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Aircraft conceptual design is a high-dimensional optimization problem, involving up to
hundreds of continuous design variables and constraints. The design of novel aircraft concepts
such as electric vertical takeoff and landing (eVTOL) vehicles can benefit from the systematic
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exploration of the design space through the use of gradient-based optimization. In this paper,
we demonstrate the application of large-scale multidisciplinary design optimization (MDO)
to NASA’s lift-plus-cruise electric air taxi concept, using low and mid-fidelity physics-based
simulations to model the aircraft. We improve the modeling fidelity from our previous work
on the same air taxi concept through refined rotor-aerodynamic and aeroacoustic models as
well as in-the-loop structural analysis. In addition, we expand the scope of the analysis to
include several steady design conditions, a quasi-steady transition maneuver, structural sizing
conditions, as well as one-engine-inoperative (OEI) scenarios, amounting to 18 design conditions.
To perform the analysis and optimization, we use a newly developed software library called the
Comprehensive Aircraft high-Dimensional Design Environment (CADDEE), which facilitates
the integration of all discipline models. We solve a gross weight minimization problem with
over 300 design variables and over 200 constraints, spanning all modeled disciplines. Results
show a decrease in gross weight of 10% after a total optimization time of about 17 hours. These
results demonstrate the effectiveness of applying of large-scale MDO to the aircraft conceptual
design problem.

I. Introduction

HERE is a renewed interest in aircraft conceptual design due to a push toward electrified aviation in recent years

driven, in part, by visions such as urban air mobility (UAM). Urban air mobility aims to provide on-demand and
point-to-point delivery of passengers and payload in urban areas. Some of the key requirements to enable this technology
are vertical takeoff and landing (VTOL) capabilities, electric or hybrid-electric propulsion architectures, high safety
standards, and low noise emissions. In an effort address these requirements, over 700 [1] new VTOL concepts have
been proposed, highlighting the importance of conceptual design to help select the most promising configurations.

Traditional conceptual design approaches [2-4] typically involve the use of regressions and semi-empirical models.
Established software frameworks that employ this approach such as NASA’s Flight Optimization System (FLOPS)
[5, NASA’s Design and Analysis of Rotorcraft (NDARC) [6]], or the Common Parametric Aircraft Configuration
Scheme (CPACS) [7] by the German Aerospace Center (DLR) provide fast evaluation times and reasonable accuracy for
conventional aircraft and rotorcraft configurations due to an abundance of historically available data. This approach,
however, is not viable for the evolving design space of UAM aircraft, which is not yet fully explored. Several software
frameworks have been proposed in recent years to enable conceptual design of eVTOL and other novel aircraft concepts.
NASA’s successor to FLOPS, called the Layered and Extensible Aircraft Performance System (LEAPS) [8] was
developed to enable conceptual design of new advanced concepts with a focus on (hybrid)-electric propulsion. Similarly,
the Stanford University Aerospace Vehicle Environment (SUAVE) [9]] was developed for unconventional aircraft
configurations and augments regressions with low-fidelity physics-based models. Other noteworthy investigations and
research that can improve the conceptual design of eVTOL aircraft is summarized as follows: a) sizing of hybrid-electric
propulsion architectures [10-13]] b) geometry-centric modeling and design [[14} [15]] ¢) trajectory optimization [16H19]
d) preliminary sizing and weight estimation [20-22] e) fast vehicle conceptual design [23H26] and f) large-scale
multidisciplinary design optimization [27H31]].

A common feature of the previously mentioned research is the use of low-fidelity first-order approximations to model
the aircraft. While this approach enables fast computation times, it limits model accuracy compared to physics-based
models. In two recent studies [27, 28], we applied gradient-based large-scale MDO techniques in combination with
physics-based models such as the vortex lattice method (VLM), blade element momentum (BEM) theory, tonal and
broadband acoustic models, and others to optimize NASA’s lift-plus-cruise UAM concept across multiple disciplines
with over 100 design variables and 16 constraints. Some of the key limitations of these studies were the use of
weight-regression models for structural sizing, low-fidelity aeroacoustic models, and limited mission analysis, which
only included three steady design conditions.

In this paper, we build on the results from our previous investigations of the NASA lift-plus-cruise concept and expand
the physics-based analyses to include 1) in-the-loop structural analysis, using beam models, 2) a quasi-steady transition
maneuver, 3) one-engine inoperative (OEI) off-design conditions, and 4) improved aeroacoustic and rotor-aerodynamic
models to account for edgewise flight conditions. We solve an optimization problem to minimize the gross weight
of the lift-plus-cruise concept with respect to hundreds of design variables and constraints, using low to mid-fidelity
physics-based models, with a total optimization time of less than one day. This is achieved by using a newly developed
software library, called the Comprehensive Aircraft high-Dimensional DEsign Environment (CADDEE), whose critical
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features are automated adjoint-based sensitivity analysis, geometry-centric modeling, and modular data transfer. We
demonstrate the feasibility of solving such a high-dimensional optimization within the allotted time to gain further
insight into conceptual design considerations of UAM aircraft by refining our physics-based models and by including
more advanced modes of operation in the analysis.

The remainder of this paper proceeds as follows. First, we give an overview of the aircraft design framework
CADDEE in Sec. [l Then, we summarize the physics-based models used in this investigation in Sec. Next, we
briefly cover our computational approach for solving the optimization problem in Sec. [[V] Lastly, in Sec.[V] we describe
our test case, including the mission profile and optimization problem.

I1. CADDEE design framework
CADDEE is a software library that enables the creation of multidisciplinary models of aircraft (and similar systems)
to support analysis and design, using large-scale MDO. In this section, we summarize CADDEE’s features such as its
geometry-centric approach, its strategy for data transfer, and general framework architecture. We note that CADDEE is
still under active development and not all of the described features are fully mature.

A. Design Parameterization

The design is parameterized using a high-fidelity representation of the outer mold line (OML). To achieve this,
basis-spline surfaces are used due to their analytical form and their ability to effectively represent complex geometries
with a small number of control points. These B-spline surfaces are then used to establish connections between any
given set of external points and the central geometry using mapped arrays. A mapped array is a set of points resulting
from the evaluation of a parametric map, which is determined by projecting points onto the OML. Mapped arrays
serve various purposes, such as extracting meshes, determining geometric variables (e.g., wing area, rotation axes),
and defining parameters for bulk actuation (e.g., tilting rotor or wing). By defining these mapped arrays based on the
B-spline surfaces, any modifications made to the design geometry can be efficiently propagated through a simple matrix
multiplication. This capability proves particularly valuable during optimization processes, where accurate representation
of geometric variable changes, such as wing span or rotor location, is crucial for disciplines like aerodynamics and
propulsion in order to capture the geometry changes. Figure[Iaillustrates the application of mapped arrays, showing the
generation of a camber surface mesh for the wing and horizontal tail superimposed with the B-spline geometry. In
Fig.[Ib] high-level sizing parameters like wing span and rotor radius are derived from relative distances using mapped
arrays, visually depicted by the blue points.

Tail tip chord
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(a) Wing and horizontal tail camber mesh (b) High-level geometric quantities.

Fig.1 Illustration of the use of mapped arrays

B. Modular data transfer

The Solver-Independent Field Representation (SIFR) methodology [32] is a technique for unifying the representation
of spatially-distributed quantities such as states, design variables, and other quantities of interest. This allows for
a high level of modularity, as every solver interacts with a common, framework-level representation of all field
quantities. Additionally, SIFR enables modular, invariant-conservative coupling by coupling each solver to the
framework representation, rather than directly together.
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Fig. 2 Illustration of the SIFR process between framework (F) and model (M) with input z and output y: (a)
framework evaluation, (b) model input, (¢c) model output, (d) framework fitting

This is achieved by treating field quantities in a similar manner to the geometry. Each sub-surface in the geometry
acts as a map from its parametric space to physical space. This geometry information is then passed to solvers via a
mesh of points in space. Similarly, each field quantity is represented by a union of maps from the aforementioned
parametric spaces to its state-space. Then, this field information can be passed to solvers via a similar mesh of points in
space. Each field can be updated by fitting its map to incoming data. This process is shown in Fig. 2]

C. Comprehensive analysis

CADDEE has the capability to simulate various aircraft design disciplines across multiple mission segments,
accommodating different levels of fidelity within discipline models. Models of the same type are efficiently applied
across mission segments by leveraging vectorization techniques. The mission segments can be categorized into three
types. Firstly, trim-state segments represent steady operational conditions, such as cruise or hover, and are relatively
straightforward to analyze. Secondly, transient segments involve time integration schemes to capture dynamic transitions
or gust responses, making them computationally more demanding. Lastly, the third type of mission segment focuses on
off-design conditions, such as flutter or aeroelastic divergence.

D. Automated adjoint-based sensitivity analysis

One of the key features of CADDEE is that of automated sensitivity analysis, which is enabled by implementing
the CADDEE framework in the newly developed computational system design language (CSDL) [33]. This is an
embedded domain specific language, designed for easily solving multidisciplinary analysis and optimization (MDAO)
problems, while automating the computation of derivatives across individual and coupled disciplines. CSDL operates at
a high-level of abstraction, allowing the engineer to construct mathematical models using familiar Python syntax. By
implementing CADDEE using CSDL, the engineer can systematically search a potentially high-dimensional design
space, using gradient-based optimization to find the optimal aircraft design

E. Framework architecture

In Fig. 3| we show the general architecture of the CADDEE framework in the form of a design structure matrix
(XDSM) for a gneral example of an aircraft design problem for which CADDEE could be used. The diagram shows how
disciplines are connected, what constraints are enforced (indicated by ¢) and what variables are optimized (i.e., design
variables). In this example, the cost analysis outputs the objective function (indicated by f). In general, this can be any
other quantity of interest such as gross weight, range, noise etc. The geometry model takes in geometric design variables
(e.g., wing span, wing area) and motion design variables (e.g., tilt rotation) and outputs an actuated geometry that
contains meshes and other geometric quantities needed by different disciplines. Next, the actuated geometry, along with
information about the material and thicknesses, is passed into the mass properties model, which computes aircraft-level
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mass properties from individual subsystem components.

The next block on the main diagonal, loosely labeled “Aeromechanics”, contains the bulk of the analysis, vectorized
across all mission segments, indicated by the stacked shapes. Models that are included in the aeromechanics block are
aerodynamics, propulsion, structural analysis, stability and control, as well as acoustics. In general, coupling between
disciplines may arise such as aero-structural or aero-acoustic coupling. Typically, inputs to the aeromechanics block are
the previously computed mass properties, actuated geometries, and the operating conditions of the aircraft (e.g., speed,
flight path angle, rotor rotational speed etc.). Some outputs of the aeromechanics block can also be constraints such as
the trim state of the aircraft (equations of motion residuals), stability and control (handling qualities), or acoustics (noise
maps). Other aeromechanics outputs are passed into the last major analysis block, which models the powertrain and
energy consumption. Depending on the powertrain architecture (e.g., eVTOL vs. hybrid-electric), inputs are the torque
required by the rotors and the total time spent in each mission segment. These are required inputs to the motor analysis
model to compute a power profile for the mission. The power profile is then used by the battery model to estimate
the final state-of-charge, which may be a constraint during optimization. We note that intermediate components such
as inverters and gearboxes that connect motors, batteries and rotors, may also be modeled. Lastly, the output of the
powertrain and energy analysis is the total energy used, which can be passed into the cost analysis along with the aircraft
gross weight to compute quantities such a direct operating cost, if such a model is implemented.

Geometric DVs Thicknesses
Optimizer metrt exn /Operating conditions/ /Operating conditions
Motion DVs Material
Geometry /Actuated geometry/ /Actuated geometry /7
Aircraft Mass

Properties Estimation

c: EoM residuals Torque
Thrust

Time

Mission Segment

c: Handling qualities Load
8a Aeromechanics

c: Noise maps

Powertrain and
c: State of charge Energy usage

Energy Analysis

Cost Analysis

Fig. 3 Architecture of the CADDEE design framework

I1I. Physics-based models

A. Aerodynamics

1. Wing aerodynamics

We developed a fluid solver called Vortex-based Aerodynamic Solver Toolkit (VAST) for the aerodynamic analysis.
It has multiple solver options: lifting-line method (LLT), vortex lattice method (VLM), and vortex panel method. VAST
has options for both static and dynamic simulations. Vortex-based methods are a set of commonly used methods to
analyze the aerodynamic performance, such as force or pressure distribution of lifting surfaces [34]. Vortex-based
methods assume the flow to be a potential, characterized by an irrotational velocity field, which is given by

Vo =0, (D

where @ is the fluid potential.
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Other assumptions for the solver include that 1) the fluid is incompressible and inviscid; and 2) the lifting surfaces
are thin with a small angle of attack and sideslip. In addition, VLM assumes the lifting-surface to be thin, while panel
methods consider the thickness of the airfoil. Figure. ] demonstrates the inputs, model, and outputs of VAST. The

aircraft states bound vortex rings1 ]
wake vortex rings
u, v, w vake vorigx ring

p-q,r.p

camber surface
meshes

VLM inputs

VLM outputs

Fig. 4 Aerodynamic analysis solution process

inputs of VAST are the meshes and the states of the lifting surfaces. VAST uses structured quadrilateral panels. The
outputs of the VAST model are the pressure on each panel given by panel forces divided by the area. The panel forces
are calculated using the Kutta—Joukowski theorem [35] for the VLM option and we use Bernoulli’s principle to compute
the traction forces for the panel method.

2. Rotor aerodynamics

In this study, we use blade element momentum (BEM) theory whenever appropriate, meaning in mission segments
where the rotor disks are largely perpendicular to the freestream velocity (e.g., hover, climb, cruise). Under these
operating conditions, BEM methods provide reasonable accuracy and fast evaluation times. The theory has been
well-established for rotors, propellers, as well as wind turbine analysis and is described in many papers and textbooks
(see e.g., [36-41]). BEM theory combines blade element and momentum theory. In the former approach, the blade is
discretized into individual elements (i.e., airfoils), which are modeled independently of each other. The latter approach
models the rotor as an actuator disk and only considers the change in momentum of the air due to the action of the rotor.
By combining blade element and momentum theory, we obtain two equations for sectional thrust and sectional torque,
each, which are combined to form a residual equation in terms of the sectional inflow angle. Solving this residual
equation robustly is crucial and implementations with provable convergence exist (see e.g., [42, 43]]).

It is important to note that momentum theory is based on a streamtube (control volume) analysis, which is most
accurate for axial flow conditions. For conditions, in which the blades are exposed to edgewise flow (i.e., the rotor
disk is parallel to the flow), such as transition from and to hover, BEM theory does not provide reasonable accuracy.
For such cases, we make use of a dynamic inflow model by Pitt and Peters [44, 45]]. This model provides reasonable
accuracy for edgewise flight conditions.

B. Structural analysis

Structural weight estimation techniques for conventional aircraft often rely upon statistical methods or simple,
energy-based formulas. Unconventional aircraft, including many air taxi concepts, cannot use these methods because
the configuration of the aircraft is unique, and is not well represented by any existing data. This challenge motivates the
use of physics-based structural weight estimation for sizing air taxis.

Within the context of a larger multidisciplinary optimization problem, structural weight estimation is only one of
several solvers. Therefore, the goal is to develop a structural solver with just enough fidelity to capture changes in
aircraft weight with regards to the design variables without a large computational expense. To this end, we choose to
implement a linear Euler-Bernoulli beam model [46]. This model represents slender aircraft structures (wing, fuselage,
booms etc.) as one-dimensional beams. The entire structural system is represented by a global stiffness matrix K. When
considering a nodal-loads vector F, the nodal displacements U are found by solving a single linear system:

F =KU. 2)

The stiffness matrix is constructed using 12 x 12 frame stiffness elements [47]]. These elemental stiffness matrices
use simple tube and box-beam representations when computing cross-sectional properties. For example, a wing can
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be reasonably represented by a box-beam and a fuselage by a tube [48]] [49]. By optimizing the thicknesses of the
cross-section in question, we can find the minimum-mass structure given certain constraints. The most basic constraint
is the maximum allowable stress or displacement. However, many slender structures like wings will instead be sized by
buckling constraints. To capture this we calculate the critical panel-buckling stress as a function of skin thickness z,
panel width b, and the constant & which is a tabulated function of the panel’s aspect ratio [S0]:

, E £\2
o =k (5) - 3)

For stress-constrained structures we perform a stress-recovery based on the nodal displacements and a selection of
stress-evaluation points on the cross section. For box beams, the Von-Mises stress is evaluated at five points that are
expected to reasonably capture the maximum axial, bending, and shear stresses under typical loading conditions [48]].

For this study, the material of choice is aluminum alloy. Due to the limitations of the box-beam model, which
assumes constant cross-sectional properties (i.e., we cannot model stiffeners), we expect to over-predict the mass of the
wing box and do not apply a safety factor for buckling constraints. To capture variations in the cross-sectional properties,
higher-order beam models such as the variational asymptotic method (e.g., [51]]) are necessary.

Lastly, we note that the beam model is used only to size the wing box. For other structural components such as the
tail or the fuselage, we use weight regression models developed specifically for the lift-plus-cruise concept [22]], which
we used in our previous studies.

C. Stability
For this work, we assume small disturbances only, for which the system dynamics can be written as

X = A%+ Bii “

where ¥ is the time derivative of the state vector, which includes linear and angular accelerations of the aircraft with
respect to its body-fixed reference frame. Lastly, A and B are the state and control derivative matrices, respectively.

To determine stability, eigen-analysis is applied to the A matrix, which is constructed about the trim (i.e., steady)
conditions for the mission segments that we consider. For example, consider two steady mission segments: hover and
cruise. In this case, the 12 X 12 A matrix is constructed about the trim condition for each segment and the matrix is
divided into longitudinal and lateral matrices, each of size 4 x 4. We construct the stability matrices using a backward
finite difference approximation of the derivative of the aircraft accelerations with the respect to the aircraft states.
Next, the eigen-modes are computed to obtain the frequency response and damping ratios. These parameters are
determined with respect to handling qualities constraints (see e.g., [[52,153]]). For cruise segment constraints, we follow
the MIL-F-8785C Flying Qualities of Piloted Airplanes [54] and for hover segment constraints, we follow ADS-33E-PRF
Handling Qualities for Military Rotorcraft [55]].

D. Aeroacoustics

Low-fidelity aeroacoustic prediction tools offer the advantage of efficient computation time with reasonable accuracy;
this is key during the preliminary aircraft design phase. This has been demonstrated by Sarojini et al. [56] and Orndorff
et al. [57], who have applied low-fidelity aeroacoustic tools to optimization problems for electric vertical-take-off-and-
landing (eVTOL) aircraft. The aeroacoustic models utilized in these studies, specifically the Barry—Magliozzi [158]]
and Schlegel-King—Mull [59] models, provided valuable insight into how tonal and broadband noise are influenced
by changes in aircraft design. However, these models are limited to steady hover and axial flight conditions. Higher
fidelity tools are required to capture the unsteadiness in other flight orientations, such as edgewise forward flight. In this
work, the Lowson and Ollerhead’s (LO) model [60] is employed to predict tonal noise, and the Gill and Lee’s (GL)
machine-learning-based broadband noise spectrum model [61]] is used to predict broadband noise. The LO model
accounts for the fluctuation of forces along the azimuth, thus being applicable in an edgewise forward flight condition.
The GL model accounts for azimuthal variation through the thrust coefficient and retreating blade speed; validation
studies have shown reasonable accuracy in edgewise flight. Furthermore, the GL spectrum model provides a more
comprehensive broadband noise analysis in hover by predicting the noise spectrum across a range of frequencies. These
two models are capable of predicting noise profiles at all flight conditions.
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Fig.5 (a) Coordinate system used in the tonal noise prediction models and (b) integration of forward motion
into the LO model.

Tonal Noise: Lowson-Ollerhead

Lowson and Ollerhead [60] (LO) developed a loading noise model utilizing the variation of aerodynamic loads along
the azimuth to account for unsteady loading. The thickness noise component is ignored in the LO model, as the unsteady
loading is the dominant noise source. However, the model by Barry and Magliozzi [56H58! 162]] can be used in hover or
axial forward flight to account for thickness noise. The variation of the loads along the azimuth is expressed using the
cosine-sine form of Fourier series. The azimuthally varying thrust and drag at a single radial location is defined as:

T(y) = aor + , axr cos(Ay) + bar sin(y)
=1
o 5
D(y) = aop + Z ap cos(AY) + bp sin(Ay).
A=1

Using the Fourier coefficients of the unsteady loads, the final formulation of the model is derived as follows:

mB2Q [Py o (x|
CmB= ——o E iDL i@ (np-a + (1) Ympad) = bar (Jmp-a — (=1) )
dncS S
hub 77, (6)

((mB = D) Jymp-g + (=) (mB + D) Jmpsa) - nf ;l;; ((mB = D)Jmp-z — (1) (mB + A)Jmm)] }dR

l'a,u)(,‘
mBRQ

where J,, is the Bessel function of the first kind with the following arguments:

mBQR

Jy = JV( sin 9). @)
The coordinate system for the tonal noise predictions by the LO model is provided in Fig.[5a] For the purpose of the
current study, the radial force component is assumed to be negligible. With this assumption, Lowson’s unsteady loading
noise model collapses into the Gutin’s steady loading noise model [63]] when A = 0; as a result, the loading noise along
the rotor axis cannot be accurately predicted. To resolve this issue, the Sears function [64] presented by Kvurt and
Stalnov [65]] is employed to represent the unsteady loading using the steady loads from blade element and momentum
(BEM) theory. To account for motion of the rotor hub, a Doppler correction is applied to the hub-observer distance S
using the Mach number in the direction of the observer M,.. The adjusted hub-observer distance becomes S(1 — M,.),
represented visually in Fig.[5b] The final sound pressure level (SPL) of the tonal noise in decibel (dB) is expressed as:

®)

2
Cm

SPLgotor = 1010g, (|2—f|)

Pref

where Por =2 X 1075.
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Broadband: GL Spectrum

The GL spectrum model [61] is used to predict the broadband noise spectrum and the overall sound pressure
level (OASPL). The GL spectrum model is a data-driven empirical broadband noise spectrum model developed using
an evolutionary machine learning algorithm called Gene Expression Programming (GEP); experimental data from
modern rotors, such as drone rotors [66} [67]] and urban air mobility (UAM) proprotors [68]], was utilized in the GEP
algorithm. The development process and the detailed description of the machine learning algorithm can be found in the
references [614, 169} [70]. The pre-determined functional form of this model is given as

foA%6

S =
PLis = Teni s 1o+ LHalh

©))

where A = S; — (filog,, Cr + falog y0), S; = fV: is Strouhal number based on the solidity-weighted chord length

(c= ‘TT”R), Cr is thrust coefficient, o is rotor solidity, fo = 10log,, V/-3*. The functions f; through f; are obtained by
the GEP algorithm. The basic form of the GEP spectrum model shown in Eq. (9 is based on a universal wall pressure
spectrum model [[71] since this wall pressure spectrum determines a primary shape of trailing-edge noise [[72]], which
is a major rotor broadband noise source [73]]. The function f; controls the amplitude of the spectrum; based on a
maximum SPL analysis, the noise level scales best with the blade tip velocity to the power of 7.84. The complete set of
functions are given as:

fo=10log,, v/ **

fi=o

£ = 0.9M,0-(M, +3.82)

fr=1

fa=1 (10)

fs = —2M? +2.06

fo = =CrM,(Cr —sin || +2.06) + 1

fi=Cr

fz = 4.97Cr sin |6o| (1.5(S/R)M, — (S/R) + 15)

where M, is blade tip Mach number, 6y is the elevation angle measured from the rotor plane, S is the observer distance
from the rotor hub, and R is rotor radius. Although this model is derived from a series of experiments on various
hovering rotors, some preliminary validations demonstrated sufficient predictive performance even in an axial and
edgewise forward flight conditions [74]. The model does not directly account for the forward motion; however, the
variations in the thrust coefficient due to the axial motion of a rotor indirectly affect the prediction of the broadband
noise in the axial forward flight conditions. Additionally, validations studies conducted using helicopter rotor data
showed that the GL spectrum model can reasonably predict noise levels in the edgewise forward flight condition when
the minimum tip velocity at the retreating side of the rotor was used as an input; further validation studies in different
rotors and operating conditions are required.

E. Motor Analysis

The propulsion and motor discipline in electric aircraft system level analysis plays an important role in weight
estimation and overall estimation of electric power consumption. A study conducted by Vegh et. al. [75] focused on the
existing challenges of electric vertical take-off and landing (eVTOL) aircraft by estimating the weight and performance
of a single reference mission; it was found that the electric propulsion system accounted for roughly 40 % of the gross
takeoff weight. In a system-level setting, the motor discipline is commonly represented using generalized data-driven
relationships, neglecting the internal topology and physics of the motor; this includes constant efficiency assumptions
[76] and simple weight estimation models based on empirical torque-to-weight [75] and power-to-weight ratios [[77]].
These approaches are practical for preliminary sizing estimates but are limited in scope and reach. The motor model
developed for this project aims to analytically represent the motor sizing and performance with a physics-based approach,
and increase the fidelity of preliminary models. This low-fidelity model is divided into two main sub-models: sizing
and performance; a detailed architecture is displayed in Figure[6]

The motor sizing calculates the motor geometry based on simplified empirical relationships found in [78]. These
relationships determine two main subsets of the motor geometry: large-scale geometric parameters such as rotor radius
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Fig. 6 Motor Model Architecture

and motor mass, and internal motor sizing parameters like air-gap depth and stator tooth width. Both subsets of the
geometry are incorporated in different areas of the motor performance analysis. The comprehensive set of geometric
variables in Figure 6] are represented with A.

The performance model determines the efficiency and power output for each load case, which utilizes the motor
geometry from the sizing model and the speed and load torque for each operating case. The performance model
determines the operating electromagnetic torque implicitly using a Newton solver. The residual is

R = 11000 —7EM =0, (1)

where T is the electromagnetic torque and 7 is the motor efficiency determined by the outputs of the flux weakening
and MTPA (maximum torque per ampere) control methods. A magnetic equivalent circuit formulation is implemented
based on [[79]] to estimate internal magnetic and electric components such as magnet strength and inductance. These
outputs are then incorporated to determine the current based on operating voltage using a smoothed formulation of
two discrete control modes: flux-weakening [80] and MTPA [81]. The flux-weakening control method operates at the
voltage limit, while MTPA governs the operation below the voltage limit. The output power and efficiency are then
computed based on the resultant operating current. For this study, we do not consider flux-weakening since the rotor
torque requirement is unlikely to exceed the critical threshold for flux-weakening to set in.

F. Battery Sizing and Analysis

In this study, we employ a simplified approach to battery sizing and analysis. The optimizer controls the battery
mass, designated as mp,. Given a battery mass myp, and a battery energy density pps (Wh/kg), the total energy capacity
of the battery (E\o) is calculated as

m
Eora = (pbat : 3600) ( bat )

1000
We assume a future battery technology with a pack-level energy density of 400 Wh/kg. Denoting the power profile as
P(?), time as 7, and the total mission time as 7, the end-of-mission state-of-charge is determined by

(12)

fOT P(t)dz.

SoC = Eotal —
o Etotal

(13)
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The power is obtained for each on-design design condition (i.e., mission segment) and multiplied by the time spent in
each mission to compute the corresponding energy expenditure.

IV. Computational approach

A. Parallelization

In order to achieve our objective of solving the optimization problem within the prescribed amount of time (<10 hrs),
utilization of parallelization is required. Our approach [82]] uses a static scheduling algorithm that integrates automatic
message-passing operations in the evaluation function of the numerical model using OpenMPI [83]]. The scheduling
method is a heuristic algorithm based on list scheduling, which is designed to minimize maximum final processor
time. Prior to execution, it analyzes the computational graph of the optimization model and determines the optimal
partitioning of tasks to a given number of processors [84].

B. Optimization

Our target optimization problem is inherently large-scale, characterized by hundreds of design variables and tens of
constraints. Sequential quadratic programming (SQP) and interior point (IP) methods have proven highly effective for
solving large-scale optimization problems, typically requiring hundreds or fewer model evaluations. For our problem,
we plan to use the SNOPT [85]] optimization algorithm which is based on the SQP method. Since our system model
contains multiple subdiscipline models, the magnitudes of design variables could span different orders of magnitude.
The resulting poor scaling and the lack of good initial guesses for some of the design variables could lead to convergence
issues during the optimization. To mitigate these issues, we will perform subsystem level optimizations and utilize the
resulting solutions to appropriately scale and initialize the overarching system-level optimization problem.

V. Test case: The NASA lift-plus-cruise concept

As stated before, the UAM concept vehicle that we consider in this study is NASA’s lift-plus-cruise concept. This is
a fixed-wing concept with eight lift rotors mounted on the main wing. These rotors are only activate during vertical
ascent and descent, as well as during transition maneuvers. As such, these rotors are not intended to provide significant
thrust and will only produce small aerodynamic forces and moments during cruise, in which a so-called pusher-propeller
that is mounted at the rear provides the necessary thrust.

In Fig. |7} we show the mission profile that we consider in this study, which is adopted from a study by Silva et
al. [86]]. The red color indicates the mission segments that we model. The mission includes a a hover segment, a
quasi-steady outbound transition segment, a climb segment, a cruise segment, a descent segment, and another hover
segment. For the quasi-steady transition, we assume a constant altitude and use the results from studies by Orndorff
et al. [17,[18], in which a minimum-energy transition trajectory for the lift-plus-cruise vehicle was determined by
integrating the equations of motion. We discretize the optimal trajectory with ten points, for which we constrain the
lateral acceleration. The total mission profile is repeated a second time and a cruise reserve is added. At the end of the
mission, we require a final battery state-of-charge of at least 20%. A detailed breakdown of what physics-based models
are used in each segment is shown in Tab. [T}

Cruise
0.17 Mach <
&
@,
. . . 3280 ft >
Repeat twice with extra cruise (1000 m) Transition
reserve range of 43 mi (70 km) Hover

Verticalldescent

Taxi ,

A
v

43 mi (70 km)

Fig.7 Mission profile for this investigation
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Table 1 Summary of design conditions and physics-based models used

discipline/ . . .
. . rotor aero | wing aero | wing structure | aeroacoustics | motor
design condition
+3g sizing BEM VLM EB beam - -
-1g sizing BEM VLM EB beam - -
OEI (x4) BEM - - - ECM
tonal: L
hover BEM - - onat LOWSOn - g
broadband: GL
. .. . tonal: Lowson
quasi-steady transition (x10) | Pitt—Peters VLM - ECM
broadband: GL
climb, cruise, descent BEM VLM — — ECM
VI. Results

In this section, we present two sets of results. In Sec. we focus on the improved modeling fidelity over our
previous studies of the lift-plus-cruise concept [27, 28]]. We show the results of a structural sizing optimization, as well
as a noise directivity plot of the aircraft in various flight conditions. In Sec.[VI.B] we present the result of our full-scale
optimization study, in which the optimizer can change all (including geometric) variables of the design.

A. Sub-scale MDAO

Due to the complexity of this high-dimensional optimization problem, we warm-start the system-level optimization
via two sub-scale optimizations. In these optimizations, we do not change the aircraft geometry and simply aim to
obtain a good starting point for the large-scale optimization.

First, we size the wing structure through two sizing conditions (see Tab.[2a), in which the aircraft is subjected to
plus 3g and minus 1g loads, respectively. These load-cases will size the top-and bottom skin thicknesses as well as the
spar thickness. We aim to minimize the wing weight subject to buckling, stress, and displacements constraints. Second,
we perform an aircraft trim optimization, such that the forces and moments during each steady design condition are
close to zero. Here, the optimizer is only given the freedom to optimize trim variables such as the rotor speeds, aircraft
pitch angle, and the elevator deflection. For quasi-steady transition points, we constrain the accelerations, according to
our discretized transition profile (see Sec.[V).

1. Wing-box sizing

In Fig. |8} we show the thicknesses of the top and the bottom skin of the box beam after applying the plus 3g and
minus 1g load cases. As expected, the load cases size the top and bottom skin thicknesses differently, with the plus 3g
load case sizing the top skin, and the minus 1g load sizing the bottom skin, which is thinner than the top. We find (not
shown) that the buckling constraint is indeed the sizing criterion and that the strength and displacement constraints
are inactive. For the initial wing geometry (i.e., before the full-scale optimization), the wing-box mass is about 370
kg. Lastly, in Fig.[0] we show the (magnified) deflection of the wing for both load cases, compared to the undeformed
geometry.

0.431 0.391 0.360 0.318 0.285 0.240 0.204 0.155 0.114 0.065
J[OD e ennnnn@e——) @ @ o @ O O

0.268 0.219 0.231 0.182 0.192 0.141 0.15 0.097 0.103 0.047
bottom @ ® ® o o O O O O ) )

Root Tip

Fig. 8 Top and bottom skin thickness (in) of the initially sized box beam
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(a) Wing sizing (b) Trim

Variable/function Quantity Variable/function Quantity

minimize wing structural mass minimize aircraft acceleration

Ww.I.t. spar thickness 21 w.I.t. lift rotor speeds (8x14) 112

top skin thickness 21 propeller speeds (1x16) 16
bottom skin thickness 21 aircraft pitch angle 16
trim residual norm 2 elevator deflection 15
aircraft pitch angle 2 # design variables 149
elevator deflection angle 2
propeller speed 2
# design variables 71

subject to  buckling constraints (2x20) 40
maximum stress (5x20) 100
maximum displacement (3x21) 63
beam symmetry (3x10) 30
aircraft accelerations 2
# constraints 235

+3g Sizing -1g Sizing

Fig. 9 Wing deflection for +3g and -1g load cases (x20 magnification)

2. Aeroacoustic analysis of the lift-plus-cruise vehicle

Noise profiles are visualized to assess aircraft acoustic levels in space and time. These profiles from different
mission segments near the ground are compared to understand how noise changes during the initial flight segments,
where there is concern of disturbing the surrounding space of the aircraft at low altitudes. In Fig.[I0] we show a noise
(A-weighted decibel) directivity plot of the vehicle for different flight conditions: hover and five out of ten quasi-steady
transition points. At each transition point, the aircraft hovers or transitions at an altitude of 250 ft above the ground and
the sound-pressure level is observed along a semi-sphere, starting from the aircraft plane. We see that the aircraft emits
ths most noise during the first transition point, at which the aircraft experiences the highest acceleration at just over
3m/s?, provided by the propeller. At the same time, the aircraft’s speed is low, which means that most of the lift is
provided by the lift rotors. This combination of lift rotors and the propeller is a likely explanation for the high noise
footprint during the first transition point. At the later transition points, the aircraft’s acceleration decreases while the
speed increases, which means that more lift is provided by the wing and the rotors’ noise contribution decreases. An
interesting observation of the directivity plot is the asymmetry, which is more pronounced for the later transition point
(e.g., transition 9) and is a likely manifestation of the Doppler effect with increasing aircraft speed.
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Fig. 10 Directivity plot of the lift-plus-cruise vehicle

3. Longitudinal aircraft stability

In Fig. [T1] we show the eigenvalues of the short-period and Phugoid stability modes for lift-plus-cruise vehicle
in cruise. We see that the aircraft is stable in both modes, with the Phugoid mode being less stable. Based on these
eigenvalues, the natural frequency, damping ratio, and time to double for the short-period mode are computed as 3.61 Hz,
0.22, and 0.86 s, respectively. For the Phugoid mode, the same quantities are 0.25 Hz, 0.28, and 9.83 s. While for this
optimization we do not constrain these quantities according MIL-F-8785C Flying Qualities of Piloted Airplanes [54],
we plan to do so in future studies.

X x  short period
34 ® Phugoid

-0.8 -0.7 -0.6 -0.5 -0.4 =03 -0.2 -0.1
Re

Fig. 11 Eigenvalues for longitudinal stability

B. Full-scale MDO

In this section, we present the results of the full-scale optimization (gross weight minimization) problem we solve,
shown in Tab.[3] At a high level, the design variables can be categorized into geometric (e.g., wing area, rotor radii),
operational (e.g., aircraft pitch, rotor speed), and sizing variables (e.g., skin thickness). We note that not all design
variables listed may be of relevance for practical applications. An example is the (lift) rotor disk disk angle (+5°), which
we optimize for all design conditions in which the lift rotors are active. Although the lift-plus-cruise concept proposes
fixed lift rotors to reduce design complexity, we include the rotor disk tilt design variables for two reasons: 1) to facilitate
aircraft trim and 2) to demonstrate the feasibility of including a large number of rotor actuation parameters for potential
future work on other eVTOL aircraft such as tilt-rotor concepts. The constraints we impose can be loosely grouped into
operational (aircraft trim), safety (stress and displacement)] acoustics, and geometry symmetry constraints.

A detailed breakdown of the aircraft component weights before and after the optimization is shown in Fig.[T2] The
optimized gross weight is about 7100 1b (3220 kg), which is a decrease of about 10% or 650 Ib compared to the initial
design. About 45% of this decrease can be attributed a smaller battery, whose weight is 300 1b lighter.

*We note that for the full-scale optimization, buckling constraints are not imposed, which will be corrected in future studies

14
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Table 3 Full-scale MDO problem

Variable/function Quantity Variable/function Quantity

minimize wing vehicle gross mass

W.L.L. rotor radii 8 blade twist (4x9) 36
blade chord (4x9) 36 motor length 9
motor diameter 9 wing AR 1
wing area 1 wing twist 10
horizontal tail AR 1 horizontal tail area 1
tail moment arm 1 battery mass 1
disk tilt angle 124 horizontal tail deflection 14
lift rotor speed 62 propeller speed 10
vehicle pitch angle 12 top skin thickness 20
spar thickness 20
# design variables 376
subject to  trim residual norm 18 Sound pr. level 5
final state of charge 1 beam stress/displacements 163
max. motor torque 5 geometry symmetry 46
# constraints 238
Initial gross weight: 7763.4 (Ibs) Optimized gross weight: 7113.3 (Ibs)

battery

battery

wing mass
empennage

wing mass

empennage pusher motor

fuselage & booms pusher motor

lift motors
lift motors

fuselage & booms

Fig. 12 Weight breakdown before and after optimization

1. Design feasibility

To demonstrate the optimized design’s feasibility, we show multiple optimization constraints as a function of the
optimization iteration in Fig.[I3] One of the key constraints is that the aircraft has to be trimmed for every steady
design condition. To this end, we show the aircraft trim residual as a function of the optimization iteration for all steady
design conditions. We observe a decrease of several orders of magnitude for all design conditions as the optimization
progresses. Since the trim residual is a representation of the aircraft’s linear and angular accelerations, we conclude that
for steady design conditions, the optimized aircraft experiences net forces and moments on the order of a few Newton
(meter), which demonstrates that the aircraft is trimmed. Next, we note that the noise constraint, which is set at 75 dB-A
at an observer distance of 250 feet below the aircraft, is also met. Lastly, we show the optimized power profile against
the mission time and see that the final state-of-charge constraint of 20% at mission end is satisfied.
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Fig. 13 Trim and noise constraints vs. optimization iteration and optimized state-of-charge vs. mission time

2. Summary of full-scale optimization

We summarize high-level design variables before and after optimization in Tab.[d We note that for the wing area and
the fuselage length (optimized by changing the tail moment arm), the optimizer reached the lower bound set for those
variables. This suggests that the vehicle gross weight could potentially be reduced further by relaxing the lower bounds.
For the rotor radii, the order from left to right is front-outer, front-inner, rear-outer, and rear-inner. We acknowledge that
for practical purposes, it may not be feasible to size the lift rotors differently.

Table 4 Summary of high-level design variable changes

Variable Initial Optimized
Wing area (ft%) 210 160

Wing aspect ratio 13 11.6
Fuselage length (ft) 30 27.0
Battery weight (Ib) 1980 1675

Lift rotor radii (ft) [5,5,5,5] | [4.0,4.4,4.2,4.2]

VII. Conclusion

In this paper, we demonstrate the application of large-scale multidisciplinary design optimization (MDO) to NASA’s
lift-plus-cruise electric air taxi concept. This is achieved by constructing a comprehensive system model of the aircraft
for all its major sub-disciplines, using low-to mid-fidelity physics-based models. We improve the modeling fidelity over
our previous studies of the lift-plus-cruise concept by including in-the-loop structural analysis of the wing as well as
improved aeroacoustic and rotor-aerodynamic models. In addition, we expand the number of design conditions that
are modeled to include several steady (e.g., cruise), quasi-steady (transition), off-design (one-engine-inoperative), and
structural sizing scenarios, amounting to a total of 18 design conditions. We solve a gross weight minimization problem
with over 300 design variables and over 200 constraints across all discipline models. Solving this problem is made
possible through a newly developed aircraft design software library called the Comprehensive Aircraft high-Dimensional
Design Environment (CADDEE), which enables the assembly of various sub-discipline models.

Results show a gross weight reduction of about 10% over the initial design with all major constraints (e.g., aircraft
trim, noise) being satisfied. The total optimization time is about 17 hours. These results demonstrate the feasibility
of applying large-scale MDO to the aircraft conceptual design problem to efficiently explore the design space, using
physics-based models in combination with gradient-based optimization. Despite these results, there are several areas for
improvement, mostly pertaining to raising the modeling fidelity of the aircraft sub-disciplines. For example, we plan to
use the Reissner—Mindlin shell theory to more accurately model the wing structure. In addition, we have implemented
but not tested the Brooks—Pope—Marcolini broadband noise model for more accurate aeroacoustic results. Lastly, we
would like to further expand the scope of design conditions that we consider to also include fully dynamic cases such as
a gust response or wing flutter.
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