
enhance the structural efficiency of multirotor systems. Furhtermore combining the structural and aerodynamic
analyses would allow for holistic optimization, balancing mass savings with aerodynamic performance to maxi-
mize system efficiency.

Rotor Optimization and Aerodynamic Refinements

The first step for advancing the proposed configuration is implementing a detailed rotor design, including blade
profile and twist to refine aerodynamic models. This enhanced understanding of rotor aerodynamics can inform
better design decisions, creating a more realistic and robust model for overall system simulations.

Subsequent research should include rotor interaction effects, modeled using Computational Fluid Dynamics
(CFD). CFD analyses could determine the optimal vertical (z-axis) positioning of rotors while also providing
insights into wake interactions and induced drag. Combining these results with structural analyses of the rotor
support system would enable realistic rotor-support co-design, ensuring aerodynamic and structural efficiency.
Additionally, using CFD outputs, center-of-pressure locations and detailed drag coefficients can be derived for
the overall system. This would enable simulations of configuration-level aerodynamic moments and stability
under various attitudes.

Control System Development and Mission Simulations

Multirotors are inherently unstable and thus need a controller to operate. An inportant next step thus revolves
around developping a controller capable to be used in simulations. Furthermore, integrating rotor dynamics and
stability derivatives into advanced control strategies could significantly improve lateral and longitudinal stability
during high-performance maneuvers. A simulation-ready eVTOL model provides the foundation for developing
and testing control systems. The following steps are recommended:

1. Design and implement a controller to make the system adhere to ADS-33 Handling Qualities (HQ) criteria.
The controller should align with system frequency response requirements and ensure compliance with Level
1 HQ standards during maneuvering and adverse conditions.

2. Use the controller to simulate three distinct missions: productivity, adversity, and maneuvering. Quantify
performance metrics and analyze the results to identify configuration improvements.

3. Investigate how feedback control strategies influence the eigenvalue spectrum, system stability, and robust-
ness against disturbances. This analysis will provide insights into coupled dynamics and the interaction
between the control system and the vehicle’s structural and aerodynamic behavior.

Environmental and Operational Considerations

Finally, research should evaluate the impact of environmental factors such as wind, turbulence, and operational
variability on stability and control. Including these factors in simulations would enhance the reliability and ro-
bustness of eVTOL systems in real-world operations. Additionally, modeling ground effects during hover and
transitions would refine aerodynamic efficiency predictions and improve stability assessments, particularly for
urban environments with confined operational spaces.
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Optimisation constants as defined in the code

Table A.1: Constants as used for the optimisation code

Parameter Description Value/Unit
Constants
p Air density 1.225kg/m?
g Gravitational acceleration 9.80665 m /s’
k Inverse of figure of merit (FoM) 1.15 (dimensionless)
Top Area Drag Parameters
Atop Top surface area 4.73 m?
Cpop Drag coefficient (top area) 0.956 (dimensionless)
Bottom Area Drag Parameters
Apotiom Bottom surface area 4.73m?
CD bottom Drag coefficient (bottom area) 0.956 (dimensionless)
Front Area Drag Parameters
Afront Frontal surface area 2.16 m?
CD . front Drag coefficient (front area) 0.27 (dimensionless)
Gas Properties
v Ratio of specific heats 1.4 (dimensionless)
R, Specific gas constant for air 2877/ (kg - K)
" Dynamic viscosity of air 1.7894 x 107 °Pa- s
Defined Weights (kg)
Wihselage Fuselage weight 141.427kg
Wayload Payload weight 144.6 kg
Support Structure Properties
E Young’s modulus of CFRP 181 x 10° Pa
PCFRP Density of CFRP 1600 kg/m?
Velocities (m/s)
Velimb,min Minimum climb velocity Tm/s
Udescent, max Maximum descent velocity —6m/s
Udescent,min  Minimum descent velocity —8m/s
Ueruise.min Minimum cruise velocity 65.67m/s
Battery SOC
SOCinitial Initial state of charge 0.8 (80%)
SOCftinal Final state of charge 0.2 (20%)
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Parameter Description Value/Unit
Cruise Parameters
Rocruise Cruise altitude 600 m
deruise Cruise distance 2375m
Power Margin
PM Power margin 0.1 (10%)
Center of Gravity Locations (m)
CoGicE,¢ ICE CoG in z direction 2.19m
CoGicg, » ICE CoG in z direction max, m
CoGgc,» Electric CoG in z direction 2.19m
CoGgc,» Electric CoG in z direction 1.40m
Payload and Crew Masses (kg)
Mpilot Pilot mass 80kg
Mmedic Medic mass 80kg
Mpatient Patient mass 80kg
Meebar Rebar mass 33.6kg
Miandbags Sandbag mass 36kg
Hover Time
thover Hover time 10s
Efficiencies
Tbattery Battery efficiency 0.99
Nem Electric motor efficiency 0.95
Teg Electric generator efficiency 0.98
Tt Gas turbine efficiency 0.35
Energy Densities
Epat Battery energy density 260 Wh/kg
ef Fuel energy density 11,900 Wh/kg
Power Density
pdice ICE power density 3000 W /kg
BSFC
BSFC Brake-specific fuel consumption 280 x 10~%kg/Wh
Segments and Rotors
Nhover Number of hover segments 8
Nelimb Number of climb segments 8
Neruise Number of cruise segments 8
Nyescent Number of descent segments 8
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Convergence history and characteristics
remaining optimisations

B.1. Optimisation characteristics HF = 0.5

Table B.1: Optimization characteristics at HF = 0.5

Metric Quad Rotor Hexa Rotor  Octo Rotor
Time to converge [min] 119.25 111.87 120.059
Number of iterations 1251 647 848
Average time per iteration [min] 0.0953 0.1729 0.1416
Number of function evaluations 68738 35527 44514
Average time per evaluation [min] 0.0017 0.0031 0.0027

B.2. Optimisation characteristics HF = 0.9

Table B.2: Optimization characteristics at HF = 0.9

Metric Quad Rotor Hexa Rotor  Octo Rotor
Time to converge [min] 509.99 246.35 737.40
Number of iterations 5407 2054 5160
Average time per iteration [min] 0.0943 0.1199 0.1429
Number of function evaluations 323027 108491 279470
Average time per evaluation [min] 0.0016 0.0023 0.0026
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Figure B.70: Blade Stall constraint
convergence quadrotor HF = 0.5
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Figure B.71: Blade Stall constraint
convergence hexarotor HF = 0.5
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Figure B.72: Blade Stall constraint

convergence octorotor HF = 0.5
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Figure B.82: Axial thrust constraint
convergence quadrotor HF = 0.5

Figure B.83: Axial thrust constraint
convergence hexarotor HF = 0.5
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Figure B.84: Axial thrust constraint
convergence octorotor HF = 0.5
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Figure B.94: Aspect Ratio constraint
convergence quadrotor HF = 0.9
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Figure B.95: Aspect Ratio constraint
convergence hexarotor HF = 0.9
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Figure B.97: MTOM Consistency constraint Figure B.98: MTOM Consistency constraint
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Figure B.99: MTOM Consistency constraint
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Figure B.103: Moment constraint Figure B.104: Moment constraint Figure B.105: Moment constraint
convergence quadrotor HF = 0.9 convergence hexarotor HF = 0.9 convergence octorotor HF = 0.9
Convergence of speed_constraints Convergence of speed_constraints Convergence of speed_constraints
—— Constraint 3 ° —— Constraint 3 | —— Constraint 3
.
s .
g @ e
T Ik H H
) S ; S
. L . 2
o
-2 -2 ’
=

3000
Reration

1000 2000 5000

Figure B.106: Velocity constraint
convergence quadrotor HF = 0.9
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Figure B.107: Velocity constraint
convergence hexarotor HF = 0.9
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Figure B.108: Velocity constraint
convergence octorotor HF = 0.9




B.5. Convergence History HF = 0.9

Bas van Leeuwen - Thesis report

Constraint Value

Constraint Value

Constraint Value

Constraint Value

Convergence of a0a_real_constraint

Convergence of aoa_real_constraint

Convergence of aoa_real_constraint

— Constraint 1
— Constraint 2
— Constraint 3

— Constraint 1
— Constraint 2
— Constraint 3

— Constraint 1
— Constraint 2.
— Constraint 3

’ N,
LS 50
o
= ]
Figure B.109: Angle of Attack constraint ~ Figure B.110: Angle of Attack constraint Figure B.111: Angle of Attack constraint
convergence quadrotor HF = 0.9 convergence hexarotor HF = 0.9 convergence octorotor HF = 0.9
Convergence of Tip_mach_constraint Convergence of Tip_mach_constraint Convergence of Tip_mach_constraint
—— Constraint 1 N —— Constraint 1 —— Constraint 1
: B B  Conaram 1
s
10
? 2
S — 0.0
o L
o
o
o
- o 1000 2000 3000 4000 5000 0 500 1000 1500 2000 o 100 200 400 500
Figure B.112: Tip Mach constraint Figure B.113: Tip Mach constraint Figure B.114: Tip Mach constraint
convergence quadrotor HF = 0.9 convergence hexarotor HF = 0.9 convergence octorotor HF = 0.9
Convergence of blade_stall_constraint Convergence of blade_stall_constraint Convergence of blade_stall_constraint
s T omamz | = onavamz ’ -
o o . -
o Y X! )
. Lo ot . s,
1 £ g -
8 s 8
-100 e —— Constraint 5
-2 —— Constraint 7
125 12 —— Constraint 8
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Figure B.118: Motor Power constraint
convergence quadrotor HF = 0.9
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Figure B.119: Motor Power constraint
convergence hexarotor HF = 0.9
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Figure B.120: Motor Power constraint
convergence octorotor HF = 0.9
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Figure B.121: Rotor bound constraint Figure B.122: Rotor bound constraint Figure B.123: Rotor bound constraint
convergence quadrotor HF = 0.9 convergence hexarotor HF = 0.9 convergence octorotor HF = 0.9
Convergence of rotor_sigma_constraints Convergence of rotor_sigma_constraints Convergence of rotor_sigma_constraints
35 © ° & -
2as g4 2
Figure B.124: Rotor solidity constraint Figure B.125: Rotor solidity constraint Figure B.126: Rotor solidity constraint
convergence quadrotor HF = 0.9 convergence hexarotor HF = 0.9 convergence octorotor HF = 0.9
Convergence of thrust_axial_constraints Convergence of thrust_axial_constraints Convergence of thrust_axial_constraints
—— Constraint 1 —— Constraint 1 6 —— Constraint 1
8 —— Constraint 2 v —— Constraint 2 —— Constraint 2
15.0 1
° 12
2. g o0 5
50
2
o0 -

o 1000 2000 3000 4000 5000 e o 500 1000 1500 2000 0 100 20( 400 500
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Figure B.130: Hover thrust constraint
convergence quadrotor HF = 0.9

Figure B.131: Hover thrust constraint
convergence hexarotor HF = 0.9
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Figure B.132: Hover thrust constraint
convergence octorotor HF = 0.9
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Figure B.133: Rotor overlap constraint
convergence quadrotor HF = 0.9
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Figure B.134: Rotor overlap constraint
convergence hexarotor HF = 0.9
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Figure B.135: Rotor overlap constraint
convergence octorotor HF = 0.9



Optimisation results of remaining
configurations

C.1. Processed Results HF = 0.5
C.1.1. Configuration Results HF = 0.5
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Figure C.1: Optimised quadrotor design HF Figure C.2: Optimised hexarotor design HF Figure C.3: Optimised octorotor design HF =
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Figure C.4: Quadrotor COG overview HF = Figure C.5: Hexarotor COG overview HF = Figure C.6: Octorotor COG overview HF =
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C.1.2. Mass Results HF = 0.5
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Figure C.8: Subsystem weight fractions
hexarotor at HF = 0.5

C.2. Processed Results HF = 0.9
C.2.1. Configuration Results HF = 0.9
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Figure C.9: Subsystem weight fractions
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C.3. Design Parameter Results HF = 0.5

Table C.3: Optimized design parameters

octorotor
Parameter Initial ~ Optimized
Objective function
MTOM [kg] 2642.03  704.07
Table C.2: Optimized design parameters .
hexarotor Design vector
¢1 [m] 0.4 0.0565
= ——— ¢2 [m] 0.4 0.06163
Parameter Initial Optimized ¢s [m] 0.4 0.06106
Objective function c4 [m] 0.4 0.05098
MTOM [kg] 2120.57 70045  Ryotor, [m] 0.9 0.7910
Table C.1: Optimized design parameters Desi ) Ry otor, [m] 0.9 0.8628
quadrotor esin vector Rrotors [m] 0.9 0.8549
¢1 [m] 0.4 0.05000 [m] 0.9 07137
m 0.4 0.05606 ~Totors : :
Parameter Initial ~ Optimized ¢z [m] Trotor, [M] 0.9 0.7910
¢ [m] 0.4 0.07516
. . . TTUtUTg [m] 14 1841
Objective function Ry otor, [m] 0.9 0.7006 N [m] 27 3.057
MTOM [kg] 1873.48 68638 Ryotor, [m] 0.9 0.7849 o ] 32 3385
: Ryotors [M] 0.9 1.052 Lrotors ) :
Design vector . [m] 1 1246 Yrotor; [M] 1.0 1.191
¢1 [m] 0.4 0.06747 "ot ' Yrotor, [M] 2.75 2.468
Trotor, [M] 1.7 1.060 2
T R A I S 1 T R
Rorotor, [m] 1.025 0.8740 Yrotor: [m] : Zrotor, [m] 1.90 1.90
Zrotor, [m] 1.025 3.106  Jrotors {m} f'7 fiz;‘ Zrotors [m] 1.90 1.90
Trotor, [M] 3.075 1.243  Yrotors IM : Zrotors [M] 1.90 1.90
Uroror. [m] 2 1393 Zrotors ml 1.90 1.90 roton, [m] 1.90 1.90
ijm [m] 2 1274  Zrotors [m] 1.90 1.90 JG,O;O; 6 5
2rotor, [m] 190 190 yeters [l PO N, 6 6
Zrotors [M] 1.90 1.90 blades Niladess 6 6
Nbl 4 6 6 Nbla.(lesz 6 6 Nbl u 6 6
adest Nblades;; 6 6 adesa
é\z[bladesz[rad/s] 1?1 2086 32 Phover, [radss] 174 281.53 gh Eigﬁﬂ }gg gég;
e [rad/s] 151 24113 hover, [radss] 174 197.96 1 [rad/s] 169 221.53
hover . hovers .
uers Qnover, [rad/s] 174 191.69 s
Qetimp, [rad/s] 154 22363 (M 176 Loraq  Shovers [radss] 169 199.11
Qetimb, [rad/s] 154 258.84 1 Qetimp, [rad/s] 170 185.77
Qopuier. [radss] 151 211,00 letimp, [radss] 176 27859 o [radss] 170 254.65
Qorovioer [1ad/s] 151 24407 etimbs [rads] 176 20266 " radss] 170 249.62
Qo [radis] 0.1 205.56 ‘leruiser [rad/s] 174 296.68 oo [rad/s] 170 170.14
descent . . climb. .
L Qeruise, [rad/s] 174 190.33 s
I s R N e B
C : [ g] 11 Qdcscentl [rad/S] 0.1 46.14 QCT“%SBQ [rad/s] 169 22860
Cr g 8'82 8'81122 Qacocent; [rad/s] 0.1 28587 7 [radss] 169 23731
7, [-] 017 02496 ‘ldescents [radis] 0.1 19240 (e [rad’s] ol pigeh
:?l m o1 02497 MTOM [kg] 2325 700.45 anz [rad/s] o1 30512
7‘02 [m] 0.10 0.2499 ng [-] 8'82 8'8}8?1 anfz [rad/s] 0.1 224.07
7o, [M] 0.10 0.2499 CT‘I H 0.05 0.01210 Qdescent, [rad/s] 0.1 61.65
T : : MTOM [kg] 2932 704.07
74, [m] 0.17 02325 0.05 0.01052
74, [m] 0.17 0.2489 CTl 0,05 001067
74, [m] 0.17 0.2496 T2 : :
Cr, 0.05 0.01186
To, [m] 0.10 0.2326
1 Cr, 0.05 0.01100
To, [m] 0.10 02499
] 010 02499  Tir [m] 0.17 0.2499
o3 : : 74, [m] 0.17 0.2487
73, [m] 0.17 0.2498
74, [m] 0.17 0.2498
T, [m] 0.10 0.2497
T, [m] 0.10 0.2499
Ty [m] 0.10 0.2499
T, [m] 0.10 0.2499
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C.4. Design Parameter Results HF = 0.9

Table C.6: Optimized design parameters

octorotor
Parameter Initial ~ Optimized
Objective function
MTOM [kg] 2642.03  855.47
Table C.5: Optimized design parameters ;
hexarotor Design vector
¢1 [m] 0.4 0.0573
— ——— ¢y [m] 0.4 0.0564
Parameter Initial Optimized ¢s [m] 0.4 0.0562
Objective function c4 [m] 0.4 0.0510
MTOM [kg] 2120.57 84377  Ryotor, [m] 0.9 0.8037
Table C.4: Optimized design parameters Desien vector Ryotor, [m] 09 0.8055
quadrotor . [;’] 0.4 0.08630 Ryotors [m] 0.9 0.7930
o [m] 0.4 0.05395 Lrotors [m] 0.9 0.8319
Parameter Initial ~ Optimized ’ ’ ' Trotor, [M] 0.9 1.468
¢3 [m] 0.4 0.05904
. . . Trotors [m] 1.4 1.465
Objective function Ry otor, [m] 0.9 1.208 Trotors [M] 27 3.095
MTOM [kg] 1873.48  828.68 Rrotor, [m] 0.9 0.7553 xmm” [m] ) 3103
Design vector Rrotors [m] 09 08266 [ . [m] 1.0 1.203
¢ [nf] 04 0.06266 Lrotors Ml ! 1285 oo [m] 2.75 2813
o [m] 0.4 0.08036 Frotors [m] 1.7 203 e [m] 1.0 1,193
1§ tor, [M] 1.025 0.9110 “roters [m] 2.9 3.258 zz [m] 275 2818
rotory . . rotory . .
Rorotor, [m] 1.025 1141 Yrotors ] ! 1808 o, [m] 1.90 1.90
Trotor, [m] 1.025 0.9184 Zi m f'7 ?'gz‘l‘ Zrotors [M] 1.90 1.90
7 rotors .
et ] U R P T A 1% 1%
j/'rc»torl [m] 2 1541 ZT'otur'Q [m] 190 190 ]\;otom 6 6
grof,(ﬂ'z [m] 1.90 1. 90 Zrotors [m] 1.90 1.90 Nbladesl . .
rotor . . blades:
! Nbladesl 6 6 2
j\'}*otor'z [m] 1690 1690 Nbl(l_(lesz 6 5 jlgbla,desg g 2
blades blades.
! Nblades~ 6 6 4
Niladess 6 6 3 Qhover, [radss] 168 240.04
Qnover, [rad/s] 155 214,10 Lhovers [radss] 176176 14355 ¢ " [radss] 168 244.10
Qnover, [rad/s] 155 183.91 Zhover; [radss] 176 BLI6 o) [rad/s] 168 253.88
7 Qnhover, [rad/s] 176 234.23 :
Do N0 2 G g el e 2
climbs “ Quime, [rad/s] 178 157.38 climby '
Qeruise, [rad/s] 155 216.00 \ctimbz : Qetimb, [rad/s] 169 240.48
Quruise, [rad/s] 155 185.54 Letimos [rad/s] 178 30504 e [radss] 169 350.95
Q [rad/s] 0.1 21175 Seruise, [radss] 176 a8l [rad/s] 169 71.50
A, [rad/s] 0.1 181.89 Leruises [rad/s] 176 28290 " radss] 168 22411
MTOM [k 2060 828.68 - leruises [Tadis] 176 23667 ) e [rads] 168 26291
C : [ g] 0.05 0 01143 Qdcscentl [rad/S] 0.1 145.94 QCT“%SBQ [rad/s] 168 23901
m [] : ' Qdescent, [radls] 0.1 180.40 - leruisea :
Cr, [-] 0.05 0.01208 Qeruise, [rad/s] 168 241.88
| 0.17 02496 ldescents [rad/s] 0.1 27945 o [rad/s] 0.1 130.04
:gl m o1 02494 MTOM [ke] 2375 843.77 QZ”; [rad/s] 01 313 86
2 . . escen . .
vy [m] 0.10 025 1 H O Ooey Qucscent, [rads] 0.1 247.65
To, [M] 0.10 0.25 CT‘I [:] 0,05 001103 ldescents [rad/s] 0.1 224.77
T : : MTOM [kg] 2900 855.47
74, [m] 0.17 0.01103 0.05 001133
74, [m] 0.17 0.01103 CTl 0,05 001102
74, [m] 0.17 0.2067 T2 : :
Cr, 0.05 0.01156
To, [m] 0.10 0.2232
1 Cr, 0.05 0.01027
Toy [M] 0.10 0.25 N
] 010 02079 Tir [m] 0.17 0.2498
o3 : : 74, [m] 0.17 0.2499
74, [m] 0.17 0.2499
74, [m] 0.17 0.2499
To, [m] 0.10 0.25
T, [m] 0.10 0.2483
Ty [m] 0.10 0.2497
To, [m] 0.10 0.2489
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