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Mission-Focused Multidisciplinary Design Optimization of
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Tilt-rotor propulsion system design requires a multidisciplinary approach to tackle im-
portant challenges and competing tradeoffs between disciplines. In this paper, we model
rotor aerodynamics, blade structures, vehicle drag, electric propulsion, and tonal/broadband
acoustics for a tilt-rotor, electric vertical takeoff and landing aircraft using low-to-mid fidelity
tools. We use gradient-based design optimization with automatic differentiation and parameter
sensitivity analyses to explore the design space and complex tradeoffs of tilt-rotor distributed
electric propulsion systems, exploring effects of variations in payload/empty weight, battery
specific energy, and blade tip speed. This framework models multiple operating points with a
mission-focused objective to account for the effects of both hover and cruise conditions on the
overall system performance. Additionally, we develop a Pareto front between range and noise
and observe that, for the same noise output, modeling tonal and broadband noise increases
range by 3.1% when compared to using a Mach tip speed surrogate acoustics model.

Nomenclature
c = chord (m)
Cpp = parasitic drag coefficient
cd = 2D drag coefficient
cl = 2D lift coefficient
Crhover = thrust coefficient in hover, T/( pT(QZRE’ip)
Cremise = thrust coefficient in cruise, 4727/ (pQZR:‘ip)
D = total drag (N)
K, = motor constant (rad/s/V)
L = lift (N)
m = mass (kg)
ocv = Dbattery open current voltage (V)
r = radial location along the blade (m)
Ryip = blade radius (m)
SOC = battery state of charge
T = Thrust (N)
Tply = ply thickness (mm)
Voo = cruise velocity (m/s)
Nprop = propulsive efficiency
Q = rotational speed (rad/s)
p = density (kg/m?)

I. Introduction
RBAN air mobility (UAM) is an emerging industry that has the potential to revolutionize modern transportation
Usystems. UAM presents a challenging problem that requires careful study from multiple disciplines to design
aircraft that are safe, quiet, and economically viable. A subset of UAM designs are electric vertical takeoff and landing
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(eVTOL) aircraft , which can operate effectively in dense, urban areas with low environmental emissions and without the
need for a traditional runway. NASA researchers have introduced several conceptual design configurations for eVTOL
aircraft, including single- and multi-rotor helicopters and designs that obtain cruise lift from wing lifting surfaces such
as the tilt-rotor, tilt-wing, and lift+cruise concepts [1-5].

In this study we limit our scope to modeling tilt-rotor configurations, where rotors provide vertical lift to the aircraft
during hover, climb, and landing phases, and the same rotors then rotate to provide horizontal thrust in cruise while the
wing provides lift. (See Fig. 1 for an example of a tilt-rotor configuration from Joby). Like any eVTOL configuration,
there are benefits and costs to such a design. For instance, lift generated from a wing rather than rotors is more energy
efficient [6, 7]; however, there is also increased mechanical and control complexity to rotate rotors mid-flight with
collective pitch. Despite potential weight benefits, dual-purpose rotors must involve a compromised design compared to
rotors optimized for a single stage of flight. The aim of this paper is to understand this tradeoff between hover and cruise
performance for the same rotors.

Fig. 1 Joby S-4 pre-production prototype tilt-rotor aircraft. Credit: Vertical Flight Society

Gradient-based design optimization is an important tool to understand these complex and relatively new design
spaces. Gradient-based methods also have the advantage of scaling well with increasing numbers of design variables,
but require smooth and accurate derivative computation. Algorithmic differentiation (AD) methods are critical to
provide adequate scaling and accuracy (as opposed to finite difference methods, for example). Several studies have used
optimization to model UAM propellers and propeller systems [8—10]; often these works focus only on aerodynamic
modeling and performance, which can neglect other important design factors that need to be considered. Incorporating
several disciplines in a multidisciplinary design optimization (MDO) yields insights on tradeoffs between different
aircraft systems. There are plenty of examples of using MDO in the literature to design eVTOL propulsion systems,
with varying combinations of disciplines modeled. For instance, several works have combined aerodynamic and power
train or flight dynamics models in an MDO frameowrk, including Hendricks et al. [11, 12], Hoyos et al. [13], Mian et
al. [14], and Xia et al. [15]. Other researchers have performed aeroacoustic design optimizations of propellers, including
Zawodney et al. [16], Gur et al. [17], and Ingraham et al. [18], though these works focus only on hover conditions.

Other researchers have used MDO to study propulsion systems with more than two disciplines. Moore and Ning
[19] and Hwang and Ning [20] used gradient-based MDO to design propellers for the NASA X-57 short-takeoff and
landing (STOL) aircraft concept. Moore was able to reduce the X-57 takeoff distance by 43% compared to a baseline
design considering propeller and wing aerodynamics, structures, power train, and acoustics. Hwang used MDO to
increase the X-57 range by 12%, while considering propeller and wing aerodynamics, flight dynamics, structures, and
propulsion models (though acoustics were not considered). Shahjahan et al. [21] applied gradient-free MDO to the
UAM tilt-rotor application, combining models for aerodynamics, structures, and acoustics to look at hover, cruise, and
transition operating points. They found that including transition increases the required hover power by about 5%.

These works and others have leveraged MDO to make powerful steps forward in our understanding of eVTOL
propulsion system design. However, there is more to learn. Many of these studies only focus on one or two disciplines;
those that include more have their own limitations, such as using gradient-free methods (which are limited in the number
of design variables that can be optimized), focusing only on one operating condition (often hover), or neglecting a
mission-focused objective. The latter is especially key for tilt-rotor systems. Rotors that are engineered to perform well
in both hover and cruise need high-level mission analysis or the final design will become an arbitrarily weighted average
of the optimal designs of the operating points. A mission-based objective helps solve this problem (e.g., by optimizing
range or endurance rather than aerodynamic efficiency).



In this paper, we apply gradient-based MDO to a fully-electric tilt-rotor eVTOL propulsion system. Our MDO
framework includes blade geometry design and focuses on mission-level performance tradeoffs for propulsion systems
that must operate effectively in hover and cruise conditions. We model propeller aerodynamics, blade structures, vehicle
drag, electric propulsion, and rotor acoustics using low- and mid-fidelity methods. This is the first study that includes
such disciplines in a gradient-based, mission-focused MDO framework for a tilt-rotor application. We place an emphasis
on parameter sensitivity analysis, seeking to understand how variations in vehicle weight, blade tip speed, battery
specific energy, and rotor blade count affect mission-level performance and optimal blade geometries. These results
lend further insight to the unique tradeoffs between hover and cruise performance for tilt-rotor systems. We also explore
the effects of explicitly modeling tonal and broadband acoustics and compare these results to those that use a blade tip
speed constraint as a surrogate acoustics model.

I1. Methods
In this section, we describe the mission profile, optimization approach, and analysis models used in this work. Our
main focus is propeller optimization, so we use medium-fidelity models for propeller aerodynamics (blade element
momentum theory), blade structures (geometrically exact beam theory with composite layup mesh), and tonal acoustics
(Ffowks-Williams Hawkings equations). We include lower-fidelity models for broadband noise, electric propulsion,
aircraft drag, and mission profile.

A. Propeller aerodynamics

The propeller aerodynamics are modeled using blade element momentum theory (BEMT), which has been used
extensively in propeller analysis [11-13, 18-20, 22]. BEMT combines a momentum balance and airfoil analysis
along the rotor blade, integrating discretized outputs to yield a total thrust, torque, and loading distribution along the
blade. Using the method developed by Ning [23, 24], a solution can be found from combining these two analyses
that is continuous and guaranteed to converge, making it ideal for design optimization. We use the implementation in
CCBlade.jl [24], which is able to calculate exact derivatives using AD methods. CCBlade is able to compute derivatives
efficiently without needing to pass them through every iteration of its internal solver using an implicit formulation [25].

We supply the BEMT model with precomputed polars, described in Section II1.B. We apply precomputed rotational
corrections (Du Selig for lift [26] and Eggers for drag [27]) to the polars based on blade properties at 75% of the blade
radius and extrapolate the data to high angles of attack using the Viterna method [28]. In the BEMT model, we employ
hub and tip loss corrections from Prandtl [29] and include a correction for the induction factor from Buhl [30] that is
a modification of Glauert’s method [31]. Additionally, we assume steady inflow conditions and neglect interactions
between blade sections, between adjacent rotor wakes, and between rotor wakes and vehicle surfaces.

B. Airfoil aerodynamics

The thickness of each blade element airfoil section is a crucial design parameter for the optimizer to strengthen the
blade. However, this thickness also affects aerodynamic performance. While airfoil shape design is not the focus of
this work, we could not neglect the aerodynamic effects of changing airfoil thickness. The extreme needs of tilt-rotor
propulsive systems (especially in the hover operating condition when the propellers need to support the entire aircraft
weight) make the use of an off-the-shelf family of airfoils (e.g., NACA 44-series) prohibitive; they cannot provide
adequate lift with the power constraints of the battery.

To meet this need for thickness variation with high-performaning polars, we generated a series of airfoil geometries
based on the MH-114 airfoil, ranging in maximum thickness-to-chord (t/c) ratio from 6% to 24% while preserving the
camber and relative thickness distribution of the MH-114 airfoil. We fit these geometries using the CST parameterization
[32] to ensure a rounded leading edge (see Fig. 2). We generated polar data for each airfoil using XFOIL [33] at a
constant Reynolds number of 1 x 10% and Mach numbers ranging from 0 to 0.7.

After running the airfoils in Fig. 2 through XFOIL, we fit the space to a 3D B-spline, with inputs consisting of angle
of attack, airfoil t/c ratio, and Mach number. A subset of this contour space is shown in Fig. 3 (where the fixed values
for Mach number and t/c ratio correspond approximately to the blade section at 75% of the blade radius). With this
3D polar space, the optimizer uses the airfoil thickness distribution along the rotor blade as design variables, and the
resulting outputs and derivatives are smooth and continuous.
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Fig. 2 Airfoil geometries with maximum t/c ratios spanning from 6% to 24%.
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Fig. 3 A subset of 2D airfoil polars used in this study.

C. Blade structures

We model the rotor blade as a cantilever beam with geometrically exact beam theory [34, 35]. We use one-way
coupling to couple this beam model to the aerodynamic BEMT solution (i.e., loads from the BEMT solution are passed
to the beam analysis; deflections from the beam analysis are not accounted for in the BEMT analysis). We model the
cross-section as a shell composite layup of high modulus carbon fiber reinforced polymer (CFRP) material. CFRP
properties are listed in Tables 1 and 2, where x;, y;, Xc, Y., and s refer to the first and second axis failure strengths in
tension, first and second axis failure strengths in compression, and the shear failure strength, respectively. In the shell
layup, unidirectional CFRP tape runs along the blade span to increase bending stiffness; bidirectional CFRP weave
oriented at 45° is placed on either side of the tape for torsional rigidity. In the optimization, we fix the orientations and



thicknesses of the weave layers and allow the optimizer to change the tape thickness at every blade section.

Table 1 CFRP Material Stiffness Properties

Material E| (GPa) E, (GPa) G, (GPa) V12 P (kg/m2) tply (mm)
CFRP Tape 175.0 8.0 5.0 0.3 1,600.0 0.152
CFRP Fabric 85.0 85.0 5.0 0.1 1,600.0 0.218

Table 2 CFRP Material Strength Properties

Material x; (MPa) vy (MPa) Xx. (MPa) ve (MPa) s (MPa)
CFRP Tape 806.0 671.9 29.62 166.7 53.57
CFRP Fabric 282.1 118.6 259.2 125.0 31.25

We calculate cross-sectional stiffness properties using a finite element mesh that uses the entire 6x6 Timoshenko
stiffness matrix (see Fig. 4). We then calculate strain recovery using the mesh and beam analysis results and determine
failure based on the Tsai Wu criterion [36]. These methods are implemented in GXBeam [37], a Julia package that
allows for exact derivative calculation through the entire process. Recreating the mesh at every iteration is inefficient
and prone to discontinuity. To make the meshing process suitable for optimization, we use a mesh-morphing procedure
that alters the existing mesh based on new chord and thickness values. The mass of each blade section is integrated to
get the blade mass, which is multiplied by the number of blades (along with a 10% mass markup for the hub) to get rotor
mass. The mass of all rotors in the system is added to the total system mass.

Fig. 4 Finite element mesh of an example shell layup.

D. Acoustics

We use two approaches to model noise in this paper. The first, used in the aerostructural optimizations, uses a Mach
tip speed constraint as a surrogate noise model. The second, used in the aero-structural-acoustic optimizations, models
tonal and broadband noise directly. We model tonal noise using AcousticAnalogies.jl*, a pure-Julia implementation of
the Ffowks-Williams Hawkings (FWH) equations [38]. This implementation uses the compact form [39] of Farassat’s
F1A formulation [40]. AcousticAnalogies models the monopole (thickness) and dipole (loading) noise sources using
rotor geometry, rotational velocity, and blade loading inputs, and neglects quadrupole noise sources.

We model broadband noise sound pressure level using an empirical model developed by Gill and Lee [41]:

fiA0e

SPL = -
e (A+ )53 + (Cra)*

ey

*developed by Daniel Ingraham at NASA Glenn Research Center: https://github.com/OpenMDAQO/AcousticAnalogies.jl



where A = S, — (0 log,( Cr + fslog,y o). S; = fc/Vw is the Strouhal number based on the solidity-weighted chord
length (¢ = oRy;,/B), o is the rotor solidity and B is the number of blades. The terms fi to f5 depend on blade
tip speed, V; (or M, for tip Mach number), thrust coefficient Cr, distance to the observer from the rotor hub, sy, and
elevation angle of the observer, 6:

fi = 10logy, (VZ-S“)
fr=-2M?+2.06
f3 =-CrM,; (CT — sin |9()| + 2.06) +1 (2)

f1 = 4.97Cy sin |6 (1.5Mt( %0 ) - (i) + 15)
Rtip Rtip

fs = 0.9M,0(M, +3.82)

The elevation angle is measured from the rotor plane, with positive orientation below the rotor (e.g., 90 deg is
directly underneath in the rotor axis). The authors show this model to be of similar accuracy to the popular Brooks,
Pope, and Marcolini (BPM) semi-empirical rotor broadband model [42], without requiring boundary layer information.

These models estimate the overall sound pressure level (OASPL), a scalar metric representing the noise output
across all frequencies in decibels. The isolated rotor OASPL from both tonal and broadband models can be found
separately and then added together using the following equation:

OASPL oy = 1010g (Z 10OASPL; /10) )

where there are two entities to be summed: tonal OASPL and broadband OASPL. We then apply Eq. (3) to sum OASPL
across all rotors in the system. A-weighting is applied to these results to appropriately weight frequencies based on
loudness perception experienced by the human ear. We refer to the A-weighted OASPL as A-OASPL with units of
dBA." By treating the entire acoustic output as the sum of individual acoustic footprints of the rotors, we are neglecting
noise from rotor-on-rotor and rotor-on-wing interactions. We also neglect motor noise and noise from unsteady loading
and blade vortex interactions. Tonal A-OASPL in the rotor axis is severely underpredicted when ignoring acoustic
effects from unsteady blade loading [43]. Thus, we measure noise in the hover mission segment using a stationary
observer 250 ft below the rotor at an angle 45-deg offset from the rotor axis.

E. Propulsion System
The electric propulsion model combines the propeller model from Section II.A with basic motor and battery models.
We use a steady-state motor model to compute the input power to the motor shaft, P, (power output of the battery):

Py =ipvm

im=QKv + iy 4)

Q

Vi = IRy + —

v
where i,, is the motor current, v,, is the motor voltage supplied from the battery (via the motor controller), Q is the
required torque (from the BEMT model), K, is the motor constant, iy is the no-load current, and R,, is the motor internal
resistance. This model was also used by Gur [17] for propeller optimization. All motors are assumed to be identical and
in parallel, with their own speed controllers, all powered by one battery for the aircraft. We set the motor constant K, as
a design variable in the optimization framework. Motor resistance, no-load current, and mass are computed based on

the following regressions taken from Bershadsky et al. [44]:

Ry = 0.2092K; 1-2423 ®)
.04

o= RTnf (6)

mass = 1049 (K,,)~0-532 )

TFor all instances in this paper, dB and dBA units have a reference of 20 uPa.



Battery parameters are based on the Panasonic NCR18650G cell, which has been used in previous studies for
eVTOL applications [45]. Both the internal resistance (Rp) and the open current voltage (OCV) are functions of the
battery state of charge (SOC); for this battery, a data fit was provided by Zou et al. [46] (although we refit the OCV as a
quadratic, rather than sixth-order polynomial for simplicity):

OCV(S0OC) = 0.39 SOC? +0.07 SOC + 3.7 ®)
R, (SOC) = 0.015 SOC? - 0.025 SOC +0.104 ©)

This battery cell has a capacity of 3.55 Ah and a mass of 48 g. This leads to specific energies of 270 Wh/kg and
225 Wh/kg at the cell and pack level, respectively. We adjust the cell mass to reflect a cell-level specific energy of 400
Wh/kg that is more reflective of current/near-future technology [47]; this reflects a pack level specific energy of 333
Wh/kg. We apply an additional 20% markup on the battery mass to account for wiring, the battery management system,
and other overhead required in the pack beyond just the cells. The battery pack is made of a number of cells arranged in
various modules and submodules. For our purposes, the details of the arrangement are not essential, but we do need
to know the total number of cells in series and the total number of cells in parallel; these are design variables in the
optimization framework. We also constrain the battery power margin to be positive (i.e., the total requested power does
not exceed the maximum power available from the battery).

After each mission segment that occurs over some time interval ¢, we update the state of charge (SOC) with the

following model:
t
SOC; = SOC; + ———— (OCV — AJOCV? — 4R, P,, (10)
’ 2R, Cyp

where SOC; and SOCy represent the initial and final states of charge for a mission segment, P;, comes from Eq. (4),
and C}, is the battery capacity. To avoid premature battery degradation, we begin the mission with an SOC of 0.9 and
finish with an SOC of 0.2. Our mission uses all of this state of charge; while this cannot represent all mission types
(such as those that have shorter missions and/or more frequent rechargings), this represents missions with high energy
requirements.

In the vertical climb, vertical descent, and reserve segments, battery properties are obtained from the initial state of
charge of each respective segment. For the vertical climb segment, these properties are used with the known time to
determine SOC using Eq. (10). For the reserve and vertical descent segments, we assume a SOCy of 0.2 and use
Brent’s method [48] to work backward and solve for SOC; of each segment. Then, having solved for the beginning and
ending SOC of the cruise stage, we can solve for the unknown cruise endurance ¢; however, because there is considerable
change in SOC during the cruise mission segment, we use OCV and R, values at the average SOC of the segment. The
cruise endurance is then used to solve for range, as explained in Section II.G. The motor and battery masses are added to
the total system mass.

F. Aircraft Drag
We use the following model for total drag of the aircraft, which combines parasitic and induced drag:
L2
DzCquSwet+—2 (11)
qeomth?e

where ¢, is the dynamic pressure, b is the wing span, and e is the Oswald efficiency factor. Our estimated values
for Cp, and e are 0.033 and 0.66, respectively. These values come from wing parameters listed in Table 3 and by
estimating the skin friction coefficient using an empirical fit from Schlichting for turbulent boundary layers [49]. We
also include a 10% drag markup to account for wake mixing and other effects not captured by this low-fidelity analysis.

G. Mission Profile

We optimize electric propulsion systems for a tilt-rotor vehicle configuration with parameters listed in Table 3. The
propulsion system is modeled under vertical flight and cruise conditions in four stages: vertical climb, cruise, vertical
descent, and cruise reserve. The vertical descent portion is not explicitly modeled in this framework; for simplicity,
it is assumed to have the same aerodynamic loading and energy requirements as the vertical climb stage. We focus
on mission-level performance and neglect controller optimization in our work, so transition flight is neglected. The



ascent/descent velocities are fixed at 5 m/s, corresponding to about two minutes of operation in each phase to ascend to
and descend from a cruise altitude of 610 m (2,000 ft). The descent segment is followed by a cruise reserve segment the
system is required to complete at the end of its battery life that consists of traveling an additional six miles in cruise
conditions, per standards from an Uber Elevate 2018 report [50]. Time in the primary cruise segment is determined by
the available energy of the battery, after having accounted for expended energy in the ascent, descent, and reserve stages.

Table 3 Parameters used for the tilt-rotor aircraft configuration in this study.

Parameter Value
# rotors 12
# blades per rotor 6
vehicle weight 3,300 lbs
wing span 14 m
wing area 12 m?

Rotor and blade geometries remain fixed for the entire mission while we allow different rotor rotational speeds in the
vertical and cruise flight segments. We also include a collective pitch in cruise to adapt for higher cruising velocities. In
addition, we analyze each design using a one-engine-inoperable (OEI) operating point so the system is able to handle
the necessary thrust and power requirements when one of the motors is non-functioning. (In this scenario, we neglect
asymmetric loading caused by such an event.) This operating point is assessed in hover mode at the end of the reserve
stage when the battery will have the least amount of power and energy to supply to the propulsion system. We give the
optimizer the flexibility to change the rotor collective pitch and rotational speed for this operating condition, though the
rest of the design remains unchanged. While the OEI operating point informs many of the optimization constraints, the
objective is determined from normal operating conditions.

We determine range using the following expression:

P b,ctcn
D
where D is the total vehicle drag, 7 is the product of the motor and propeller efficiencies, and Pp, . and ¢, are the battery
output power and time duration in the cruise phase, respectively. In a properly constrained design, this is equivalent to
Range = Vot.; using Eq. (12) helps relate important design parameters (such as those that affect weight) directly to the

objective rather than relying solely on constraints to direct the optimizer to a favorable design.

Range = (12)

H. Optimization Framework

Optimizations in this work use Sparse Nonlinear OPTimizer (SNOPT) [51], an SQP algorithm for gradient-based,
constrained optimization. Providing the optimizer with exact derivatives is ideal to preserve accuracy and reduce
computational cost. All models in this work have been written to be smooth and use types compatible with AD.
Derivatives in our framework are evaluated using forward-mode AD [52].

The optimization framework for the studies in this work is depicted in Fig. 5, while Table 4 lists the objective, design
variables, and constraints for the optimizations. Design variables include blade geometry (radius, chord and twist
distributions), structural parameters (airfoil thickness-to-chord ratio and ply tape thickness distributions), power train
parameters (motor Ky and number of battery cells in parallel and in series), and other operating parameters (freestream
velocity in cruise, collective pitch in cruise and the OEI case, and rotational velocity for each operating condition).
Chord, twist, and thickness distributions were modeled with Akima splines [53]. The number of battery cells in series
and parallel are integer quantities, but for compatibility with gradient-based optimization we include them as continuous
design variables in the battery equations. After optimizing, we round these to the nearest integer, then re-optimize all
remaining design variables (i.e., dynamic rounding). While battery pack design requires additional considerations,
which would likely require adjusting the total number of cells, this level of modeling captures the tradeoffs in battery
mass with voltage and current requirements.
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Fig. 5 Simplified layout of the optimization framework. Blue boxes denote models of the system and green boxes
denote outputs of the system.

Constraints ensure sufficient thrust (equal to total aircraft weight in the hover and OEI operating points and total drag
in the cruise operating point) and ensure no material failure at any blade section in any operating condition. With these
constraints, we apply additional safety factors, including a 10% markup in thrust and a material strength markdown of
50%. There are additional constraints on the battery power margin to ensure the rotor is not requiring more power than
the battery can supply as well as ensuring the motor voltage is lower than the battery voltage. For the aero-structural
optimizations, the Mach tip speed is constrained to a maximum of 0.5 for normal operating conditions and 0.7 for the
OEI case. (In this scenario, noise is not an issue and the driving constraints ensure the aircraft can still support its own
weight; however, enforcing a limit of 0.7 does avoid aerodynamic inefficiencies associated with supersonic flow.) The
aero-structural-acoustic optimizations in this work also include an acoustic constraint on the total A-weighted OASPL
which replaces the tip speed constraint of 0.5 (though we maintain a tip speed constrain of 0.7 to avoid compressibility
effects).



Table 4 Optimization problem, including the quantity and lower and upper bounds for all design variables and
constraints.

Variable Lower bound Upper bound Quantity
maximize range

with respect to propeller radius 0.3 m 2.0m 1
blade chord 2cm 30 cm 5
blade twist -5° 90° 5
blade airfoil t/c ratio 0.06 0.24 5
blade tape ply thickness 1 mm 50 mm 5
collective pitch: cruise 0° 45° 1
collective pitch: OEI -45° 0° 1
cruise speed 35 m/s 120 m/s 1
propeller rotational speed 100 RPM 5000 RPM 3
battery cells in series 1 1000 1
battery cells in parallel 1 1000 1
motor Ky 10 RPM/V 1000 RPM/V 1
total design variables 30

subject to thrust vehicle weight/drag 3
Mach tip speed: hover/cruise 0.5/0.7 2
Mach tip speed: OEI 0.7 1
Tsai Wu failure 1.0 9122
battery power margin 0.0 3
motor voltage battery voltage 3
A-weighted OASPL offset from 1
baseline (dBA)

total constraints 9135

I1I. Results and Discussion
Using the methods described in Section II and Table 4, we present results from two approaches to optimizing
tilt-rotor electric propulsion systems using gradient-based optimization. The first, outlined in Section III.A, is a primarily
aerostructural optimization. Models for battery and motor performance are also included, but acoustic performance is
limited to a mere constraint on the blade tip speed. The second approach (Section III.B) mirrors the first while modeling
tonal and broadband noise of the rotors in the system with an associated constraint on A-OASPL. After discussing these
results, we compare optimal designs of the two problems.

A. Aerostructural optimization

Results for the aerostructural optimization are shown in Fig. 6, including distributions for blade chord, twist, airfoil
thickness-to-chord ratio, and unidirectional ply thickness, as well as the optimal cross-sectional layup at the blade root
colored by the resulting Tsai Wu failure criterion at each element. Each curve is overlayed with the initial starting point
for the optimization in gray. The initial design has a range of 61.3 km and an endurance of 13.6 min while the optimized
design has range of 207.8 km and a cruise endurance of 60.8 min.

The chord planform follows a typical propeller chord design with a higher root chord (where the stresses are highest
in the blade) and a tapered chord as it nears the tip. Twist is high at the root and gradually decreases toward the tip. The
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Fig. 6 Optimized blade planform, twist, t/c ratio, and tape ply thickness distributions (blue) overlayed with the
initial design (gray). Also shown is the Tsai-Wu failure at the blade root.

airfoil thickness-to-chord ratio and ply thickness distributions are relatively high on the inboard side of the blade and get
thinner toward the tip, though neither approaches the lower bound allowed by the optimizer. (Airfoil thickness is at or
close to its upper bound on the inboard side of the blade.) Higher inboard thicknesses strengthen the blade and lower
outboard thicknesses reduce rotor weight.

Observing the Tsai Wu failure profile for the root cross-sectional mesh in Fig. 6, much of the top-surface laminate
is at or close to failure while the rest of the mesh elements have inactive failure constraints. (Note that a Tsai Wu
value of 1.0 indicates failure, after having already applied a safety factor to material properties.) Table 5 lists other
optimal parameter values and performance metrics. Note that the thrust coefficient is defined differently for hover
(CT.hover = T/ (anZRfip)) and cruise (Cr, cruise = 47°T/ (pQZR:‘ip)), following standard helicopter and propeller
conventions, respectively.

Table 5 Optimized design parameters and outputs.

Design Parameter Optimized Value Output Optimized Value
Rip 1.05 m range 207.8 km
cruise speed 57.0 m/s cruise endurance 60.8 min
Qnover 1557.1 RPM hover disk loading 19.3 Ibf/ft>
Qcruise 1052.5 RPM hover power loading 6.23 1bf/hp
QoEr 2146.6 RPM hover figure of merit 0.721
collective pitch (cruise) 11.3 deg CTUiSE Mprop 79.4%
collective pitch (OEI) —11.4 deg CT. hover 0.0256
Ky 10 RPM/V Cr, cruise 0.0348
battery cells in series 298 battery weight fraction 57.3%
battery cells in parallel 174 total weight 7855.3 Ibf

Fig. 7 (a) shows the progression of state of charge through the course of the mission, including the takeoft, cruise,
landing, and reserve segments and (b) shows the amount of time and energy the hover and cruise mission segments use.
Hover refers to both takeoff and landing, and cruise includes the reserve segment in addition to the main cruise segment.
Despite taking up just 6% of the total flight time, the hover segments use approximately 35% of the available energy of
the system. Because cruise takes up the majority of the mission time, improvements to cruise performance can have
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significant effects on range. However, the disproportionate amount of energy spent in the hover mission segments
highlights the benefits that can come from increasing hover performance (e.g., using less power in hover gives the cruise
stage more energy to fly farther). Optimization is key to navigating this tradeoff.

4.1 min
0.90 4« takeoff
0.79 4~ _
cruise Time
SOC
L landing
D Energy 222.4kWh 415.1 kWh
reserve
T T T T
0 20 40 60 .
. . I Hover M Cruise
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(b) Time and energy used in the hover and cruise mission
(a) State of charge vs time. segments.

Fig.7 Mission performance of the optimized design.

In addition to analyzing the optimal design, it’s important to understand the design space and explore unique tradeoffs
and sensitivities of the design to specific parameters. We analyzed such sensitivities for the following parameters:
vehicle weight (payload plus empty weight)), battery specific energy, and blade tip speed. We ran these studies by
adjusting the parameter of interest and then reoptimizing the propulsion system at every iteration from the same starting
point. The following sections will look into each of these sensitivity studies in more detail.

1. Sensitivity to structural weight

Our first sensitivity study shows the effect of changing the vehicle weight of the aircraft. This parameter consists
of the empty aircraft weight plus payload weight; it neglects battery, motor, and rotor weight, since these cannot be
predetermined before an optimization. We swept this parameter from 1500—4000 1bs, reoptimizing the design with all
other parameters equal. In Fig. 8, we show the effect of this sweep on rotational velocity in hover, blade radius, hover
and cruise efficiencies, battery mass fraction, battery mass, and range.

As payload/empty weight increases, the rotors need to supply more thrust. To do this, the optimizer increases blade
radius (see Fig. 8(b)) and chord along the blade (along with slight increases in twist and airfoil thickness). To satisfy the
blade tip speed constraint, it pairs these changes with a reduction in rotational velocity (Fig. 8(a)).

How does this parameter affect hover and cruise performance? We can compare the rotor effectiveness in hover and
cruise by comparing the change in hover power loading and cruise rotor propulsive efficiency, 77prop, shown in Fig. 8(c)
and (d), respectively. We use power loading to measure hover rotor efficiency to easily compare to other rotor designs of
varying disk loading. In this parameter sweep, we observe that the optimizer prioritizes hover performance as vehicle
weight increases. Over this sweep, cruise propulsive efficiency decreased from 84% to 76.5%. Power loading in hover
remained relatively unchanged for the first few optimal designs and then significantly increased as the vehicle weight
increased. With a 25% increase in vehicle weight from 3000-4000 1bs, hover power loading increased by 20.8% from 6.0
to 7.25 Ibf/hp. This increase in power loading is coupled with a decrease in disk loading. This is in contrast to standard
helicopters, where a heavier vehicle typically leads to higher disk loading and lower power loading [54]. As opposed to
helicopters, which are already at or close to their limit for disk area due to compressibility and noise constraints, the
optimizer in this system chooses to lower disk loading by increasing disk area more than the increase in required thrust.
In this parameter sweep and those that follow, we observe a recurring pattern: as the system requirements become more
restrictive (e.g., more weight), the optimizer gives priority to improving rotor efficiency in hover.

We also observe changes to the amount of battery energy the optimizer chooses to include in the system (see Fig. 8(e)
and (f)). As more thrust is required, the optimizer could add more battery cells—this would supply more energy and
power, but also come with a weight penalty which requires even more energy and power. Or the optimizer could remove
battery cells, making the thrust demands more manageable to improve efficiency. In this case, we observe that as vehicle
weight increases, battery mass fraction of the system consistently decreases. Over the range of this parameter sweep, the
battery mass fraction decreases from 72% to 51%. However, the decision of whether to add or remove battery cells is
not straightforward. Up until a vehicle weight of 3000 Ibs, the optimizer adds battery cells to the system. As the vehicle
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Fig. 8 Design sensitivities to the payload plus empty weight of the aircraft from 1500-4000 1bf.

weight continues to increase, it removes battery cells from the system. To maximize range, there appears to be a pivotal
design point where adding more available energy to the system is not worth the additional weight penalty; the battery
can no longer support its own weight with additional cells.

Overall, the payload and empty weight parameters have a significant effect on range (Fig. 8(g)). We observe a
decrease in range of about 100 km for every increase in payload/empty weight of 1000 Ibf. This tradeoff is slightly more
pronounced at the lower portion of the sweep; increasing weight from 1500-2500 Ibf decreases range by 122 km.
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2. Sensitivity to battery specific energy

Fig. 9 shows sensitivities with respect to battery specific energy, ranging from 300 Wh/kg (current battery technology)
to 500 Wh/kg (reflecting projected long-term advances in battery technology [47]) at the cell level. Batteries with higher
energy densities can have the same available energy for a lower weight penalty.
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Fig. 9 Design sensitivities to the battery energy density ranging from 300 to 500 Wh/kg (at the cell level).

As we increase the specific energy, the optimizer chooses to add more battery cells to the system to optimize range
(see the increase in battery mass fraction in Fig. 9(e)), rather than simply flying farther with the same battery mass
or removing battery cells to save weight. In the previous section, we observed there was a point where the optimizer
removed battery cells because the battery could not support the weight of additional cells. As we increase the battery
specific energy, the critical point where the battery can no longer support its own weight has been delayed; we don’t
observe that behavior in this studied range of values.

To account for the increased weight, Qpqver increases with an accompanying decrease in blade radius to satisfy
the tip speed constraint (see Fig. 8(a) and (b)). This behavior is in direct contrast to the previous sensitivity study
with payload/empty weight, where the optimizer met an increasing thrust demand with a larger blade radius and lower
rotational speed in hover. While the blade planform and twist profiles remain relatively unchanged, the change in radius
is still significant. Thus, as battery technology improves, rotor blade design optimization will remain necessary to ensure
range remains optimal; rotor blade designs that are optimal for current battery parameters will not be optimal when
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those parameters change. However, those ensuing optimizations can potentially avoid complexity by reusing the same
normalized chord and twist distributions and only changing radius, removing several design variables from the problem.

In Fig. 8(c) and (d), we observe that as battery technology improves, power loading in hover decreases and cruise
propulsive efficiency slightly increases. The optimizer maximized range with an improvement of about 1.7% in 7prop
despite the tradeoff of a decrease in hover power loading of 2.4 Ibf/hp, or 31%. This behavior follows the same pattern
as the weight sensitivity study—with more restrictions on the system (e.g., less battery specific energy) the optimizer
favors hover efficiency over cruise efficiency.

These changes result in significant effects on range (Fig. 8(f)); for every 50 Wh/kg of additional battery specific
energy, the system gains approximately 57 km of range. These results highlight the importance of optimization in
making design decisions. With improved battery performance, range is not maximized by simply flying farther with the
same system.

3. Sensitivity to blade Mach tip speed constraint

We performed a similar analysis of sensitivities to the Mach speed restriction at the blade tip from 0.35 to 0.6. A
looser restriction on the Mach tip speed, (i.e., raising the upper bound), decreases blade radius while increasing Qpover
(see Fig. 10(a) and (b)). These effects are significant: increasing the Mach tip speed from 0.35 to 0.6 increases optimal
Qhover by 123% and decreases optimal radius by 26%. These changes are accompanied by a decrease in chord and twist
along the blade.

When we increase the tip speed constraint (which is an active constraint in hover and an inactive constraint in cruise),
we observe that the optimizer prioritizes cruise rotor performance. Increasing this upper limit on blade tip speed from
0.35 to 0.6 resulted in a decrease in hover efficiency from 8.4 to 5.5 1bf/hp—a 35% change (Fig. 10(c)), and an increase
in cruise efficiency of 8.8% (from 72.8% to 81.6%—see Fig. 10(d)). This has a similar behavior to the vehicle weight
sensitivity study; as the constraint on the system becomes more restrictive (a lower Mach tip speed, in this instance),
hover performance is prioritized at the expense of cruise performance. This follows naturally from the fact that system
constraints are typically active in the hover operating mode where there are larger thrust and power requirements on the
system. Allowing the optimizer to increase blade tip speed gives it flexibility to increase cruise efficiency enough to
make up for the added power usage in hover.

This constraint has a large effect on range (Fig. 10(e)); increasing blade Mach tip speed from 0.35 to 0.45 leads
to approximately 100 km of additional range, or a 136% increase. There is, however, a trend of diminishing returns;
increasing the Mach tip speed has a larger effect at lower tip speeds. For instance, a Mach tip speed increase from 0.5 to
0.6 increases range by only 49 km, or 24%. One main drawback of high tip speeds is, of course, extreme levels of noise.
While not included as a constraint in these optimizations, we can analyze the A-OASPL of each design in postprocessing.
We find that noise levels increase substantially with tip speed (Fig. 10(f)). Increasing the constraint from 0.5 to 0.6 leads
to an increase in A-OASPL of over 27 dBA. While it is difficult to convert blade tip speed to specific A-OAPSL values,
this does show the effectiveness of using a tip speed constraint as a surrogate model for noise. In Section III.B, we
compare this method with that of modeling tonal and broadband noise directly to optimize rotor designs.

B. Aero-structural-acoustic optimization

Thus far, all of our optimization studies used a Mach tip speed constraint to limit noise of the propulsion system.
While the blade tip speed is directly correlated with noise, this model neglects important acoustic sources, such as
those from blade geometry, loading, and multiple blades and rotors, while also being unable to weight the noise output
according to specific frequencies. We implement methods described in Section II.D to add an additional constraint to
the system for A-OASPL. This effectively replaces the previously active Mach tip speed constraint of 0.5, though we
maintain a tip speed constraint of Mach 0.7 to avoid transonic flow regimes (this was an inactive constraint for all cases).
The new acoustic constraint restricts the A-OASPL at the observer described in Section II.D. A baseline optimal design
without an A-OASPL constraint (and a blade tip speed constrained to Mach 0.7) produces about 100 dBA of noise. We
ran a series of aero-structural-acoustic optimizations with an A-OASPL constraint that started at this baseline value of
100 dBA and incrementally reduced the constraint until 55 dBA, after which the optimizations failed to converge.

We can visualize the range sensitivity to this constraint value as a Pareto front, as shown in Fig. 11. At relatively
high A-OASPL constraint values, the range penalty for reducing noise by 5 dBA can be from 6.6-9.6 km (i.e. about a
2-3% penalty). However, this cost increases sharply at constraint values below 70 dBA. From an A-OASPL constraint
of 70 to 65 dBA, range decreases by 11.7 km (5.6%); from 65 to 60 dBA, range decreases by 17.4 km (8.8%); and from
60 to 55 dBA, range decreases by 31 km (17.25%). The Pareto front offers insight into high-level design decisions to
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Fig. 11 Pareto front comparing A-OASPL constraint to optimal range.

know how much range will be sacrificed to obtain a specific noise outcome—or alternatively, how much louder the
system will be if extra range is desired. In this case, there is not a point in this tradeoff where a lot of noise can be
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reduced for little sacrificed range; however, there are designs where a little noise reduction can lead to large sacrifices in
range. Quiet tilt-rotor systems do not come without a cost.
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Fig. 12 Design sensitivity to the A-OASPL constraint value, ranging from 100 to 55 dBA.

Fig. 12 gives additional insight into how the optimizer is choosing to reduce noise by looking at sensitivities for
blade geometry, operating parameters, and efficiency metrics. In general, the optimizer increases chord and twist when
needing to reduce additional noise, especially on the outboard portion of the blade. (Note that a reduction in noise
corresponds to lighter-colored curves in Fig. 12(a).) It also significantly decreases airfoil thickness along most of the
blade. It reduces its tip speed (Fig. 12(b)) and takes on fewer battery cells (Fig. 12(c)). However, the blade radius
trend is not as simple to track. At first, the optimizer reduces the radius, but with A-OASPL constraint values less than
75 dBA, it begins to increase the radius (see Fig. 12(a)). The lower rotational speed (and corresponding tip speed) is
certainly a big factor the optimizer is using to reduce noise.

As the A-OASPL gets further restricted, the optimizer does not significantly change the hover power loading or cruise
propulsive efficiency until around the 75 dBA mark, after which it increases hover power loading and decreases cruise
efficiency at a higher rate (see Fig. 12(d) and (e)). This highlights an interesting conclusion: at more restrictive noise
constraints, optimal tilt-rotor designs with less noise output are correlated with higher hover efficiency performance. In
this case, aerodynamic efficiency in hover was not in direct competition with a quieter rotor; however, there was still the
obvious cost of range, the mission objective.
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‘We can make additional comparisons to optimal designs with and without the A-OASPL constraint to determine
the effectiveness of using a tip speed constraint over higher-fidelity acoustic models. To compare like designs, we
performed an acoustics analysis on the baseline optimal design from Section III.A. This design has a maximum Mach
tip speed of 0.5 during the optimization and produces an A-OASPL of 72.8 dBA. We ran an additional optimization
with the modified Mach tip speed constraint of 0.7 and an A-OASPL constraint matching that of 72.8 dBA. Comparing
these two optimal designs ensures a comparison between designs with the same A-weighted noise footprint; the main
difference is that in the first case, the optimizer could not have a tip speed higher than 0.5 (this was an active constraint)
and A-OASPL was unconstrained; in the second case, Mach tip speed was constrained to a maximum value of 0.7 to
avoid compressibility effects (an inactive constraint) while A-OASPL was constrained. However, both have the same

A-weighted total noise output.
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Fig. 13 Comparing optimized designs with constraints for Mach tip speed (blue) and A-OASPL (green).

By constraining A-OASPL from tonal and broadband noise models, we achieve an increase in range of 3.1%
compared to using a comparable Mach tip speed constraint. Without the tip speed restriction of Mach 0.5, the optimizer
chooses to go slightly past that to 0.52. It does this by reducing the blade radius and increasing Qpover- This results in a
higher disk loading (28.1%) and a reduction in power loading (10.9%). Thus, the optimizer is making the hover propeller
less efficient compared to the optimal design with only a tip speed constraint. This is offset by an improvement in cruise
performance from increased propulsive and motor efficiencies, lower battery and rotor weights, and increased collective
pitch, rotational velocity and freestream velocity in cruise. As shown in Fig. 13, there are also subtle differences in
blade chord, twist, and airfoil thickness profiles.

These optimizations show that a Mach tip speed constraint can be an adequate surrogate for modeling rotor noise in
design optimization. It is more computationally efficient and results in an optimal design close to that obtained with
the framework that includes models for tonal and broadband noise. However, a tip speed constraint has limitations. A
tip speed constraint cannot easily be converted to a concrete OASPL value, which is important when a specific noise
outcome is desired. Thus, a tip speed constraint can easily become an arbitrary cutoff value chosen by the user that
merely restricts blade radius and rotational speed and cannot account for changes to blade geometry and other operating
parameters that could improve noise output. In this case, those additional changes resulted in an improved range of

6.4 km, or 3.1%.
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IV. Conclusion

In this paper, we perform multidisciplinary gradient-based design optimization on a tilt-rotor electric propulsion
system with a framework that uses forward-mode algorithmic differentiation and a multi-operating point, mission-focused
objective. This approach includes models for propeller performance (blade element momentum theory), blade structures
(geometrically exact beam theory), acoustics (Mach tip speed as well as tonal and broadband noise models), and
low-fidleity physics-based models for vehicle drag and motor and battery performance. We also implement a B-spline
fit of precomputed airfoil polars for a unique family of airfoils generated based on the MH-114 airfoil, only varying by
max thickness.

This optimization framework allows for effective parameter design sensitivity studies where we highlight parameters
that have a significant effect on range for a conceptual tilt-rotor eVTOL aircraft. We also run a sensitivity study on the
constraint imposed on the A-weighted overall sound pressure level (A-OASPL) and generate a Pareto front for range and
acoustic output.

We find that this optimization framework is successful in navigating the complex tradeoffs between hover and cruise
performance for a tilt-rotor system. For instance, using a lighter aircraft/payload, a less-restrictive tip speed, and higher
battery specific energies all cause the optimizer to decrease hover efficiency and increase cruise efficiency to optimize
range. For the same total A-OASPL of the system, constraining A-OASPL from tonal and broadband noise models
improved range by 3.1% over using a Mach tip speed constraint as a surrogate acoustics model. Optimization studies
that merely use a blade tip speed constraint to constrain acoustic output are placing an arbitrary limit on the optimizer
and missing out on potential improvements to their objective.

Additionally, we observe that airfoil performance has a large effect on the ability of the optimizer to converge for
these problems, highlighting the need for future work to incorporate airfoil design into the optimization framework
rather than using a fit made from precomputed polars. Future work can also improve model fidelity (e.g., incorporating
wing design and wing-propeller aerodynamic interactions), as well as comparing with other vehicle configurations, such
as the lift+cruise design which would need separately optimized hover and cruise rotors.
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