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Abstract—Electric aircraft emerge as a promising solution to
mitigate the environmental impact of the aviation sector. The inte-
gration of electric propulsion components in such aircraft differs
significantly from that of conventional aircraft. In the latter case,
initial sizing frameworks typically employ mathematical models
that operate solely with high-level propulsion parameters, such
as power, thrust, and efficiency. However, in the case of advanced
air mobility (AAM) aircraft, the propulsion system integration
at the sizing stage is critical to exploring more comprehensive
configurations and avoiding infeasible solutions. We introduce
a framework for designing AAM aircraft, emphasizing the
crucial integration of propulsion components from the initial
phase. It combines top-level, low-fidelity methods, higher-fidelity
components, and system-level propulsion analysis. This modular
approach facilitates realistic aircraft configuration exploration by
efficiently balancing high and low-fidelity studies. This integrated
approach significantly reduces the risk of infeasible or imprac-
tical solutions and allows for adaptable coupling with various
models of differing fidelity. We demonstrate the framework’s
effectiveness by designing and analyzing a box-wing vertical
takeoff and landing electric aircraft. Key results suggest setting
the propeller pitch optimally at each mission segment increases
the cruising range of aircraft by at least 10%. Similarly, varying
the battery cell type with a fixed pack mass results in up to
10 km gain in cruising range for the optimal cruise speed.
Propeller pitch, battery cell type, and other parameters are often
omitted in the initial sizing stage. Our results emphasize the
high sensitivity of aircraft performance to these parameters. The
proposed framework illustrates its potential to advance electric
aircraft design, contributing to a more sustainable future in
aviation.

Index Terms—Electric vertical take-off and landling (eVTOL),
urban air mobility (UAM), electric propulsion, sizing, modeling
and analysis.

I. INTRODUCTION

Recent observations have highlighted a concerning rise in
atmospheric COg levels, a key factor driving global climate
change [1]. In 2022, the Mauna Loa Observatory reported a
record-high 418.56 parts per million (ppm) of CO5, emphasiz-
ing the severity of this issue [2]. To mitigate these escalating
concerns, global efforts are aligning with the Paris Agree-
ment’s goals, which include a 45% reduction in emissions
by 2030 and reaching net-zero emissions by 2050 [3]. The
aviation sector, responsible for nearly 1000 million tons of
CO; emissions annually, is a critical area for intervention [4].
In this context, the advancement of electric aircraft for urban
and regional transportation, collectively termed Advanced Air
Mobility (AAM) - encompassing Unmanned Air Vehicles
(UAV), Urban Air Mobility (UAM), and Regional Air Mobility
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Fig. 1: Notable electric aircrafts: (a) eVTOL generation 6 by Wisk
(Source: https://wisk.aero/aircraft/), (b) X-57 Maxwell by NASA
(Source: https://www.nasa.gov/aeronautics/x-57-maxwell/), (c) Alice
by Eviation (Source: https://www.eviation.com/aircraft/), (d) VoloC-
ity by Volocopter (Source: https://www.volocopter.com/en/urban-air-
mobility)

(RAM), is essential for sustainable air travel [5]. The industry’s
proactive engagement in AAM is demonstrated by various
promising projects, as depicted in Fig. 1. The growing interest
from academic and research institutions in this field is further
evidenced by a significant increase in research activities,
doubling in output compared to the previous year [6].

These exciting highlights indicate the critical momentum
building behind these innovations. Moving to electric aviation
for mass transportation involves complex challenges in design
and operation, such as energy density, reliability, operational
limits, and cost-effectiveness [7]. Additionally, AAM aircraft
designs are more influenced by their specific design and
mission needs compared to traditional aircraft. The need for
standardized design and analysis methods in this new field
and the confidential nature of contemporary projects further
complicate the work of researchers and designers. Distributed
Electric Propulsion (DEP) in electric aircraft is a key advan-
tage, allowing for a wider variety of vehicle designs tailored
to specific needs. An integrated framework is necessary to
analyze different aircraft designs and choose components,
especially regarding the propulsion system during the initial
sizing phase.

Initial sizing plays a pivotal role in the preliminary stages of
aircraft design, with researchers continually refining methods
for advanced air mobility (AAM) aircraft. Over the past five
years, the field has seen significant advancements, with several
studies adapting standard sizing methods for conventional
aircraft to better suit electric aircraft designs.

For instance, Donateo et al. [8] introduced a sizing method
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specifically focused on electric propulsion for the lift-cruise
UAM configuration. In contrast, Chakraborty and Mishra
[9] explored sizing considerations for electric and hybrid
aircraft with tilt-wing designs. The diversity within a single
configuration is evident with multiple variations arising from
Distributed Electric Propulsion (DEP) and varying degrees of
hybridization in propulsion systems. In this context, de Vries
et al. [10] and Saias et al. [11]. presented preliminary sizing
approaches for hybrid architectures in distributed propulsion
systems. Additionally, Lee et al. [12] proposed a generic sizing
approach tailored to UAM, demonstrating its effectiveness
using Suave [13], a comprehensive aircraft design and analysis
code under active development for several years.

Further contributions to the field include the work of
Rendoén et al. [14] and Abu Salem et al. [15], who conducted
detailed analyses of the development challenges and issues
associated with Hybrid Electric Aircraft (HEA). Their work
highlights the importance of understanding the current status
and challenges in propulsion system development with a
focus on propulsion and energy management. Supporting this
perspective, NASA’s research [16] reported that an optimized
propulsion system could reduce energy consumption by up to
25%.

While studies by Li et al. [17] and Ma et al. [18] pro-
vided specific analyses of propulsion systems, their focus
was on aircraft without Electric Vertical Takeoff and Landing
(eVTOL) and DEP. Nonetheless, these studies offer valuable
insights for our research. Additionally, some of the research
efforts [19, 20, 21] have concentrated on component-level
analyses, contributing significantly to our understanding of
electric aircraft systems. Works by Wu et al. [22], Chauhan and
Martins [23] investigate the interactions between wings and
propellers, offering detailed aerodynamic modeling insights.
These studies are instrumental in comprehensively analyzing
designed configurations. Moreover, research in [24, 25, 26, 27]
have provided in-depth system modeling and analysis ap-
proaches, primarily developed for UAVs yet applicable in
broader contexts.

In the design of Advanced Air Mobility (AAM) aircraft,
the initial sizing phase often overlooks the crucial aspect
of propulsion feasibility. This common oversight can lead
to impractical or suboptimal aircraft dimensions, requiring
frequent adjustments to accommodate the varying impacts of
different component choices. Traditional methods, typically
used in a standalone manner, further complicate this issue.
They lack the detailed mathematical modeling necessary for a
robust and flexible design process, which limits the exploration
of diverse configurations and accurate estimations.

To address this gap, there is a clear need for a compre-
hensive system-level approach. Such an approach should not
only focus on vehicle sizing but also seamlessly integrate
component-level analysis, particularly of the propulsion sys-
tem. This integration requires a modular and adaptable frame-
work, allowing for a more holistic and efficient design process
that can accommodate a wide range of aircraft configurations
and propulsion options.

We present an integrated framework that effectively com-
bines component-level propulsion analysis with aircraft sizing

considerations, addressing the previously identified gap in
Advanced Air Mobility (AAM) design. This approach ensures
robustness and adaptability in the design process. Our frame-
work starts with a detailed sizing method, progresses to com-
prehensive mathematical modeling for propulsion components,
and then integrates these elements cohesively. We demonstrate
its effectiveness through application to our in-house box-wing
UAM aircraft currently under development. This framework
facilitates exploration of diverse configurations and ensures
feasibility through extensive analyses and optimizations before
finalizing design choices.

Our novel framework is systematic, modular, and well-
suited for complex aircraft propulsion challenges. Its adapt-
ability and flexibility allow for component interchangeability
and analysis modifications to suit specific design needs, en-
hancing its relevance in the evolving field of aircraft design.
The subsequent sections detail our framework: Section II
presents the overall description; Section III outlines the propul-
sion system analysis and its mathematical modeling; Section
IV focuses on validating our methodology at the component
level; and Section V applies our framework to a fully electric
UAM aircraft case study, illustrating the results.

II. PROPOSED FRAMEWORK

Our proposed framework integrates the sizing method with
propulsion analysis, consisting of four distinct modules: pre-
liminary data, initial sizing, secondary loop, and the propulsion
system, as depicted in Fig. 2. The process begins with prior in-
formation, where we collect the requirements based on market
analysis or direct customer feedback. This stage involves re-
fining design requirements and conducting a thorough mission
analysis, mindful of relevant regulations and fixed parameters
like physical constants and technological constraints.

The second module, viz., initial sizing, is pivotal in esti-
mating the weight and size of the aircraft’s components. This
step sets baseline dimensions in alignment with the design and
mission specifications, calculating the total mass, including the
structure, systems, payload, and propulsion. A crucial decision
point here is ‘Mass Convergence’: a checkpoint for mass
estimation alignment with design objectives. The iterative
process continues until this convergence is achieved.

Upon achieving satisfactory initial sizing, we advance to the
detailed configuration phase. It includes precise component
placement and integration, moving us into the performance
analysis module. This iterative process further refines the vehi-
cle’s design, encompassing aerodynamic coefficient estimation
and overall performance assessment. The propulsion analysis
module is coupled to evaluate performance under various flight
conditions, ensuring it meets the necessary criteria.

The output from this process encompasses detailed perfor-
mance metrics such as thrust, torque, battery status, and pro-
peller performance, including range and other essential param-
eters. Our framework ensures a comprehensive consideration
of all aircraft design aspects, judiciously choosing them to
fulfill the specified requirements and design objectives. As the
figure details, we interconnect the modules through a feedback
loop. It facilitates the refinement of aircraft sizing, enabling the
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Fig. 2: Proposed integrated sizing and propulsion system analysis framework

selection and substitution of components with precision. The
analysis results are connected back to the propulsion analysis
module and operate at various levels, viz., for propulsion

adjustments, @ for vehicle adjustment, @ for resizing, and

@ for change in design requirements, mission specifications,
or constant parameters. This hierarchical approach ensures that
changes at any level are systematically evaluated for their im-
pact on the overall design, allowing for a thorough and iterative
refinement process. The interplay between these levels means
that even minor adjustments at the component level can lead
to significant modifications in the system, thus underlining the
importance of each module within our integrated framework.
This structure is instrumental in ensuring that the final aircraft
design is feasible and aligned with the specific requirements
and objectives set forth at the outset. Here, we discuss the
mathematical modeling involved in the sizing and performance
analysis.We discuss the propulsion analysis module in the next
section.

The integration of aerodynamics and propulsion analysis
within our framework takes into account how ambient air
density changes with altitude, directly affecting lift, drag,
and thrust generation. This crucial detail ensures that our
design process dynamically interacts with flight conditions,
highlighting the framework’s ability to adapt and refine based
on operational environments. This approach not only optimizes
performance but also ensures the aircraft design is robust and
responsive to varying atmospheric conditions.

A. Initial Sizing

Using the preliminary data, we initiate the sizing process
with constraint analysis to define the feasible design region,
focusing on critical parameters such as power-to-weight ratio,
disc loading, and wing loading, all aligned with the aircraft’s
performance requirements. This analysis informs the calcula-
tion of the propulsion system mass, considering the established
power-to-weight ratio and disc loading.

Following this, we conduct a mission analysis tailored to
specific mission requirements, which then guides the sizing of
the battery energy system based on the calculated energy needs
and maximum power requirements. The final step involves
computing the total takeoff mass. This is achieved by con-
sidering the mass fraction assumption alongside the payload,
battery, and electronic components’ mass.

We implement a mass convergence iteration using the fixed-
point iteration method to ensure accuracy and feasibility.
If convergence is achieved, it signifies that the aircraft is
correctly sized. We then optimize the design to minimize
the maximum takeoff mass, ensuring a feasible and efficient
aircraft design.

Our sizing methodology, detailed in Table I, employs a
blend of classical and modified equations to establish the
fundamental relationships necessary for aircraft design. We
utilize classical performance constraint equations for forward
flight aircraft [30] to determine the correlation between wing
and power loading. Additionally, we incorporate classical
rotorcraft equations [31] and modified constraints [28] to size
the wing area and propulsion system components accurately,
based on the interplay of wing loading, disc loading, and the
power-to-weight ratio. A total of six constraints guide our
analysis, focusing on power-to-weight ratio, wing loading, and
disc loading.

For the propulsion system, we estimate the mass based
on the power-to-weight ratio and disc loading derived from
the constraint analysis. This estimation includes the propeller,
motor, inverter, and converter components. Mass calculations
for the motor, inverter, and converter are grounded in a
regression model of existing products, as shown in Table L.
We do not size components like motor casings and cooling
systems separately. Instead, our model, inherently accounts
for these elements, ensuring a comprehensive representation of
motor characteristics in our analysis. The propeller diameter is
estimated using Raymer’s method [32] and from disc loading
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TABLE I: Sizing method and related equations

Analysis Name Equation
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Preq; = P/W;W Vi € N, N is the mission profile
Ereq; = Preg; t; Vi € N, N is the mission profile

Motor mass
Inverter/Converter mass
Propulsion estimation [29]

Mission analysis Power required
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results. Considering the tilting mechanism of our system, we
use the maximum diameter to avoid undersizing the propulsion
mass. T, o,
Our mission analysis quantifies the power and energy re-
quirements, guided by the mission profile’s demands. Power 4
needs are calculated using equations from our constraint anal-
ysis, multiplied by the maximum takeoff weight. This figure is
then multiplied by mission segment durations to ascertain the \
energy required for each segment and the total flight mission. ’ 9
In our selection process for the battery, we prioritize specific &
power and energy to ensure the choice aligns with both
the maximum power output and mission energy demands,
as emphasized by Brelje and Martins [33]. This approach w
prevents undersizing, which could compromise power avail-
ability and operational range, and oversizing, which may lead
to unnecessary weight and increased costs, detrimentally im-
pacting aircraft efficiency and performance. During the battery

Fig. 3: Force balance of aircraft

a small angle of attack, where (o ~ 0). This simplification

sizing, we account for both the cell mass and the additional
weight from the casing and other components, integrating a
battery packing efficiency factor for accuracy. Additionally,
we incorporate a typical Depth of Discharge (DoD) of about
80% into our calculations to account for safety considerations
in our designs.

B. Performance Analysis

We use a two-degree-of-freedom (2-DOF) model based on
point-mass-based equations of motion to calculate aircraft per-
formance, as illustrated in Fig. 3. Specifically, the equation of
motion for tilting in vertical flight mode is derived under New-
ton’s second law of motion. This derivation assumes steady
rotation about the aircraft’s center of gravity and considers

allows us to focus on the essential dynamics of tilting during
vertical flight for aircraft performance calculations.

Concerning the figure, forces parallel and perpendicular to
the flight path can be resolved as follows:

W d

W a4V =T.cos¢p — D, — Wsinf (1)
g dt

W dv, :

;;t =T, + Ly —WecosO+T.sinp+D, (2)

Here, T represents the thrust generated by the tilting propeller,
and T, denotes the thrust of the vertical propeller. L,, is the
lift force, while D, and D,, are the drag forces during forward
and vertical flight, respectively. The variables ¢ and 6 represent
the tilting and flight path angles, respectively. These equations
form the basis for understanding the dynamics of the aircraft as
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Fig. 4: Performance and mission analysis

it maneuvers through different flight modes, considering both
the tilting and vertical propulsions in relation to the aircraft’s
orientation and trajectory.

We carry out performance and mission analysis by solving
the equations above of motion tailored to different flight
modes. The flow of this performance analysis is depicted in Fig
4. We conduct aerodynamic analysis based on specific flight
modes, considering factors such as altitude and airspeed. This
analysis facilitates the calculation of the required thrust for
propulsion and mission analysis.

We estimate the required thrust through aerodynamic anal-
ysis depending on the flight mode. Lift and drag are expressed
as:

1
Ly = §pVQSCL 3)
D= %pVQSCD 4)

For forward flight, we estimate the drag coefficient using
friction codes for friction drag and AVL for lift-induced drag:

Cp. = Cp,(V,h) + Cp,(V,h) 5)

In vertical flight, where (o« = 90°), the drag coefficient is
approximated based on flat plate theory:

Cp, ~ 2sin® a ~ 2 (6)

We then detail the thrust estimation and assumptions for
each flight mode:

a) Vertical Takeoff and Landing Mode: Characterized by
steady takeoff and no forward motion with V, = 0, ¢ = 90°,
0 = 0° and V,, = V. Assuming no acceleration during takeoff
and no forward flight motion, the equation simplifies to:

Ty+T.=W=D, (7

b) Hovering Flight Mode: Defined by no motion in
either forward or vertical directions with V. = 0, ¢ = 90°,
6 = 0° and V,, = 0. The equation of motion then becomes:

T,+T. =W ®)

TABLE II: Transition: Initial and final conditions

Parameter  Start Condition = End Condition
Ve 0 1.2Vsiau
Ty w/2 0
Te w/2 wW/2
L 0 w
o) 90° 0
0 0 0

c) Climb and Descent Mode: In steady climb or descent,
represented by V. = Vroc, ¢ =0°, 8§ = 0° and V,, = 0. We
solve two equations using fixed-point iteration to determine 6
for any given airspeed:

T.— D, = Wsin6 )
L =W cosf (10)

d) Transition Flight Mode: The transition segment, albeit
brief, involves complex analysis due to the shift from hovering
to cruising. To address this, we set boundary conditions at both
the start and end of the transition. The transition initiates in
a hovering state and concludes in a cruising condition, where
the cruise speed exceeds the stall speed. During this phase,
the tilting angle and vertical thrust are gradually reduced,
facilitating the aircraft’s acceleration while maintaining its
flight altitude. Table II lists the boundary conditions for the
flight parameters.

The equations of motion for the transition flight are ex-
pressed as follows:

(1)
12)

W
?a:TcCOS(ﬁ—DC
0=T,+L—-W+T.sing

From these equations, the required thrust can be calculated
as:

T,=4——° (13)
(14)

These formulations are critical in understanding and calcu-
lating the thrust dynamics during the intricate transition from
vertical to forward flight. Next, we discuss the modeling of
the propulsion system analysis module.

III. PROPULSION ANALYSIS

The electric propulsion system is pivotal in designing,
developing, and operating electric aircraft. This section details
our methodology for analyzing the electric propulsion system
in electric aircraft. Fig. 5 displays a simplified depiction of the
distributed electric propulsion (DEP) architecture, a key ele-
ment in all-electric aircraft design. It emphasizes the modular
nature of the DEP system, highlighting its adaptability and the
ease with which components can be modified or exchanged
based on specific design requirements. It also enables precise
performance assessment and facilitates the customization of
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Fig. 5: Electric propulsion system

component selection, ensuring optimal alignment with partic-
ular design and mission requirements.

These components are depicted in a linear configuration,
symbolizing the power flow from the battery pack through
the converters, inverters, and ultimately to the motors. The
converters are responsible for adjusting the DC power from
the battery pack, while the inverters convert this power to AC,
suitable for the motors. Each motor is linked to a propeller,
representing the propulsion mechanism of the aircraft. Now,
we discuss the model corresponding to each component.

1) Battery Model: Accurate State of Charge (SoC) esti-
mation is crucial for estimating aircraft performance. Various
battery models have been discussed in literature, each with
its own merits. Electrochemical mechanism models are highly
accurate but complex, making them more suitable for battery
design and manufacturing. Data-driven models, especially
those based on neural networks, require extensive training
data, leading to higher computational costs. Reviews by Zhou
et al. [34] and Wang et al. [35] provide in-depth insights into
these battery modeling techniques.

Equivalent Circuit Model (ECM)-based models offer an
optimal balance between complexity and accuracy, making
them preferred choices for real-world applications [26, 36].
While Thevenin and other battery models provide higher
accuracy, around +1% [37, 38, 39], our framework utilizes
a modified version of the ECM, depicted in Fig. 6. This
model is selected for its speed, robustness, and reasonable
accuracy [40]. It simplifies the parameterization process using
inputs derived from discharge characteristics or manufacturer
data and is adaptable to a variety of battery chemistries and
configurations. The modular nature of our framework also
allows for easy integration of alternative models, offering the
flexibility needed to adapt to different scenarios.

Fig. 7 presents the typical discharge curve of a Li-Ion
battery, capturing three distinct regions. Initially, there’s a
rapid voltage drop, termed the exponential region, followed
by the nominal region, where voltage stabilizes, offering
consistent power output. Finally, the voltage sharply decreases
to the cut-off point, indicating the battery’s minimum usable
limit to prevent damage. The horizontal axis measures the
battery’s storage capacity in Ampere-hours (Ah), marking the
top, nominal, and maximum capacity, respectively, with a
steep voltage decline signifying depletion and the need for
recharging.

&
Capacity Q,,:/ Iy
Consumption \, 3600
Current
Filter
Ip
Polarization Ip +
Voltage Voo -
. Ox <
K———— +1
On -0y @8 ¥) .
Ve
Exponential
Voltage
Aexp (—BQg) :

Fig. 6: Battery model equivalent circuit diagram
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Fig. 7: Typical discharge curve of a battery

We use a model incorporating polarization voltage as a time-
dependent state variable, accounting for variations in output
voltage [40]. The discharge voltage is estimated using the
following equation:

Vi = Vo — Rplp
—_——

Equivalent circuit

ta I
_Kg——%}T—r/ B dt + I
On n_d¢ \J;, 3600

— JL, 3650

Polarization

ta IB
A _B dt
+Aexp ( ]Q 3600 )

Exponential

5)

Here, A is the amplitude of the exponential zone (V), B is
the inverse time constant, ()N is the nominal battery capacity
(Ah), Rp is the internal resistance (£2), K is the polarization
constant, V¢ is the battery’s constant voltage, and Vg is the
terminal voltage. Ir and Ip denote the filtered and battery
currents, respectively. The coefficients A and B are defined as
follows:

3
B=—
Qe
To determine the polarization constant /K, we use the follow-
ing equation, considering maximum charge (4. ), nominal
charge (@), and other battery parameters:

A=Vr — Vo + Rglg, (16)
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(Qmax — QN) [VN — Vo + Rl — Aexp (—BQn)]

K=-
Qmax (QN + IB)
a7
We estimate the SoC using the following expression:
Q _ to IB t
SoC = b 3600 w100 (18)
Qmax

Regarding the physical arrangement of batteries, they can
be configured in either series-parallel or parallel-series con-
nections to achieve the desired pack voltage and current. The
total pack voltage (Vjqcx) and current (/,401) can be calculated
as follows, where Ng and Np are the numbers of series and
parallel connections, respectively:

Vpack = VBNS
Ipack = IBNP

19)
(20)

2) Converter Model: A DC-DC converter is an integral
component in power supply applications, serving to adapt
the voltage level of a DC source to meet the requirements
of various devices. Such converters are pivotal in managing
energy flow in systems where source and load voltages differ.
They are commonly utilized for voltage regulation in energy
storage systems and portable electronic devices, among other
applications [41]. This study focuses on buck converters due
to their relevance in electric propulsion systems, particularly
in eVTOLs. High-voltage batteries or fuel cells employed in
eVTOLs necessitate buck converters to step down the voltage
to suitable levels for motors, avionics, and other electric
devices.

The efficiency of a buck converter is a critical aspect directly
influenced by the power losses occurring within its compo-
nents, namely the MOSFET, diode, and inductors. These losses
are quantified using the ensuing equations:

D= Vvin,conv (21)
‘/out,conv
where D represents the duty cycle of the converter, a unitless
parameter that determines the output voltage (Vout,conv) and
(Vin,conv) 1s the input voltage. The duty cycle is instrumental
in calculating the power losses in both the MOSFET and the
diode, which can be determined using Equations 22 and 23.

PM,conV = Igut)conv . Rds(on) -D (22)

PD,Conv = out,conv'(1_D)'Vrfw""lgut’conv'(l_D)'Rd (23)

Inductor losses can be calculated from the output current
(Lout,conv) and inductance of the converter ([?r,):

PL,conv = Iozut,conv "Ry (24)

The cumulative loss within the converter aggregates the
losses from the MOSFET, diode, and inductor components:

]Dlosses,conv = PM,conv + PD,conv + PL,conv (25)

Finally, the input current (/in conv) to the converter is computed
as the quotient of the input power and the input voltage:
Iin,conv _ Pout,conv + Hoss,conv (26)

‘/in ,conv

It is essential to account for all types of losses to ensure
the accurate prediction of the converter’s performance. These
losses directly impact the efficiency and thermal management
of the converter, which are crucial for the reliable operation
of eVTOLs.

3) Inverter Model: A three-phase inverter is used to con-
vert DC into AC for powering a Permanent Magnet Syn-
chronous Motor (PMSM). In our analysis, we focus on the
efficiency of this inverter, which employs Gallium Nitride
(GaN) Metal-Oxide-Semiconductor Field-Effect Transistors
(MOSFETs). GaN-MOSFETs are recognized for their high
efficiency, largely due to their low on-state resistance and
higher switching speed [42]. These properties enable the devel-
opment of smaller and lighter inverters, essential in aerospace
applications. Despite their relatively recent emergence, the
rapid advancements in GaN technology [43, 44] make them a
promising choice.

A critical factor in inverter efficiency is the conduction
losses of GaN-MOSFETs, which constitute a significant por-
tion of total power losses. We simplify the assessment by
focusing on conduction losses and omitting switching losses,
which are generally low for GaN devices. The conduction
losses are quantified using the phase current (/4 in,) and
the MOSFET’s on-state resistance (R gs(on))- Additionally, the
modulation index (m,) and the phase angle (¢) are crucial to
the calculation, representing the inverter’s operating conditions
and the power factor of the load, respectively.

1 mg - cos(o
PM,inV = Ii,inv . Rds(on) . <8 + 8()) (27)

1 mg - cos(o)

Poiny =Ilpinv  Viw | =— — —————
1 mg - cos(9)

2o l=——"2—"2) R

+ ¢,inv <8 3 ) d

The total conduction losses within the inverter are obtained
by summing the losses from the MOSFETs and diodes:

(28)

Ploss,inv =6- (PM,inv + PD,inv) (29)

Subsequently, the input power and current to the inverter
({in,inv) can be determined to provide insight into the overall
efficiency of the power conversion process:

Rn,inv = Ploss,inv + Pout,inv (30)
]Din inv
Iin inv = &, — (31)
’ Vbe

This analytical approach enables the quick estimate of the
inverter’s efficiency. In the next section we describe the motor
modeling.
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4) Motor Model: Electric motors are an integral part of
electric aircrafts. They are responsible for converting electrical
energy into mechanical energy, providing propulsive force
necessary for flight. UAM aircraft while going through various
flight phases, require motors that can deliver high torque
within a confined speed range. This is distinct from the
automotive industry’s focus on high-speed motors for electric
vehicles (EVs) [45].

For our eVTOL aircraft propulsion, we’ve chosen Perma-
nent Magnet Synchronous Motors (PMSMs) over Brushless
DC Motors (BLDC) due to their superior compactness, high
torque density [46] and rapid response to load changes [47],
Tessential for eVTOL’s varying flight demands. PMSMs offer
greater efficiency, lower noise, and improved power density,
despite their higher cost and complex control requirements
[48, 49]. These features make PMSMs the optimal choice for
achieving the performance goals of our eVTOL aircraft design,
ensuring it meets the high standards required for efficient and
effective propulsion.

Figure 8 represents a simplified equivalent circuit model of a
PMSM. The stator resistance Rs and synchronous inductance
L, are parameters obtained from motor manufacturers. For
analyzing the motor’s performance, phasor analysis within the
d-q reference frame is employed, as suggested by [50]. The
rotor’s magnetic field establishes the d-axis as the reference
axis.

RS LS 1¢,mot

o—,

+

*

@ Ed),mut

V¢,77wt

o

Fig. 8: Phase-wise equivalent circuit of a PMSM.

The back electromotive force FEy o
calculated using:

@) in the motor is

Wrotor

K,

where w10 represents the rotor speed, K. is the back EMF
constant (V's/rad), and K, is the motor constant provided by
the manufacturer (rpm/V).

The no-load torque (@.,,;) and the electromechanical torque
(Qem) are determined by the following equations:

Ecb,mot(q) = K. - Wrotor = (32)

Pmec

Quy = 2= (33)
Wrotor

Qem = Qrotor + in (34)

where Ppecn i the mechanical power loss of the motor and
Qrotor 18 the load torque from the propeller.

When field weakening is not applied (I mot(a) = 0), the
magnitude of the phase current is estimated as:

Qem _ Qem : Kv
3- K, 3

|I¢,mot| = I¢,mot(q) = (35)

The components of the d-axis and g-axis voltages are
described as:

Vd),mot(d) = —Wrotor " Npp * Ly - Iph,mot(q) (36)
Vsmot(q) = Eg,mot(q) + Bs - Lp,mot(q) (37)

The phase voltage magnitude is then calculated by:
|V¢,mot| = \/V;,mot(d) + Vd?,mot(q) (38)

The total power loss (P,ss) and input power (FPjy, mot) are
given by:

Ploss = Pcu + Pmech (39)
Pin,mot = Ploss + Qrotor * Wrotor (40)

The modulation index (m,) is defined as:
ma = 23 . Vomotl (41)

Vbe

where Vpe is the DC bus voltage.

In our study, mechanical losses like windage, friction, and
stray losses, which generally account for a minor portion
of total power losses, were deemed negligible in line with
existing literature [51, 52, 53]. Consequently, we equated
mechanical losses to copper losses when assessing efficiency.
Our analysis focused on copper losses due to their substantial
role in total losses, as highlighted in previous research [54].

Pcu =3 Rs ' |I¢o7mot|2 (42)

5) Propeller Model: We have developed an in-house pro-
peller analysis code based on blade element momentum theory
(BEMT) Glauert [55], which combined blade element theory
with momentum theory. We incorporate suggested techniques
in our code to improve its accuracy and robustness. In the next
section, we detail the mathematical modeling of these theories,
along with the methods employed for these improvements.

Blade Element Theory: This approach involves the blade
element analysis, where the propeller blade is divided into
numerous sections. For each section, lift and drag forces are
calculated based on their unique airfoil characteristics and the
prevailing operational conditions, similar to the force dynamics
on an aircraft wing. These forces are then resolved along the
propeller’s axis, as depicted in Figure 9, to determine the
propeller’s resultant thrust and torque. The forces generated by
an elemental blade section are mathematically represented as
axial force (d7") and angular force (d@). These forces, acting
in a plane perpendicular to the blade, are derived from the
differential lift (dL) and drag (dD) forces, considering the
inflow angle (¢):

dl' = dLcos¢ —dDsin ¢
dQ = dLsin ¢ + dD cos ¢

(43)
(44)
We further express them in terms of the local resultant wind

speed (VR), chord length (c,.), air density (p), and aerodynamic
coefficients C; and Cy:
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Fig. 9: Propeller analysis using blade element model

dT = %pv,%c,.dr [Ci(a) cos p — Cy(a)sing]  (45)

dQ = % pVizerdr [Ci(a) sing + Ca(a) cos¢]  (46)

Vr and ¢ are calculated using the free stream velocity
(V), rotational speed (£2), and the axial and angular induction
factors (a and a'):

Ve =Vl +a)f + [ (1—a)? @)
I Voo(1+a)
o=t [Qr(l—a/)} (48)

The differential thrust (d7') and torque (d7) are computed
as follows:

1 2
dT = ar(f;z [Ci(a) cos ¢ — Cy(e) sin ¢] V2 prrdr
sin
(49)
1 2
dr = UT(.—'—;Z [C)() sin ¢ + Cy(a) cos ¢] V2 prr?dr
sin
(50)
Here, 0, = if; represents the blade solidity, with B being

the number of propeller blades.

The thrust and torque now can be obtained once we know
V.., Cy, and Cy. We know from Equation 47 that Vy estimation
requires a and a’. Therefore, we combine the momentum
theory described in the following section to get the induced
velocity.

Momentum Theory: Momentum theory is based on con-
ceptualizing the propeller as an actuator disk. This idealization
represents the propeller as an infinitely thin disk that induces
a minor velocity increment (u) in the flow direction. Fig. 10
provides a clear representation of the actuator disk model in
the context of propeller analysis.

The analysis assumes that energy states before and after the
propeller remain conserved. Applying Bernoulli’s theorem, we
can express the pressure difference across the actuator disk as:

Ap = %proéla(l + a) (51)

Here, Ap represents the pressure difference, p is the air
density, and a is the axial induction factor, quantifying the
velocity increment induced by the propeller.

Considering this pressure difference over a small area dA =
27rdr of the disk, the incremental thrust dT" is derived:

dT = %pvozoéla(l + a)(27rdr) (52)

This equation calculates the differential thrust, with r de-
noting the radial position on the disk.

For the propeller’s rotational effects, the incremental torque
(dr) is linked to the change in angular momentum for an
elemental annulus of the disk:

dr = p (2mrdr) Vyr’w (53)

The angular induction factor, o/, relates to the induced
angular velocity (w) and the propeller disk’s angular velocity
Q):

_w
20

The induced velocity (V) through the disk, influenced by
a, 1is:

/

a (54)

Va=Ve(l+a) (55)

Integrating the incremental torque over the entire disk yields
the total torque:

dr = 2a/ (1 4 a)pVee QU3 mdr (56)

To enhance the accuracy of momentum theory, we incorpo-
rate corrections as suggested by Glauert [56], aligning theo-
retical predictions with empirical data. The tip loss correction
factor (Fr), addressing lift loss at the propeller’s tips due to
air pressure differences, is calculated as follows:

2 —B (A
Fr = = cos [e 2 \7lsin o1 } (57)
™
Similarly, the hub loss correction factor (F) accounts for lift
loss near the propeller hub:

R
Fu = 2 cos ™! [e_jg(’m)] (58)
s

The combined effect, 7 = FrFpy, is applied to the disk
loading equations (Equations 52 and 56) to align with Blade
Element Momentum (BEM) theory solutions (Equations 49
and 50). This yields:

a o, [Cy cos ¢ — Cysin @]

= 59
1+a 4F sin® ¢ >9)
’ ) .
a_ o [Cy smdw.—gd cos @] 60)
1+a 4F N, sin” ¢
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Fig. 10: Schematic of the actuator disk concept used in the momentum theory for analysis of propellers.

where )\, is the tip speed ratio, which is represented by ‘%70
We utilize XFOIL [57, 58] for pre-stall aerodynamic coef-
ficients estimation and the Viterna method [59] for post-stall
extrapolation:
2
G = Gtmas 190, 1 1y 952 ©1)
2 sin «
where Cy, _ is the drag coefficient at the angle of attack of
90 degrees. k; represents a correction factor for lift, calculated
based on the stall coefficients. Similarly, the drag coefficient
is given by:

Cy=Cy,,. sin?a+kqcosa (62)
For finite aspect ratio blades, Cy,, . varies based on aspect
ratio (AR):
o - {1.11 1+ 0.0184R, if AR < 50
e 2.01, otherwise

The coefficients k; and ky are calculated using stall coeffi-
cients:

. sin o
ki = (Ci, — Ca,,,, sinag cos o) —5—— (63)
cos? g
Cd SiIl2 (0%
kg=C4, — —mor— = (64)
oS Qg

To quickly predict C; and Cy across various Re and angles
of attack, we have developed a kriging-based surrogate model
and coupled it to the propeller model. Once the values of a
and o' are determined, T and 7 can be estimated by summing
dT and drt across the entire blade, respectively. We get the
thrust coefficient (C7) as:

T
~ pn2D*4
Here, n represents the propeller speed in rotations per second,
and D denotes the propeller diameter. We calculate the power
coefficient (C'p) as:

Cr (65)

P

Cp=—— 66

P = sDR (66)

P is the power we get from 27n7. We get the efficiency (1)

as:

Cr

=J— 67

n Cp (67)

where J = %, is the advance ratio. The following section

briefly discusses the validation study conducted for the motor
and propeller model.

Fig. 11: EMRAX 208 [60]: High-efficiency PMSM motor.

IV. MODEL VALIDATION

This section discusses the validation studies of the motor
and propeller models.

A. Motor Performance Validation

We conduct a validation of our motor model against the
EMRAX 208 [60], an axial flux motor shown in Fig. 11
renowned for its compact and efficient design, making it
ideal for electric aircraft applications. Table IX lists the
corresponding key motor parameters. This validation process
is crucial to ensuring that our motor model accurately reflects
the performance characteristics of the EMRAX 208, thereby
confirming its suitability for integration into the propulsion
system of our electric aircraft design.

Fig. 12 illustrates the EMRAX 208 motor’s performance,
showcasing peak power and torque over varying speeds. The
motor operates efficiently within its Maximum Torque per
Ampere (MTPA) range and Flux-weakening (FW) regimes
for optimal power [61]. Manufacturer data [60] are plotted
alongside our model’s performance curves. Notably, peak
torque (orange) diminishes with increasing speed, while peak
power (blue) rises to a plateau. Power loss (green) escalates
with speed. The close alignment between the model and
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TABLE III: EMRAX 208HC CC PMSM Parameters [60]

Parameters Values

Continuous Power (Peont), [kW] 25-40

Peak Power (Ppeak), [EW] 80

Continuous Torque (Qcont), [IN.m] 80

Peak Torque ( Qpeak), [N.m] 150

Continuous Current (Icont, [A] 100

Peak Current [Ipeqx], [A] 200

Rated Speed (wyated), [RPM] 4500

Maximum Speed (wmax), [RPM] 6000

Torque Constant (Kt), [N.m/A] 0.83

Poles (npoie), [-] 20

Resistance (Rs), [m£2] 125

Inductance (Ls), [nH] 130

Flux Linkage (¢m), [Vs] 0.0393

Back EMF (Ke), [V's/rad] 15

100 - r 2000
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80 1 r 1600
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= 60- < /e £ 1200 %
3 & <
5"/ &Q 1]
5 & 8
2 404 Y 4 800 —
] [}
o . 2
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Fig. 12: Peak power, torque, power loss validated with EMRAX
manufacturer’s data [60]

empirical data assures that the model is acceptable for our
use case.

B. Propeller Performance Validation

For validating our propeller model, we utilized experimental
data from the study by Adkins and Liebeck [62], with propeller
geometrics detailed in Table IV. Given the experimental data’s
range limitations for advance ratio (J), we further corroborated
our model with QBlade [63]. QBlade, a comprehensive open-
source simulation software, was initially developed at the Her-
mann Fottinger Institute of the Technical University of Berlin.
It provides robust simulation capabilities that complement our
validation process, ensuring the accuracy and reliability of our
propeller model.

The graph in Fig. 13 illustrates a comparison of propeller
efficiency as a function of advance ratio (J) among three differ-
ent datasets: our current model, QBlade software simulations
[63], and empirical results from Adkins [62].

The plot reveals a strong agreement across these sources,
validating the accuracy of the present model against well-
established experimental data, as well as QBlade simulations.
Therefore, our model is reliable enough to predict propeller
performance. However, we further verify the other output
parameters to ensure the accuracy, as shown in Fig. 14.

TABLE 1V: Propeller’s geometry [62]

Radial position (), [m]  Chord (c,), [m]  Twist (3r), [°]

0.5000 0.3424 58.3125
0.8958 0.4605 41.8645
1.2917 0.4269 32.2669
1.6875 0.3569 22.2978
2.0833 0.2796 18.7971
2.4792 0.1913 15.9619
2.8750 0.0000 13.8552
1.0
0.8
T
S 061
>
[&]
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2
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&
w
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Fig. 13: Efficiency curve for the selected propeller

The provided plots offer a comparative analysis of our
model for the thrust coefficient, power coefficient, and torque
against the advance ratio (J), labeled respectively as Fig.14a,
Fig.14b, and Fig.14c. While overall alignment is observed
across these metrics, reinforcing the model’s credibility, there
is a noticeable deviation at lower values of J. This deviation
is attributed to the high angle of attack at lower J, where
flow prediction carries inherent uncertainties. Nevertheless,
this discrepancy is not expected to significantly impact the
model’s overall performance due to its occurrence at the
corresponding lower vehicle speed.

In the next section, we discuss a case study to demonstrate
the efficacy of the proposed method.

V. BOX-WING UAM AIRCRAFT: A CASE STUDY

This section presents our ongoing development of an in-
house box-wing UAM aircraft as a case study. We begin
by outlining the essential design requirements and mission
specifications. A presentation of the initial sizing results fol-
lows this. Subsequently, we select appropriate components,
which are then incorporated into the resizing process. Finally,
we analyze and discuss the results obtained through our
framework in detail.

A. Design Requirements and Mission Specifications

Top-level requirements for our UAM study, inspired by Uber
Elevate’s research [64], encompass aspects such as mission
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Fig. 14: Performance comparison of the propeller model: (a) Thrust coefficient vs. Advance ratio, (b) Power coefficient vs. Advance ratio,

(c) Torque vs. Advance ratio,

TABLE V: TLAR requirements

Parameter Value
MTOW, [kg] 1500

Seat number 4

Payload, [kg] 444.5
Maximum speed, [m/s] > 73.06
Stall speed, [m/s] < 26.6
Rate of climb, [m/s] >5.8
Vertical takeoff& landing, [m/s] >3
Cruise altitude, [ft] AGL 1500

profile, performance, payload capacity, safety, and various con-
straints. The mission profile, illustrated in Fig. 15, is crafted
based on these comprehensive studies. Additionally, a reserve
mission of 6 miles (9.66 km) is integrated into the mission
as specified by Uber [64]. Key performance parameters, e.g.,
maximum rate of climb, cruise speed, and vertical takeoff
and landing speeds, are deduced from competitor analysis
(Table V) and baseline requirement data [65]. The maximum
takeoff and payload masses are determined based on user
requirements. In line with Uber Elevate’s specifications [64],
we adopt a full payload target of 990 lbs (= 444.5 kg),
considering average weights for male and female passengers.

B. Configuration Selection and Constant Parameters

A box-wing configuration UAM is selected in this study
[15], [66]. This design effectively minimizes induced aero-
dynamic drag, making it an ideal candidate for integrating
hybrid-electric propulsion systems. Previous research has un-
derscored the potential of the box-wing design in the regional
aircraft sector, where adopting hybrid-electric propulsion is
most promising due to current limitations in battery energy
density for medium-long range flights [15]. Our conceptual
study aims to explore this integration, particularly for devel-
oping emission-free urban and regional aircraft, a technically
feasible prospect within the next decade. The choice of a box-
wing configuration for Urban Air Mobility (UAM) is further
justified by its suitability for hybrid energy usage, combining
battery systems for vertical flight and hydrogen fuel cells for

TABLE VI: Key parameters for initial sizing

Parameters Value
Main wing aspect ratio (AR qain), [—] 7.2
Rear wing aspect ratio (ARyear), [—] 6.57
Sweep angle (AL g), [°] 20
Mass fraction airframe (M Fyirframe)> [—] 0.30
Maximum lift coefficient (Cy,,, .. ), [—] 1.4412
Zero-lift drag (Cp,), [—] 0.02907
Oswald efficiency (e), [—] 0.86
Figure of Merit (FoM), [—] 0.70
induced factor (k;), [—] 1.15
solidity (o), [—] 0.267
blade drag coeff. (C'd), [—] 0.01
Cruise propeller efficiency (Mprop,,yise)s [—1 0.85
Climb propeller efficiency (Mprop.jims)s [—] 0.70
Takeoff propeller efficiency (Mpropy o) [=]1  0.70
Hover propeller efficiency (Mprop,ouer)s [— 0.50
Motor efficiency (nmotor), [—] 0.95
converter/inverter efficiency (14 /conv)s [—1 0.98
Battery efficiency (mpqatt), [—] 0.90
Dead of discharge (DoD), [—] 0.80
Battery specific energy (E;,,,), [Wh/kg] 300
Battery specific power (P} ,,), [W/kg] 980

forward flight [67], with proven efficacy in scale-down model
flight tests [68, 69, 70]. This selection aligns with our goal to
design a highly efficient, environmentally friendly aircraft, ad-
dressing both aerodynamic design issues [71] and the physics-
based challenges of box-wing configurations [72, 73].

A baseline configuration is shown in Fig 16. Table VI enlists
all the key parameters we consider in our study.

C. Results of Initial Sizing

We use the design parameters outlined in Table VI and
carry out initial sizing to meet performance and mission
requirements. The constraint diagram and the resultant design
point of the sizing are depicted in Fig 17. For the forward
flight propulsion system, we select the design point based
on a power-to-weight ratio (P/W) of 14.13 W/N and a
wing loading (W/S) of 627.72 N/m?, suitable for forward
flight constraints. However, our tilting propulsion system de-
sign necessitates satisfying both forward and vertical flight
constraints. The hovering and vertical takeoff constraints,
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influenced by disc loading, require a specific wing loading
to meet fixed-wing stall speed constraints. We identify a disc
loading (W/A) of 632.13 N/m? and a P/W of 23.88 W/N
for minimizing the maximum takeoff mass (MTOW). Conse-
quently, the design point that satisfies both flight modes is at
P/W of 23.88 W/N, W/S of 627.72 N/m?, and W/A of
632.13N/m?.

The selected design point is crucial for sizing the propulsion
system. We estimate battery mass and calculate the total
aircraft mass according to our sizing methodology, as depicted
in Fig. 2. After the initial sizing phase, we conduct an
iterative resizing by selecting suitable propeller, motor, and
inverter types. Key parameters identified during this phase
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Fig. 18: Initial sizing and resizing mass breakdown

include propeller diameter, motor torque, and RPM, which
are essential to meet the point performance requirements. Our
initial selection resulted in a propeller diameter of 2.77 m,
with each propeller weighing approximately 38.19 kg and
the motor weighing 23.62 kg. However, a larger diameter
propeller paired with a low-torque motor of the same weight
failed to meet our requirements. Consequently, we opted for a
smaller propeller diameter of 1.8 m, effectively reducing the
propeller mass.

Fig. 18 presents the mass breakdowns for both the initial
sizing and resizing phases, showing the changes in the refer-
ence vehicle weight of 1500kg. This iterative approach ensures
that our propulsion system components are optimized to meet
the specific performance criteria of our aircraft design.

Table VII presents the results of initial sizing and resizing
results.

D. Component Selection for Propulsion System

The details of the selected propulsion components are
presented in Table VIII. Our analysis utilizes three distinct
Tesla battery cell types, each prominently featured in various
Tesla vehicle models. The 4680 cell type, known for its high
energy density and efficiency, is currently used in the Tesla
Model Y. The 2170 cell, offering a balanced blend of power
and capacity, is the choice for the Tesla Model 3. Lastly, the
18650 cell, renowned for its reliability and longevity, has been
integral to the Tesla Model S, Model X, and the Roadster.
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TABLE VII: Initial sizing and resizing results

Blade Area Twist Angle
Parameters Initial sizing  Resizing 0.3
wing loading (W/S), [N/m?2] 627.71 627.71 024
power-to-weight ratio (P/W), [Watt/N] 23.8796 54.02 ’
disc loading (W/A) , [N/m?] 632.12 1527.91 _
maximum takeoff mass (MTOM), [kg] 1559.35 1585.01 g
Wing area (Stotar), [m?] 24.36 24.76 <
Wing area front (Sf,ont), [m?] 15.83 16.09 -
Wing area rear (Srear), [m?] 8.52 8.66 E
Span front (bsront), [M] 10.67 10.76 O
Propeller diameter (Dprop), [11] 2.77 1.8
Propeller mass (Mprop), [kg] 38.19 11.2 -0.2 5
Motor mass (Mmotor), [kg] 23.624 439
Inverter mass (M;ny), [kg] 7.0369 12.5 -0.31
Converter mass (Mconw), [kg] 7.145 12.5
Battery mass (Mpqtt), [kg] 343.35 344.59 T T T T 49
Airframe mass (Mgir frame)s kg 467.80 475.50 0.2 0.4 06 0.8
Motor power-to-weight ratio (P, . ), [KW/kg] ~ 3.87 478 Radial location (1), [m]
Constraints Initial sizing  Resizing Fig. 20: Box-Wing propeller blade geometry [pitch = 0°]
Stall speed (Visgqy1) , [m/s] 26.66 26.66
Maximum cruise speed (Vinaz), [,m/s] 88.162 116.6
Rate of climb (ROC)nqaz), [m/s] 19.34 23.15
Vertical takeoff rate (Vyyror), [m/s] 3.0 12.85

These cells, with their proven performance in electric vehicles,
provide a solid foundation for assessing the efficacy of our
electric aircraft design.

18650 2170 4680
7
€
£ €
£ 2 E
8 R ?
18?m 21 mm 46 mm

Fig. 19: Cells form factor

Our Box-Wing aircraft employs the ’Cruise Efficient Short
Takeoff and Landing” (CESTOL) propeller, a cutting-edge
design initially developed by NASA for the Maxwell X-57, an
all-electric aircraft [75]. This propeller made of MH117 airfoil
sections is designed to enhance cruising efficiency. Adopting
the CESTOL propeller in our Box-wing aircraft aligns with
our commitment to advanced aerodynamic efficiency and
environmental sustainability. Fig. 20 describes the geometry
of our 1.8 m diameter propeller.

Fig. 21 shows the scale model, a UAV variant, of the
conceptualized Urban Air Mobility (UAM) aircraft during a
flight test. This model is a crucial component of the ongoing
development for the UAM Operational Digital Twin project
[76].

E. Performance and Mission Analysis

Performance and mission analysis are essential to evaluate
the aircraft, encompassing the propulsion system and aero-
dynamics, weight, and other critical disciplines. We examine
the impact of the propulsion system and its components

Fig. 21: Scale model of box-wing aircraft during flight test

based on the performance and mission analysis results. The
aerodynamics analysis for forward flight is carried out using
friction code [77] and AVL [78], while vertical flight dynamics
are assessed using the flat plate method. Although weight
analysis is not the focus of this paper, the initial sizing weight
breakdown results are utilized for designing the battery and
selecting other propulsion components.

We define different sets based on product and design
data to investigate the performance characteristics of various
propulsion systems. A series of case studies listed in Table XI
examine the effects of propeller pitch and battery cell charac-
teristics while keeping the propeller diameter and battery mass
constant.

Fig. 22 presents an overview of the power requirements for
an eVTOL aircraft across various phases of flight. It shows
significant peaks in power demand during the takeoff and
climb phases, stressing the critical energy needs for vertical lift
and altitude gain. During the cruise phase, power requirements
stabilize, indicating more efficient energy use. While climb
phase power needs are lower than for take-off and landing,
motor power peaks since only two motors operate during climb
and cruise.

1) Effect of propeller pitch: We studied the effects of
varying propeller pitch angles for the baseline case. This study
analyzed key point performance parameters such as maximum
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TABLE VIII: Baseline Propulsion Set

Sets Propeller  Motor

Inverter

Converter Cell

Baseline  Pitch 0° EMRAX348-LV

Brusa DMC534

Dilong DE5000RF-600S28RCA  Tesla 4680

TABLE IX: Cell Parameters [74]

Cell Model 18650 2170 4680
Nominal Energy, [Wh] 1332 18.23 96
Nominal Voltage, [V] 3.7 3.7 3.7
Total Capacity, [Ah] 3.6 4.8 26.14
Cell Mass, [kg] 0.050  0.070  0.355

TABLE X: Parameters of Converter and Inverter

Component Parameter Value

Converter Nominal capacity (mAh) 3350
Nominal output voltage (V') 3.6
Maximum current (A) 10

Inverter Minimum current (A) 2
Mass (kg) 0.048
Rated rotational speed (rad/s) 3660
Rated voltage (V) 222
Rated current (A) 103

speed, cruise speed, throttle requirement, and maximum take-
off rate. We observed significant impacts on maximum thrust
and power availability by setting the throttle at 95% and vary-
ing the pitch angle from O to 6 degrees. As depicted in Fig. 23a
and Fig. 23b, an increase in pitch angle leads to higher thrust
and power availability, consequently enhancing the maximum
speed achievable in forward flight. This highlights the critical
influence of pitch angle on the aircraft’s point performance,
even when electrical components remain unchanged.

In Fig. 23d, we analyze the tip Mach number across varying
speeds, focusing on cruise conditions for maximum range
and endurance, where the tip Mach number approaches 0.25.
At maximum speed, the tip speed Mach number nears 0.9
for a propeller with zero-pitch, indicating that the propeller
and motor selection for our aircraft operates efficiently under
cruising conditions. This indicates the propulsive components’
suitability and performance efficacy, highlighting their optimal
functioning within the desired operational envelope.

As illustrated in Fig. 23a, the throttle setting required for
cruise flight increases with the propeller’s pitch angle Fig. 23c.
This leads to a higher current draw, negatively impacting the
aircraft’s range and endurance, as depicted in Fig. 24a. Conse-
quently, a greater propeller pitch angle results in a reduction of
both range and endurance. Furthermore, Fig. 24b reveals that
a higher pitch angle contributes to an enhanced maximum rate
of climb. These findings highlight the significant influence of
propeller pitch angle on key performance parameters, such as
cruise efficiency, range, endurance, and climbing capability.

In the context of vertical flight, as depicted in Fig. 25a and
Fig. 25b, an increase in propeller pitch necessitates greater
thrust and power availability. Consequently, with higher pitch
angles, the required throttle setting and power drawn from the
power supply are comparatively lower.

TABLE XI: Summary of Case Studies

Study Propeller Pitch  Cell

Tesla 4680
Tesla 2170, 4680, 18650
Tesla 4680 (£10%E*)

Effect of Propeller Pitch 0° - 6°
Effect of Battery Cell Types 0°
Effect of Cell Energy Density — 0°

Effect of Zero-Lift Drag 0° Tesla 4680 (£10%Cp,)
Total Power
3
4‘: 500 Each Motor
g
Q400 A
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Fig. 22: Electrical power requirement at the various flight phases

2) Effect of cell types: Our analysis focuses on the im-
pact of different battery cell types on aircraft performance,
examining both point performance and mission responses in
various flight modes. We begin by calculating the required
number of battery cells, arranging them in series and parallel
configurations to align with the motor’s maximum voltage
specifications and a packing efficiency of 75%. The specific
arrangements for Tesla battery cell models — 2170 (celll),
18650 (cell2), and 4680 (cell3) — are detailed in Table XII.
This methodical approach allows us to systematically explore
how each cell type influences the aircraft’s overall perfor-
mance. This comparative analysis underscores the significant
variations in cell count and configuration necessary to achieve
a uniform battery mass with different cell types.

TABLE XII: Comparison of Battery Pack’s Cell Arrangements

Cell Model Energy Density Number of Cells Total Mass
[Wh/kg] (Series x Parallel) [ke]
2170 260.43 130 x 28 344.59
4680 270.42 130 x 6 344.59
18650 266.40 130 x 40 344.59

Our analysis evaluates each flight mode based on the
required thrust and specific flight conditions, as detailed in
Section II. While different cell types do not significantly
impact point performance parameters like maximum speed,
rate of climb, and vertical takeoff speed, their influence is
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noticeable in aspects of maximum range, endurance, and
mission analysis, as demonstrated in Fig. 26a and Fig. 26b.
Comparing different Tesla battery cell models, the 4680
model (cell3) notably achieves the highest range of ap-
proximately 120 km and an endurance of 50 minutes. In
contrast, the 2170 model (celll) exhibits the lowest range
and endurance, around 105 km and 45 minutes, respectively.
Maintaining the same total battery mass of 344.57 kg, the
variation in cell types markedly affects the maximum range
and endurance. The 4680 model delivers superior performance
with a cell mass of 0.355 kg and an energy content of 96
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Fig. 26: Effect of cell types on the aircraft operation: (a) Range and
Endurance obtained with different cells (b) SoC at various stages of
flight with different cells
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Joules. On the other hand, the 2170 model, with a lighter cell
mass of 0.07 kg and an energy content of 18.23 Joules, shows
comparatively lower performance due to requiring a higher
number of cells than the 4680 model (cell3).

Our mission analysis evaluates the effect of different battery
cell types, focusing on SoC history across the mission profile,
as illustrated in Fig. 26b. Each mission segment, based on
the mission profile (refer Fig. 15), is analyzed, excluding the
reserve mission segment. This exclusion is due to the inability
of the current battery mass and cell, particularly the 2170 cell
type, to complete even the nominal mission.

The analysis shows that a significant portion of SoC is con-
sumed during hover and cruise segments. Notably, during just
1 minute of hovering, SoC drops dramatically from 100% to
around 65%. In contrast, the 25-minute cruise segment, which
requires less power, leads to a more gradual SoC decrease
to approximately 39%, 41%, and 43% for the Tesla models
4860 (cell3), 18650 (cell2), and 2170 (celll), respectively. The
subsequent hover and landing segments consume about 38%
SoC, allowing the 4860 model (cell3) to complete a 22-minute
mission, the 2170 model (celll) a 14-minute mission, and the
18650 cell type an 18-minute mission.

Furthermore, we explored a trade-off analysis for future
energy density improvements in the 4860 (cell3) model. Based
on projections from Amici et al. [79], battery energy density
is anticipated to reach 400 Wh/kg by 2025 and 500 Wh/kg by
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2030. Under these advancements, while maintaining the same
vehicle and battery cell weight, the aircraft’s endurance could
extend to approximately 45 minutes for 2025 and 64.2 minutes
for 2030 battery technology.

3) Effect of cell energy density: We also examined the
uncertainty in cell energy density and its effects on maximum
range and endurance. This analysis, focused on the 4860
cell type (celll), considers an energy density variation of +
10% from the specified 270.422 Wh/kg. The corresponding
outcomes are depicted in Fig. 27. The results indicate that a
10% decrease in cell energy density reduces the maximum
range from 120 km to approximately 110 km and a reduction
of maximum endurance from 50 minutes to around 45 minutes.
Conversely, a 10% increase in cell energy density yields
a proportional enhancement in both range and endurance
by about 10% compared to the baseline cell configuration.
This study underscores that cell energy density is directly
proportional to the maximum range and endurance of the
aircraft.

4) Effect of zero-lift drag: We explore the effects of
increasing zero-lift drag on the aircraft’s maximum range
and endurance, as illustrated in Fig. 28. Keeping propulsion
components the same as the baseline, we observed that an
increase in zero-lift drag is directly proportional to decreases in
both range and endurance. Specifically, elevating zero-lift drag
by increments of 10%, 20%, and 40% correspondingly reduced
range and endurance by approximately the same percentages.
This finding underscores the significant influence of airframe
and aerodynamic design on aircraft performance, independent
of battery, propeller, or motor component changes.

F. Comments on the Analysis Results

We discuss the key findings from our case study:

« Our initial sizing approach, using empirical equations and
historical data, meets design and mission requirements
by estimating propulsion size, wing area, and maximum
takeoff mass. However, selecting propulsion components
may necessitate iterative adjustments to align with per-
formance requirements. We found that a higher diameter
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Fig. 28: Range and endurance for increasing zero-lift drag

propeller paired with a lower torque motor underper-
forms, whereas a smaller propeller with a higher torque
motor better meets performance criteria. This underscores
the importance of balancing motor and propeller torque
and RPM in electric aircraft design.

Propeller pitch significantly influences both point and
mission performance. Higher-pitch propellers require in-
creased throttle to achieve the necessary thrust, reducing
range and endurance. This finding highlights the critical
role of propeller pitch in performance optimization.
While battery cell types do not significantly impact point
performance parameters, they are crucial for achieving
maximum range and endurance in mission analysis. We
can achieve nominal missions by utilizing current tech-
nology’s energy density, but reserve missions remain
challenging. Our SoC history analysis indicates that
higher mass and energy density cells are more effective
in fulfilling specific mission requirements.

The study reveals that cell energy density is pivotal in
determining mission success, range, and endurance. An
increase in energy density while maintaining cell weight
directly enhances these performance metrics, demonstrat-
ing a direct proportionality between energy density and
mission capability.

Zero-lift drag directly impacts both mission and point
performance. An increase in zero-lift drag leads to a
proportional decrease in range and endurance, suggesting
that drag reduction technologies could be beneficial,
independent of propulsion system modifications.

Our study suggests that designing with current battery
technology and planning for future enhancements is more
practical than waiting for hypothetical advances. By ac-
cepting a compromise in the initial range, we can extend
it later with battery advancements. This approach ensures
feasible design and adaptability for future technology
upgrades.
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G. Limitations of Our Studies

The presented study effectively validates our framework
with a box-wing UAM aircraft, proposing future explorations
across varied configurations such as thrust vectoring systems,
multi-copter designs, and tilted-wing models. Our current
focus on available technologies and parameters may limit ad-
vancements in range and speed. Furthermore, simplifications in
motor loss modeling, alongside unexplored control algorithm
efficiencies and thermal management, could influence real-
world framework applications. The omission of battery health
modeling, wing-propeller interactions, and DEP implications
also points to essential directions for future research, under-
scoring the comprehensive and practical enhancement of our
framework.

VI. CONCLUSION

Our study introduces an innovative framework for Advanced
Air Mobility (AAM) aircraft design, prioritizing the early
integration of electric propulsion to overcome the limitations
of traditional methods. By seamlessly merging aircraft sizing
with propulsion, and integrating detailed mathematical model-
ing of propulsion components, our approach enhances design
robustness while avoiding impractical outcomes.

The box-wing case study underscores the critical interplay
between propulsion system selection, propeller dynamics, and
battery technology in AAM design. Notably, careful adjust-
ment of propeller pitch is essential for optimizing mission
performance, considering its impact on throttle requirements,
range, and endurance. Aligning propulsion components and
battery architecture with realistic weight considerations and
current technology fosters adaptability to technological ad-
vancements.

Our framework’s flexibility across different model fidelities
ensures its applicability to diverse design scenarios. While
successful with the lift+cruise box-wing UAM aircraft, future
research avenues include exploring configurations like tilted
wings, thrust vectoring, and multicopters. Additionally, de-
tailed analyses of thermal management systems and enhanced
battery models to consider health deterioration over time are
imperative for accurate estimations.

Moreover, our framework facilitates systematic and adapt-
able design approaches for electric aircraft, particularly those
with distributed electric propulsion. By enabling exploration
of various configurations, it holds promise for reducing design
and development timelines by preempting unfeasible designs,
all while remaining compatible with evolving electric propul-
sion technologies.

In summary, our study not only advances AAM design
methodologies but also lays the groundwork for future inno-
vations in electric propulsion, promising continued evolution
alongside technological advancements in the field.
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