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ABSTRACT

Characterization of rotor—rotor wake interactions and their influence on flight dynamics is an important step toward
advancing control system design and evaluating the performance of next-generation Mars multirotors. In this work,
a Viscous Vortex Particle Method (VVPM) is utilized to generate rotor—rotor interference data for the Chopper Mars
Helicopter platform, a large-scale hexacopter concept designed to be capable of carrying payload and pursuing in-
dependent science tasks. A reduced-order model compatible with finite state dynamic inflow is derived from the
database. Interpolation strategies for continuous look-up are evaluated, with Gaussian Process Regression providing
up to 20% improvement in prediction accuracy over linear interpolation of the interference data, although its scalabil-
ity is limited by the large number of output channels. The interference model is implemented in HeliCAT, the flight
dynamics analysis framework used for the Ingenuity Mars Helicopter, to assess the impact of rotor—rotor interference
on trim, open-loop response and key stability derivatives. For Chopper, the first-order impact of rotor—rotor interaction
on flight dynamics in hover is small, but with an observed increased pitch and roll damping. In forward flight, on-axis
bare airframe responses exhibit attenuation at the lower frequencies due to interference, and increased sensitivity of
the pitch response to vertical perturbations in cruise. Finally, a real-time closed-loop simulation is performed with
and without the interference model to assess the impact on rotor power during a representative science mission flight
trajectory on Mars, showing that total increase in mechanical shaft power due to multirotor wake interactions does not
exceed 5% throughout the flight.

NOMENCLATURE 1% Total airspeed, m/s
X Flight condition
a Speed of sound, m/s 1) Mixed control input signal, deg
A Rotor disk area, m* 6 Rotor collective angle, deg
Cr Rotor thrust coefficient, T /(pA(QR)?) 2 Inflow ratio, v/(QR)
M Interference gain matrix u Rotor advance ratio
Mip Blade tip Mach number P Atmospheric density, kg/m?
Ny Number of rotors c Rotor solidity (thrust-weighted)
p,q,r Roll, pitch and yaw rate, rad/s X Wake skew angle, rad
P Rotor power, W v Rotor azimuth angle, deg
r Rotor radial coordinate, m Q Rotor rotational speed, rad/s
R Rotor radius, m
Re Chord-based Reynolds number Sub- and superscripts
RPM R.otor rotational speed, rev/min ind Self-induced
t Time, s .
Rotor thrust, N intf Interferegce .

Uu,v,w Longitudinal, lateral and vertical velocity, m/s Hyz Longitudinal, lateral and vertical
v Inflow velocity, m/s
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sions and scientific tasks. To meet these objectives, vehicle
designs are trending toward large-scale multi-rotor configu-
rations. Multicopters introduce interactions between the in-
duced wakes of the rotors that can have a significant impact
on flight dynamics (Refs. 1-3). In addition, interference ef-
fects can lead to significant system-wide thrust degradation
and therefore represent an important consideration in heli-
copter capability assessment. The effects depend strongly on
both the vehicle configuration, such as relative rotor place-
ments, shaft angles, and flight mode, as well as the instan-
taneous flight condition, including rotor thrust, wind, vehicle
velocity and attitude. As a result, the rotor—rotor interference
presents a high-dimensional, non-linear problem that is diffi-
cult to generalize across different aircraft.

Research applicable to multirotors operating in the extreme
environment encountered on Mars is limited. The signifi-
cantly lower atmospheric density, approximately 1 % of Earth,
dictates the aerodynamic regime characterized by very low
Reynolds numbers (~ 10%). While small Unmanned Aerial
Vehicles (sUAV) may provide a closer aerodynamic compari-
son point, the flight dynamics of such vehicles differ signif-
icantly from a large-scale Mars hexacopter (Ref. 4). This
highlights the need for dedicated models of rotor—rotor inter-
ference for multirotor Mars vehicle concepts that lend them-
selves to flight dynamics analysis, which will be important for
successful control system design and performance evaluation.

Real-time capable flight dynamics simulations conventionally
rely on finite-state dynamic inflow models, offering a sim-
plified, global representation of the induced rotor wake that
is readily linearizable. Such formulations are computation-
ally efficient and practical for real-time simulations and flight
dynamics analysis, but do not account for effects of multi-
rotor wake interactions. The advent of advanced air mobil-
ity and associated vertical lift concepts, however, has spurred
significant research efforts dedicated to analyzing aerody-
namic interaction effects for multirotor systems. This in-
cludes experimental efforts (Refs. 5-7) as well as pursuits
of higher-fidelity Computational Fluid Dynamics (CFD) solu-
tions (Refs. 8-10). Such data provide important physical in-
sight and enable point-comparison. Evaluating the impact on
flight dynamics in real-time simulations and linearized model
responses, however, is prohibited by the time cost of online
computation and large number of states in higher order solu-
tions. On the other hand, analytical closed-form approaches,
specifically the use of combined momentum theory and sim-
ple vortex theory, offers a tractable and linearizable approach
to multirotor wake interaction (Ref. 11) that is readily applica-
ble to flight dynamics analysis (Ref. 12), but rely on inviscid
flow assumptions violated in the Mars operating conditions.

Using surrogate models derived from higher-fidelity aerody-
namics data to enhance lower-fidelity solutions has emerged
as a means of increasing accuracy while retaining compu-
tational efficiency in the aerodynamic analysis, which has
shown promising success in not only design optimization
(Refs. 13-15) but also flight dynamics and control applica-
tions (Refs. 16—18). In context of the rotor wake problem,

the viscous vortex particle method (VVPM) is being rec-
ognized as a tractable mid-fidelity tool for generating and
refining reduced-order inflow models to account for rotor—
rotor interference effects and their impact on flight dynam-
ics (Refs. 19-23). The applicability of VVPM to Mars ro-
torcraft was demonstrated in Ref. 24, which showed good
agreement using a VVPM wake with available experimental
data for coaxial rotor performance in hover under Mars atmo-
spheric conditions.

The objective of the present work is to derive and implement a
reduced-order rotor—rotor interference model to support flight
dynamics analysis and closed-loop simulation of the Chopper
Mars hexacopter concept. After an overview of the vehicle
platform design, the rotor-rotor interaction model formula-
tion is presented, including considerations on database gen-
eration from a VVPM wake model, parametrization and inter-
polation techniques. Predicted interference characteristics are
presented, alongside sensitivities to model assumptions and
limitations of the present model. The impact of rotor—rotor
interference on flight dynamics are presented, including trim,
open-loop response and key stability derivatives. Finally, re-
sults from a closed-loop real-time simulation of a representa-
tive flight trajectory for a science mission on Mars is demon-
strated to assess the impact of multi-rotor interaction on vehi-
cle performance limits.

THE CHOPPER PLATFORM

The sizing of a next-generation Mars hexacopter concept re-
ferred to as Chopper was described in Ref. 25. The introduced
aerodynamic challenges associated with the Chopper vehicle
were described in Ref. 26, where multirotor wake interaction
was identified as a focal area for both numerical and experi-
mental investigations. This section gives a brief overview of
the Chopper platform, including vehicle characteristics and
flight dynamics model.

Vehicle Overview

Figure 1. Rendering of the Chopper hexacopter concept.

A rendering of the Chopper hexacopter concept is illustrated
in Figure 1, and a schematic of the rotor configuration is pro-
vided in Figure 2a, including definition of the body reference



frame. The rotor has a radius of R = 0.675 m and thrust-
weighted solidity o = 0.3, increased compared to Ingenuity
to support the larger take-off mass. Counter-clockwise rotat-
ing rotors (with odd indices) are in a horizontal plane 0.15R
above clockwise rotating rotors (with even indices). The thin
Martian atmosphere results in poorly damped rotor-flapping
modes. As with Ingenuity, Chopper’s rotor system is sig-
nificantly stiffened to shift these poorly damped modes well
above the control system’s bandwidth. As indicated in Fig-
ure 2a, the rotor disks have a non-zero overlap of 0.11R to
minimize footprint so as to comply with the geometric con-
straints of the target aeroshell. For the benefit of the reader,
rotors at the same longitudinal coordinate are paired in colors,
with front (1, 6), mid (2, 5), and aft (3, 4) in green, orange and
red, respectively.
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Figure 2. Chopper concept rotor layout and reference
body-frame.

The ~ 30 kg Chopper concept is designed to be able to per-
form a range of potential science-driven missions that require
3+ kg of science payload and up to 3 km/sol flights (Ref. 25).
The Chopper team has performed detailed concept of opera-
tions (CONOPS) exercises for two applications, shown in Fig-
ure 3. One application demonstrates a Chopper role in a hy-
pothetical stand-alone mission to retrieve sample tubes from
a depot in Jezero Crater and bring them to a Martian lander’s

location. Another studied application would use the Chop-
per concept to execute the Condor science mission (Ref. 27).
In this studied application, the Chopper would target areas of
interest near the bottom of Valles Marineras, the vast Mar-
tian canyon that is 6 times deeper than the Grand Canyon on
Earth. Both studied concepts have an initial egress from a jet-
pack (Ref. 28) that brings the helicopter to within its normal
flight envelope, allowing the helicopter to land as it would on
any other flight. Both scenarios would also involve an un-
guided entry that could result in an initial landing location
tens of kilometers away from the target area of interest, which
requires a long traverse from the initial egress location to the
start of the science mission and drives the 20 m/s nominal hor-
izontal ground speed requirement, which has been translated
into a need to tolerate air speeds up to 40 m/s when accounting
for winds. The range of potential applications drives a need
for assessing performance from densities of 0.012 kg/m?® up
to 0.025 kg/m?>, with Jezero being on the lower end and Valles
Marineras expected to be on the higher end. Although there
are other similarities across the studied mission CONOPS, the
Condor mission in particular requires accessing terrain further
upslope from the valley floor where the vehicle would land,
resulting in a unique flight type known as the “Wall Traverse”
that gets the vehicle from the floor up on to a ledge where
the science sites are. The Wall Traverse is a driving case for
the aerial design, and is thus used as a canonical example of
a stressing flight type when evaluating metrics on the project.
This wall traverse involves a ~2 km flight with over 700 m
in elevation change, where the density can vary by over 10%
from the bottom to the top of the climb. Larger vertical flight
speeds support more efficient trajectory design, with a current
design limit of 5 m/s to bound the problem.

Flight Dynamics Modeling in HeliCAT

The Helicopter Control Analysis Tool (HeliCAT) served as
the primary framework for flight dynamics and control sys-
tem development of the Ingenuity Mars Helicopter (Ref. 29).
It has since been expanded to support modeling and simu-
lation also of the Chopper hexacopter concept. Built upon
JPL’s DARTS/DSHELL multibody simulation environment
(Refs. 30,31), HeliCAT enables end-to-end, closed-loop sim-
ulations incorporating actuator and sensor models, wind dis-
turbances, contact dynamics, and flight software integration.

The vehicle, rendered in HeliCAT in Figure 4, is represented
as a multibody system of rigid or flexible components, in-
cluding the rotors, mast, landing gear, and fuselage, con-
nected through hinged joints. Aerodynamic loads on the ro-
tors are computed using blade-element theory, coupled with
a Peters—Pitt finite-state dynamic inflow model with modifi-
cations accounting for wake distortion in maneuvering flight
to capture wake-induced effects on vehicle dynamics. Heli-
CAT also provides tools for linearization about trimmed flight
conditions, yielding both full- and reduced-order models for
control and stability analysis. To trim, an optimization routine
is performed in HeliCAT to find conditions in which the ve-
hicle is in equilibrium at a chosen airspeed and atmospheric
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Figure 3. Potential Chopper CONOPS. Top: Sample retrieval from Jezero Crater. Bottom: Condor mission to bottom

of Valles Marineras.

density. For Chopper, the rotor speed is fixed, and a trimmed
state is achieved by adjusting the six rotor collectives. Using
DARTS/DSHELLs linearization capabilities to find sensitiv-
ities to inputs, model states, and multibody states, lineariza-
tions are found at a set of azimuths over a rotor revolution.
The resulting linear time-periodic (LTP) dynamics of the sys-
tem are transformed into linear time-invariant (LTI) represen-
tations through harmonic state expansion, as described in Ref.
32.

Figure 4. Rendering of the Chopper hexacopter concept
in HeliCAT.

When finding a trim solution, static mixing of the rotor col-
lectives decouples the controlled input-output pairs and elim-
inates the extra degrees of freedom Chopper would have with
six independent rotor collective choices. The on-axis aligned
control inputs, denoted by 8, 6, 5,, 5, for heave, yaw, pitch

and roll respectively are defined through Equation (1).
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The origin of the body frame is equidistant from all rotors
in the xy plane, with the y—axis pointing in the direction of
Rotor 2’s axis of rotation. The z-axis points downward so
that the rotors rotate in either the +z or —z direction in the
body frame, such that w > 0 for vertical descent, illustrated in
Figure 2b, where total velocity is denoted by V.

THE ROTOR-ROTOR INTERFERENCE
MODEL

This section presents an extension of the preliminary, generic
formulation outlined in Ref. 24. The derivation of the rotor—
rotor interference model is accounted for, including mathe-
matical formulation, generation and interpolation of the un-
derlying VVPM interference data, as well as limitations of
the present model.

Model Formulation

The inflow increment at rotor i attributed to interference from
all other rotor wakes, denoted by v;"tf , is superimposed to the
self-induced inflow v‘"d and vertical hub velocity wy, ; (positive
for climb) of each rotor, giving the total inflow,

int f

Vi(rivllliat):v;nd(ri7llli7t)+vi (rivllliat)"'Wh,ia (2)



where r; and ; are the radial and azimuthal locations on the
i:th rotor disk. Interference velocity distributions are repre-
sented in state-space form. While the proposed formulation
allows for higher-order truncation for non-uniform interfer-
ence distributions, only uniform interference vi.'”f (ri, Wy, t) &
v;,"(;f (t) is considered in this paper.

Thrust of the rotors drive the interference model, and are
mapped to interference states through a variable block matrix
denoted by M. Given a flight condition, denoted generically
by X, the total aerodynamic interference acting on rotor i is
evaluated through Equation (3).

intf

V. . .
1;79 _ /l,-’"tf = Z MJ’W = Z M;j(X)Cr, (3)
J J

In Equation (3), the gain matrix coefficients modulate the
aerodynamic load coefficients of the interfering rotor j onto
the receiving rotor i, in a manner conceptually akin to finite-
state dynamic inflow formulations. Specifically, the coeffi-
cient M;; relates the thrust coefficients Cr ; to their interfer-
ence contributions onto rotor i denoted by A;; := M;;Cr ;. For
a hexacopter assuming uniform interference, M is a 6 X 6
square matrix.

Data Generation

The interference gain matrices are extracted from wake solu-
tions using VVPM, simulated under various flight conditions.
VVPM is a mid-fidelity, first-principles solution to the wake
problem. It solves a Lagrangian formulation of the incom-
pressible Navier—Stokes equations in their vorticity—velocity
form. Convection is represented implicitly, yielding a numer-
ical solution that mitigates artificial dissipation, thus able to
more efficiently retain vortex circulation strength over time.
Effects of viscous diffusion are modeled throughout the flow-
field, an important feature for Mars applications due to the
markedly low Reynolds number. Its implementation as em-
bodied in the rotorcraft analysis framework FLIGHTLAB
(Refs. 33-35) is used throughout this work. The simulation
parameters for numerical discretization and boundary condi-
tions are tabulated in Table 1, guided by prior convergence
studies in Ref. 24. The present wake model was further val-
idated in a sub-scale water tank test campaign at matching
Reynolds numbers, which will be detailed in a future publica-
tion.

Table 1. VVPM Simulation Parameters.

Particle cut-off distance <7R
Max number of particles 8 x 10°
Far-field boundary condition < 15 rev.
Particle Resolution > 0.03R
Vorticity Source Resolution > 0.03R

The process to derive the rotor—rotor interference data par-
tially follows that of Gladfelter’s in Ref. 36. Isolating each

rotor’s effective contribution to the total interference veloci-
ties, as predicated by Equation (3), is achieved by comparing
the VVPM predicted inflow distributions over the rotor disks
in the presence of multiple rotors with that of isolated rotors.
First, the full hexacopter model is trimmed with a VVPM
wake in a prescribed flight condition. Next, using the time-
averaged thrust and rotor advance ratios from the full vehicle
runs, each rotor interference pair (i, j) is trimmed accordingly
to determine the pairwise inflow distribution. Finally, isolated
rotors are trimmed to estimate their self-induced velocity dis-
tributions, for the same thrust level but absent mutual wake ef-
fects. The resulting pairwise distributions, A;; are normalized
by the interfering rotor thrust Cr ; to derive the interference
matrix coefficients, M;; = A;;/Cr j. This approach requires
both a full-vehicle trim run, N, isolated trim runs as well as a
set of (") pairwise trim runs for every flight condition. So,
for a hexacopter, each flight condition requires 22 cases in or-
der to extract the interference matrix coefficients.

The coefficients of M are derived for a set of flight conditions
covering the flight envelope. In total, 215 distinct flight con-
ditions were simulated, including hover, cruise, lateral winds,
climb and descent. The bounds of this flight envelope (espe-
cially forward flight speed and ascent speeds) were informed
by the most extreme flight type the Chopper platform was de-
signed to tolerate: the Wall Traverse. The database is fur-
ther expanded based on a symmetry argument. A hexacopter
enjoys 6 axes of aerodynamic symmetry. Due to the stag-
gered vertical planes of rotors, this is reduced to 3 symmetry
axes for the Chopper platform, giving a total 552 flight con-
ditions comprising the database. The database point cloud is
visualized in Figure 5, with projections onto the helicopter
body-frame velocities relative to the wind normalized with
tip-speed.
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Figure 5. Projections of VVPM interference database onto
normalized vehicle velocity planes.

All data points were simulated at a fixed atmospheric density
at the lower end of what Chopper is predicted to experience
on Mars, with p = 0.0121 kg/m>. For a given density, the
RPM is fixed, set to achieve a target hover blade loading of
Cr/o =0.12. With speed of sound @ = 232 m/s on Mars, this
results in a tip Mach number My, = 0.748.



Parametrization and Interpolation

The interference gain matrices are variable with flight con-
dition, denoted generically by X. Two parametrization ap-
proaches for defining X were explored, contrasting a global,
vehicle level and a local, rotor-level parametrization. The for-
mer considers the body-frame vehicle velocities relative to the
wind normalized with tip speed, giving X = [u,v,w]” /(QR).
In contrast, the rotor-level model parameterization is queried
based on individual rotor states, specifically advance ra-
tios [y, Ly, 1, and wake skew angles y = arctan% such that
for the j:th rotor, Xj = (Ly;-Ly;, tz;,X;), and in total X =
Xi,... ,XN,_].

Given a choice of dependent variables, the discrete set
{M(X,)}, must be interpolated to enable continuous, real-
time evaluation within the flight dynamics simulation.With
the rotor-level parametrization approach, each column of M =
[Mi,...My,] is interpolated separately. Because the chosen
parametrization (e.g., body velocities, rotor advance ratios,
and wake skew angles) depends on the trim Euler angles and
thrust, which are unknown a-priori, the resulting data reside
on an unstructured and non-uniform grid. At each instanta-
neous vehicle state, the model must predict an interference
gain matrix comprising 36 output components, whereas the
available training set remains comparatively limited in size
considering the high-dimensional input and output spaces.
Linear interpolation offers robustness under these constraints
and is considered as a baseline. The underlying aerody-
namic interactions are nonetheless highly nonlinear with flight
condition, and capturing these effects would require an im-
practically fine grid. To better represent the nonlinear de-
pendencies, non-linear interpolation and surrogate-modeling
techniques are investigated in this paper as well. Specifi-
cally, Radial Basis Function (RBF) interpolants and Gaussian
Process Regression (GPR) models are evaluated against the
baseline linear interpolation. The associated interpolation er-
ror is assessed section using a leave-one-out cross-validation
(LOOCV) procedure. Let X € RV*4 denote the input states
and ¥ € RV*6%6 the corresponding interference gain matri-
ces. For these tests, the baseline vehicle-level parametrization
was used. For each point i = 1,...,n, the corresponding in-
put—output pair (Xf(l>,Yf(l)) is withheld, while the remaining
n— 1 samples are then used to train each model. The trained
model is subsequently queried at the withheld input to gen-
erate a prediction M (X)), which is compared with the true
output M(X ).

Model Limitations

The current model formulation has known limitations. Fu-
ture work will consider augmentations to the model to address
some of these limitations, listed below.

* The assumption of uniform interference will not fully
capture interference-induced hub moments. A linear in-
terference variation over the rotor disks is underway as
future work.

* By design, all data points are extracted in trimmed,
steady-state flight. Under the assumption that the con-
troller has a much faster bandwidth than the wake in-
terference dynamics, this yields an efficient characteri-
zation of rotor—rotor interactions within the flight condi-
tions at which the vehicle predominantly operates. The
applicability of the resulting model beyond trimmed con-
ditions is, however, likely limited, and needs to be inves-
tigated.

* No formal sampling strategy was considered for this
work; a semi-uniform distribution was employed, with
increased point densities around nominal operating flight
conditions. The number of cases was ultimately re-
stricted by compute time.

* The model relies on the underlying assumption that in-
terference velocity contributions are pair-wise indepen-
dent. Separating the individual rotor contributions allows
assessment of how aerodynamic interference influences
the vehicle’s response to each rotor swashplate inputs,
thus the impact on the individual rotor control deriva-
tives. In flight conditions characterized by formation of
global wake structures and strong correlations among ro-
tors, however, this simplification no longer holds, which
is an inherent limitation of the present model and will be
discussed in more detail in the subsequent section.

* No dynamic effects are included in Equation (3). For
some interaction characteristics, in particular for rotors
with a larger spatial separation, lagged interference may
have a non-negligible effect on the vehicle response. In-
troducing a time delay is expected to yield a more phys-
ically coherent phase response.

MODEL PREDICTION RESULTS

Hexacopter Interference Characteristics

Following the data generation procedure, the steady-state uni-
form interference velocity contributions, denoted by ),(’)mf , are
derived. In hover and low-speed forward flight, the inter-
ference components are generally small relative to the self-
induced inflow for the Chopper concept. Rotor—rotor interac-
tions at these conditions are predominantly local to the rotor
disk overlaps, where blade-vortex interactions result in un-
steady vertical loading as found in Ref. 24. The total, inte-
grated contribution of these interactions to the uniform inter-
ference component is minor, however.

In forward flight however, interference pattern grow in
strength and complexity for the hexacopter. To illustrate, a
compound interference phenomena for one of the downstream
rotors (Rotor 3) is sketched in Figure 6. A convected wake
from upstream rotor (Rotor 1) induces a downwash, denoted
by red, thus increasing the total inflow on the receiving rotor
(Rotor 3). In contrast, in a side-by-side configuration like that
of Rotor 3 and Rotor 4, each rotor operates in the upwash flow
field of the other. This results in a net favorable interference



effect from a power perspective, mutually decreasing the total
inflow, which is illustrated with blue.

In Figure 7, the resulting matrices of ),(’)mf are presented for
cruise (20 m/s) and high-speed forward flight (50 m/s) condi-
tions. Rows corresponding to the receiving rotors, whereas a
column corresponds to a rotor giving interference.

Oncoming flow
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Figure 6. Counteracting interference effects for aft-most
rotors in forward flight.
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(b) High-speed forward flight, V = 50 m/s.

Figure 7. Interference component demonstration.

The vertical staggering of rotors results in asymmetrical in-
terference characteristics shown in Figure 7. In cruise, illus-
trated in Figure 7a, downwash effects emerge from the most
upstream rotors (Rotor 1 and 6), onto down-stream rotors; pri-
marily on the aft rotors in the same lateral corridor (Rotor 3
and 4). Rotors 2 and 6 show a noteworthy net decrease in

inflow due to interference from Rotor 3 and 5, respectively.
Although the receiving rotors are effectively upstream, they
are laterally aligned with the advancing side of the interfering
rotor, which occupy a higher horizontal plane; thus partially
in the upwash flow field of the downstream rotors.

The downwash from front to aft rotors is more pronounced
with increased forward flight speed shown in Figure 7b, seen
as the apparent red, L-shapes in the matrix heatmap. The
side-by-side upwash between rotor pairs (1,6) and (3,4) are
also dominant. The strong net decrease inflow at the upstream
Rotor 1 in the presence of Rotor 4 is a counterintuitive obser-
vation. This effect is unlikely to arise from direct upstream
convection of the downstream wake. Instead, it appears to re-
sult from pressure-field coupling, and potentially downstream
vortex-interaction mechanisms, that alter the inflow distribu-
tion of the upstream rotor.

Assumption of Pairwise Independent Interference

The present model assumes that interference contributions
from each rotor are pairwise and uncorrelated. To assess
the validity of this assumption across different regions of the
flight envelope, reconstructions based on the sum of pair-
wise interference components, X j)Lij, are compared to the
‘true’ interference increment when all rotors are present (Fig-
ure 8). Results are shown for Rotor 6 (upstream) and Rotor 3
(downstream) over a forward-flight sweep up to cruise speed.
The combined effect of side-by-side upwash and front-to-aft
downwash on Rotor 3 is accurately captured, showing near-
perfect agreement with the hexacopter ‘ground truth.’
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Figure 8. De-correlated pairwise interference assumption
holds in low speed forward flight up to cruise.

At instances when global wake structures form, the assump-
tion of de-correlated interference contributions is violated.
This was observed in high-speed descent flight conditions. An
illustration of the wake geometry at 20 m/s flight speed along
a 30 deg descending flight path angle (v.;/v;, =~ 0.43, with
momentum theory hover induced velocity v, = /T /(2pA))
is shown in Figure 9, clearly demonstrating the roll-up of
‘global’ super-vortices and multirotor interactions that cannot



be captured in pairwise simulations. Downstream wake dis-
tortion due to tip-vortex interactions affects the overall flow
field but may not be captured in the current model. Moreover,
extracting meaningful steady-state data in this flight regime
is challenging, both physically and numerically. The solu-
tion is inherently unsteady and noisy, as rotors ingest not only
the wakes of interfering rotors but also their own. This was
reflected in increased difficulty achieving numerical conver-
gence under these conditions. The derivation of M relies on
time-averaged thrust coefficients, which exhibit large fluctu-
ations at this flight condition. Small changes in parameters
such as trim thrust coefficients lead to large variations in wake
geometry and inflow velocities, resulting in noisy gain matri-
ces and requiring stricter convergence tolerances. Introduc-
ing additional correction factors may therefore be necessary
in these flight conditions, or alternative modeling approaches
beyond those presented here should be explored. These chal-
lenges highlight the limits of the current interference model
under highly unsteady flight regimes, where strongly corre-
lated rotor to rotor wake dynamics dominate.

Figure 9. Wake geometry exressed in vorticity magnitude
iso-surfaces WM. Global wake structure formation in de-
scending forward flight violates model assumptions.

Applicability to Unseen Flight Conditions

The prediction accuracy of the current model is evaluated
for flight conditions not explicitly included in the generated
database, including errors due to interpolation over flight
speeds, changes in atmospheric density, and variations in
blade loading.

Interpolation Error Continuous look-up of the interference
gain matrices as function of flight condition is predicated upon
interpolation of the database. Three models for prediction at
unseen flight speeds were considered; (1) A multivariate lin-
ear interpolator, (2) A Radial Basis Function (RBF) model
with a cubic kernel, and (3) a Gaussian Process Regression
(GPR) model, using a Matérn kernel with smoothness factor

v = 1/2. The present evaluation focuses on predicting a se-
lected coefficient of the interference gain matrix to reduce di-
mensionality and improve interpretability of the results; con-
siderations for full matrix predictions will be discussed. The
prediction error for a validation point i is computed as the ab-
solute scalar difference |M; i —-M; |, evaluated only when the
validation point lies within the convex hull of the training in-
puts to ensure a fair comparison among methods.

The resulting fraction of the mean absolute error (MAE) as
found with linear interpolation is tabulated in Table 2 for two
key coefficients, M3; and Mys, which dominate downwash on
downstream rotors. As such, a fraction smaller than one indi-
cates a smaller error with associated interpolation approach,
compared to the linear. The RBF model shows inconsistent
performance, with both reduction and increase in error com-
pared to the baseline approach. For both of the presented en-
tries, the GPR presents more than a 20% decrease in mean ab-
solute error. GPR constitutes a probabilistic model that yields
both a mean prediction and an associated estimate of epis-
temic uncertainty. The GPR model may outperform the RBF
interpolation in this case because, while both use non-linear
kernels, GPR explicitly accounts for observation noise and
produces smoothed predictions, which can help mitigate the
effects of noisy or irregular data, though the exact contribu-
tion of these factors is not quantified in the current paper. To

Table 2. Fraction of linear interpolation error during
LOOCY for key interference gain matrix coefficients.

MAE relative to linear interpolation

Method M3 Mg
RBF 0.845 1.08
GPR 0.746 0.78

investigate the prediction errors in more detail, the error dis-
tribution for the coefficient M3 is shown in Figure 10, com-
paring the baseline linear interpolator (Figure 10a) with the
GPR model (Figure 10b). For the baseline method, the errors
are dominated by flight conditions in the upper-right quadrant,
where t, > 0 and u, > 0.1, corresponding to mid- to high-
speed forward flight in descent. The GPR improves the fit in
this regime and performs comparably at most other evaluated
test points, as seen qualitatively in Figure 10b. This observa-
tion aligns with the prior section, where this flight regime was
identified as exhibiting non-linear, rapidly varying behavior
and elevated levels of noise. Although these characteristics
suggest that GPR better captures the complex trends and miti-
gate noise in rotor—rotor interaction data at such conditions, it
was noted in the previous section that the data in this instance
may, in the worst case, be erratic or non-physical. Thus, even
if GPR appears to match the data more closely, this does not
necessarily imply improved predictive accuracy of the physi-
cal interference itself.

As a final consideration for future interpolation strategies,
the practicality of the interpolators must be addressed. RBF



interpolation circumvents triangulation but requires solving
a dense linear system whose condition number and com-
putational cost scale unfavorably with the size of the data
set. Standard GPR is formulated for single-output regression,
which would require building 36 separate models for the full
interference matrix, unless extended to a multi-output frame-
work. While predicting each column independently is feasi-
ble, the computational scaling may limit its usefulness for on-
board or real-time applications. Nevertheless, the uncertainty
estimates that are intrinsic to GPRs are valuable for identi-
fying regions of sparse training data or potentially unreliable
predictions, enabling uncertainty-aware analysis of the aero-
dynamic database.
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Figure 10. Prediction error in interference from Rotor 1
to Rotor 3, |[AM3;|.

Perturbed Density and Blade Loading The interference
database was derived at a fixed atmospheric density. In re-
ality, the density on Mars varies with altitude, geographic lo-
cation, time of flight, and season. The ability to predict in-
terference at varying densities is investigated. To this end, in-

terference gain matrices were recomputed at flight speeds al-
ready included in the database, but with the density increased
by +40% from the nominal value p = 0.012 kg/m®. The
rotor RPMs were adjusted to retain the nominal blade load-
ing. The prediction delta in interference velocity is defined as
Av = RQ(M — M)Cr, where Cr is the trim thrust coefficient
corresponding to the perturbed density, and M is the inter-
ference gain matrix obtained at that density. In Figure 11,
the total interference error, averaged over the six rotors, is
shown as a function of flight speed. For low to moderate flight
speeds, the error is small. At higher flight speeds, however, a
more significant error develops, showing a clear bias. Recall,
that induced velocities scale inversely with the square root of
the density (hover induced velocity v, = \/T /(2pA)). Thus,
increasing density reduces inflow velocity and therefore pro-
duces a larger wake-skew angle for a given flight speed. This
comparison in Figure 11 highlights the importance of explic-
itly accounting for wake skew, in particular at varying atmo-
spheric density, as provided by the rotor-level parametriza-
tion.

0 10 20 30 40
Flight speed [m/s]

Figure 11. Interference velocity prediction error at +40%
density as function of flight speed.

Similarly, the database was generated at a fixed blade loading,
which requires knowledge of the prevailing air density at
the time of flight in order to set the RPM appropriately.
In practice, the vehicle will operate at a blade loading that
deviates from this design point. The sensitivity to this
assumption was examined. To that end, interference gain
matrices were recomputed at flight speeds already contained
in the database, but with perturbed blade loadings of £0.02
from the nominal value Cr/c = 0.12 in the simulation.
These perturbed matrices are denoted by M. Define the
(dimensionalized) prediction delta in interference velocity
Av = RO (M —M)Cr, where Cr refers to the trim thrust
coefficient at the perturbed blade loading. The resulting
prediction errors are presented in Figure 12. Slightly larger
errors are observed for the reduced blade loading, but both
perturbations remain within the typical magnitude of the
interpolation error, and it is therefore concluded that the
fixed-blade-loading assumption is acceptable.
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Figure 12. Interference velocity prediction error for perturbed blade loading in cruise conditions.

FLIGHT DYNAMICS WITH
ROTOR-ROTOR INTERFERENCE

Following a brief account of the model integration into Heli-
CAT, the impact of multirotor wake interactions on trim, lin-
earized open-loop response in hover and cruise is assessed. A
closed-loop simulation of the Wall Traverse (see Figure 3) is
demonstrated, to assess how rotor—rotor interaction may im-
pact requirements of representative science mission flight tra-
jectory on Mars.

Implementation Considerations

HeliCAT divides the computation of aerodynamics rotor loads
into “models”, which implement self-contained physics and
exchange information between each other. Four models are
the main constituents and shown in Figure 13; self-induced
inflow, in-ground-effect correction, rotor—rotor interference
model, and finally the blade element theory model, which
takes as input the inflow and interference to integrate the to-
tal rotor loads. The added rotor—rotor interference formu-
lation is readily accommodated within this architecture. In
the “model” paradigm, it fits in place of heritage interference
models (such as those developed for Ingenuity’s coaxial rotor
system) without requiring changes to other models.

The baseline model implemented in HeliCAT relies on the
global parametrization with wind-relative vehicle velocities
in the body-frame. This approach was chosen in part for
ease of implementation, and justified by the observation that
in steady-state flight, the advance ratios of the rotors coin-
cide with the body-frame velocities normalized by tip-speed.
The baseline model is used for trim and analysis and linear
open-loop responses. Motivated by the observed sensitivity to
density variation, the rotor-level parametrization was imple-
mented and used in the non-linear closed-loop simulation to
disambiguate flight conditions at varying densities.
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Multidimensional linear interpolation of the interference gain
matrices was used in this study, but is notoriously ineffi-
cient on an unstructured grid. The procedure requires con-
structing a Delaunay triangulation and performing simplex
searches to locate the appropriate interpolation cell for each
query point. This approach imposes a substantial runtime
cost, which grows with the number of data points, as a naive
implementation leads to traversing over every simplex. To
mitigate this, the unstructured interpolation is used to gener-
ate a much finer rectangular, axis-aligned grid, which enables
fast, constant-time look-up. While this additional interpola-
tion step increases overall interpolation error, this additional
error is reduced as the number of grid points is increased. It
was found that with enough points, but still reasonable mem-
ory usage, the additional error becomes negligible.

Trim

The collective angles for a longitudinal trim sweep are shown
in Figure 14, comparing with and without the rotor—rotor in-
terference model enabled. The rotors placed in the upper hori-
zontal plane (odd indices), are illustrated with solid lines, and
lower rotors are denoted with dashed lines. The color scheme
follows that of Figure 2a. The impact of interference on the
collective trim in hover is minimal, and the solutions are in
principle identical. As advance ratio grows, trends consistent
with the results presented in previous section are observed.
Mutual tandem upwash on front rotors (1 & 6, in green) gives
an effectively larger angle of attack, such that the required col-
lective for the same thrust is smaller. As expected, this effect
grows with forward flight speed, with a max delta of approx-
imately -1 degree collective at 30 m/s. The aft-most rotors
are subject to the downwash from the wake convected rear-
ward in forward flight, which expresses itself as an increase
in trim collective for these rotors (3 & 4, in red) when inter-
ference is accounted for. Consistent with the trends shown
in Figure 6, this phenomena is partially counteracted by side-
by-side upwash at increased flight speeds. Peaking at 20 m/s,
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a max collective increase of around 0.5 degrees is observed.
As forward flight speed increases, there is a small break in
symmetry with the ”"No Interference” model due to the center
of mass not being perfectly aligned with the geometric cen-
ter line of the helicopter. It is offset by about -0.02 m in x
and -0.01 m in y, placing it closest to Rotor 4. This effect is
partially cancelled when interference is included, likely due
to the staggered arrangement of the rotors, which experience
different levels of interaction depending on whether they are
in the upper or lower horizontal plane. Overall, accounting
for rotor—rotor interference has a noticeable but modest effect
on trim.

Rotor Index
Rotor 1 Rotor 2 === Rotor 3
=@ Rotor 6 Rotor 5 =@=Rotor 4

18 T
~o- ]

Collective (deg)

| |—— Interference
11 F|----No Interference

I I I
0 5 10 15 20 25 30

Forward Flight Speed (m/s)

Figure 14. Trim collectives as function of forward flight
speed.

Linearized Dynamics

Linearized models from HeliCAT, with and without including
interference, are compared in hover and cruise conditions to
assess the impact on the bare airframe open-loop response and
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implemented in HeliCAT, including the additional rotor—

stability characteristics. It is noted, that all results presented
in this section used the parametrization with body-frame ve-
locities.

Hover A root locus of the reduced order linearized model
in hover is presented in Figure 15. Inclusion of rotor—rotor
interaction disambiguates the rotor speed degrees of freedom
and disperses the associated roots. A subset of the unstable
mode(s), specifically the roll and pitch oscillation modes, ex-
perience a slight change in natural frequency. Overall, the
impact of rotor—rotor interaction on the bare-airframe eigen-
values in hover is small. This conclusion is reflected in the
on-axis open-loop responses, shown in Figure 16.
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R

Figure 15. Bare airframe root locus in hover.

The heave response to heave aligned input, w/§,, is pre-
sented in Figure 16a. The responses compare very closely
at higher frequencies. At lower frequencies, a phase increase
and minute attenuation is observed. The same is true for the
on-axis pitch response in Figure 16b, where response magni-
tude is virtually unaffected, and phase increase is observed at



the lower frequencies, between 0.1-0.3 Hz. It is noted, that
the interference states are currently modeled based on an in-
stantaneous assumption. Introducing a time delay may alter
the phase of the response.
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Figure 16. Open-loop response in hover with and without
interference.

Forward Flight The root locus of the linearized, reduced
model in cruise condition (V = 20 m/s) is presented in Fig-
ure 17. Changes in stability characteristics when interfer-
ence is accounted for are more prominent in this flight con-
dition, as expected, considering that interference velocities
were found generally larger in magnitude in this regime. No-
tably, rotor—rotor interference causes a faster unstable longi-
tudinal phugoid mode at the given forward flight speed. As
implied in Figure 17, the impact of rotor—rotor interactions
are more noticeable in the open-loop responses in forward
flight, presented in Figure 18. Response attenuation below
0.4 Hz is observed with interference in both heave and pitch
response (Figure 18a and Figure 18b, respectively). The lon-
gitudinal response to longitudinal wind u/uy;,g is included in
Figure 18c, which also exhibit a response attenuation. For all
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responses, impact on phase is seen only at the lowest frequen-
cies.
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Figure 17. Bare airframe root locus in forward flight with
and without interference, (V = 20 m/s).
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The impact of rotor—rotor interference is also investigated by
comparing key stability derivatives in hover and forward flight
in Figure 19. The pitch damping M, in Figure 19a, shows an
increase in magnitude in hover, whereas the difference to the
no interference case is much smaller in forward flight. An
identical trend is seen for the roll damping, L,, in Figure 19b.
The pitch response to longitudinal velocity, M,, in 19c is in-
creased slightly with interference at slower speeds, but both
lines trend to a decrease with flight speed.

In general, the emergence of a positive M,, governs the un-
stable longitudinal phugoid mode in the root locus in Fig-
ure 17. This instability arises from the coupling between ver-
tical and longitudinal rotor dynamics, which increases sensi-
tivity to pitch moments induced by vertical airspeed perturba-
tions (Ref. 37). The M,, derivative is more susceptible to in-
terference effects and exhibits greater variability with forward
flight speed, seen in Figure 19d. Consistent with the obser-
vations in Figure 17, M,, is significantly increased at cruise
speed (20 m/s) when the interference model is enabled. A
similar trend with tandem helicopters in forward flight was
accounted for in Ref. 1 and observed in Ref. 38, where in-
creased downwash from the front to aft rotor due to a pos-
itive w (yielding a thrust increase on the rotors) impinge a
destabilizing pitch-up moment, thus adversely influencing the
angle-of-attack instability. Interestingly, in contrast to the
monotonic trend in M,, with forward flight speed predicted by
interference-agnostic models, the derivative decreases again
at higher flight speeds, and rotor—rotor interference has a small
stabilizing effect again. It is possible, that counteracting inter-
action effects are present in addition to the front-to-aft down-
wash at the higher flight speeds. Further understanding of
this instability’s susceptibility to interference as a function of
forward flight speed will be important for evaluating stability
margins and flight qualities.
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Real-time Closed-Loop Simulation A closed-loop simula-
tion of the Wall Traverse (see Figure 3) is performed with and
without the rotor—rotor interference model. This taxing flight
trajectory drives the performance limits and is therefore an
important point to evaluate when interference effects are ac-
counted for, to ensure fair system margin assessment. It is
not directly aimed, however, to fully expose the most critical
flight conditions from a flight dynamics point of view; climb
conditions are likely not the most dire for rotor—rotor interfer-
ence and its impact on flight dynamics. A closer examination
of such conditions will be considered in future work.

The presented simulation used the rotor-level parametrization
to better accommodate the varying atmospheric densities ex-
perienced during the flight. Figure 20 shows the flight trajec-
tory in the ground frame during the simulated wall traverse.
The time from take off to spin down was approximately 200
seconds.
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Figure 20. Simulated helicopter trajectory (blue line) dur-
ing Wall Traverse, expressed in ground frame.

The simulation includes horizontal wind disturbances de-
rived from data measured by Perseverance’s MEDA instru-
ment (Ref. 39) in absence of other data from Mars, although
it is unlikely to be representative of a wall traverse in Valles
Marineras. A scale factor of 1.5 was applied to the speed to
account for the difference between the MEDA altitude above
ground level (AGL) and the flight altitude AGL. The MEDA
instrument only measures horizontal wind; the vertical wind
speed was estimated for the purpose of the demonstration
simulation. A vertical wind disturbance was taken as a low-
frequency sinusoidal with amplitude 2 m/s. The resulting true
airspeed expressed in the body frame experienced over the
course of the flight is shown in Figure 21 with x and z ve-
locities, (vy, v;), on the left and right vertical axis, respec-
tively. The bounds of the rotor—rotor interference database
was generated based on a-priori estimated flight profiles. To
ensure that the simulated trajectory, including wind perturba-
tions during the wall climb, remains within the limits of the
interpolation, Figure 22 illustrates the database boundary in
red dashed lines. The simulated flight trajectory, expressed
in body-frame airspeeds, is drawn in blue. For the majority
of the simulated flight, the interference queries remain within
the bounds of the convex hull of the interference data. At
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Figure 21. Airspeeds in helicopter bodyframe during Wall
Traverse.
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the highest descent rates, the trajectory briefly exceeds the
database boundary, though this excursion is small and un-
likely to significantly affect the interpolation results.
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Figure 22. Check of model interpolation bounds.

The change in total inflow at the rotor disks due to interfer-
ence affects rotor power. The relative impact on mechanical
rotor shaft power, computed as (P — Prointf) /Paointf, When
including interference in the simulated wall climb is shown in
Figure 23. The power readings are filtered through a low-pass
filter, but the low-frequency content induced by vertical wind
perturbations remains discernible.

A net increase in inflow due to downwash generally reduces
rotor efficiency, thus increasing power, which is captured in
the reduced-order model and observed for the aftmost down-
stream rotors (red) in Figure 23. Conversely, mutual side-by-
side upwash can have a favorable effect, as seen for the front
rotors (green). This effect diminishes at the highest climb ve-
locities and forward flight speeds and is most pronounced dur-
ing leveled longitudinal deceleration. Nevertheless, the rela-
tive impact remains below 5% for a single rotor: the largest ef-
fect is net positive, while adverse effects are limited to roughly
3% at the highest forward-flight speed.

Overall, rotor-rotor interference exerts a small but measurable
influence on rotor power during the wall-climb, and the model



predicts both beneficial and adverse contributions from the six
rotors that vary with the instantaneous flight condition.
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Figure 23. Impact of rotor-rotor interference on mechan-
ical shaft power during wall climb.

CONCLUSIONS

This paper presented the derivation of a real-time capable,
linearizable rotor—rotor interactions aerodynamics model for
a Mars hexacopter concept, extracted from a mid-fidelity
VVPM wake database covering the full flight envelope. The
prediction capability of interference at unseen flight condi-
tions was investigated. The reduced-order interference model
was implemented into a flight dynamics simulation environ-
ment, and the impact on trim, linearized dynamics and closed-
loop characteristics were evaluated. The following conclu-
sions were supported by the results:

1. The proposed interference model accurately captures
compound interaction effects experienced in multirotor
systems, such as mutual upwash in side-by-side config-
urations counteracting the downwash from upstream to
downstream rotors.

The model was seen to extend well to non-nominal blade
loading conditions. Variations in atmospheric density
had a measurable effect on interference velocities, un-
derscoring the need to account for wake skew angle in
the model parametrization when flying in varying atmo-
spheric densities. Gaussian Process Regression reduced
the interpolation error across flight speeds by up to 20%
compared with linear interpolation, although its scalabil-
ity may limit its suitability for real-time simulation.

The applicability of the model at flight conditions char-
acterized by global wake structures was found limited,
such as forward flight at high descent rate, as the assump-
tion of pair-wise interference decomposition is violated.

Observed impact of rotor—rotor interaction for the Chop-
per hexacopter concept on trim and linear response in
hover was small, yet an increased attitude damping was
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observed. In forward flight, on-axis bare airframe re-
sponses exhibited attenuation at the lower frequencies
due to interference, as well and increased sensitivity of
the pitch response to vertical perturbations in cruise.

Predicted total increase in mechanical shaft power due
to multirotor wake interactions remained below 5%
throughout a flight trajectory representative of a hypo-
thetical science mission for the Chopper concept.

FUTURE WORK

Model improvements to address current limitations are in
progress. These enhancements include implementing a lin-
ear variation of interference across the rotor disks, introduc-
ing time delays to capture first-order wake dynamic effects,
and expanding the database to incorporate out-of-trim states.
Future efforts will also compare the linearized model dynam-
ics results using the rotor-level parametrization that accounts
for wake skew. Finally, further exploration of the flight enve-
lope is required to identify the most critical points of stability
degradation due to rotor—rotor interference, and subsequent
evaluation in a closed-loop setting to assess impact on flying
quality.

Author contact:

* Tove Agren tove.s.aagren@nasa.gov
¢ Allen Ruan allen.w.ruan @nasa.gov

Research conducted by authors affiliated with NASA Ames
Research Center was supported by funding from the New
Business Council at NASA Ames. Research contributions
from authors associated with NASA JPL was carried out at
the Jet Propulsion Laboratory, California Institute of Technol-
ogy, under a contract with the National Aeronautics and Space
Administration (80NM0018D0004). Acknowledgements are
extended to the entire Chopper team. The authors would like
to thank Wayne Johnson, Carlos Malpica and David Caudle
for their technical advice and editorial feedback. Finally, the
authors would like to acknowledge the support of Carl Russel
and David Cornelius during this research.

REFERENCES
1. Johnson, W., Rotorcraft Aeromechanics,
Vol. 36, Cambridge University Press, 2013.

DOI: 10.1017/CB0O9781139235655.

Lawler, M., Ivler, C., Tischler, M., and Shtessel,
Y., “System Identification of the Longitudinal/Heave
Dynamics for a Tandem-Rotor Helicopter Including
Higher-Order Dynamics,” AIAA Atmospheric Flight
Mechanics Conference and Exhibit, Keystone, CO,
USA, August 2006. DOI: 10.2514/6.2006-6147.

Guner, F., Miller, D. G., and Prasad, J., “Under-
standing the Effect of Rotor-to-Rotor Interference on
CH-47D Helicopter Dynamics,” Journal of the Amer-
ican Helicopter Society, Vol. 66, (2), 2021, pp. 1-12.
DOI: 10.4050/JAHS.66.022007.



10.

11.

12.

13.

14.

Ruan, A., and Aagren, T., “Flight Dynamics Prediction
for Scaled Mars Rotorcraft,” The Vertical Flight Soci-
ety’s 81st Annual Forum & Technology Display, Vir-
ginia Beach, VA, USA, May 2025. DOI: 10.4050/F-
0081-2025-283.

Shukla, D., and Komerath, N., “Low Reynolds
number multirotor aerodynamic wake interactions,’
Experiments in Fluids, Vol. 60, 2019, pp. 1-14.
DOI: 10.1007/s00348-019-2724-3.

Lee, S., Chae, S., Woo, S. Y., Jang, J., and Kim, J., “Ef-
fects of Rotor-Rotor Interaction on the Wake Structure
and Thrust Generation of a Quadrotor Unmanned Aerial
Vehicle,” IEEE Access, Vol. 9, 2021, pp. 85995-86016.
DOI: 10.1109/ACCESS.2021.3088150.

Conley, S., Russell, C., Shirazi, D., Kallstrom, K.,
Pereyra, C., and Wright, S., “An Experimental Investi-
gation of Quadrotor Variations using NASA’s Multirotor
Test Bed,” The Vertical Flight Society’s 81st Annual Fo-
rum & Technology Display, Virginia Beach, VA, USA,
May 2025. DOI: 10.4050/F-0081-2025-96.

Yoon, S., Lee, H. C., and Pulliam, T. H., “Computational
Analysis of Multi-Rotor Flows,” 54th AIAA Aerospace
Sciences Meeting, San Diego, CA, USA, January 2016.
DOI: 10.2514/6.2016-0812.

Ventura Diaz, P, and Yoon, S., “High-Fidelity
Computational Aerodynamics of Multi-Rotor Un-
manned Aerial Vehicles,” 2018 AIAA Aerospace Sci-
ences Meeting, Kissimmee, FL, USA, January 2018.
DOI: 10.2514/6.2018-1266.

Garcia Perez, D., Ventura Diaz, P., and Yoon, S., “High-
Fidelity Simulations of a Tiltwing Vehicle for Urban Air
Mobility,” ATAA SciTech 2023 Forum, National Harbor,
MD, USA, January 2023. DOI: 10.2514/6.2023-2282.

Giiner, F., “A Multirotor Inflow Model Based on Com-
bined Momentum Theory and Simple Vortex Theory
(CMTSVT) for Flight Simulations,” The Vertical Flight
Society’s 78th Annual Forum and Technology Display,
Fort Worth, TX, USA, 2022. DOI: 10.4050/F-0078-
2022-17579.

Saetti, U., and Guner, F., “Interactional Aerodynamics
Modeling and Flight Control Design of Multi-Rotor Air-
craft,” 6th Decennial VFS Aeromechanics Specialists’
Conference, Santa Clara, CA, USA, February 2024.

Li, J., Du, X., and Martins, J. R., “Machine learn-
ing in aerodynamic shape optimization,” Progress in
Aerospace Sciences, Vol. 134, 2022, pp. 100849.
DOI: 10.1016/j.paerosci.2022.100849.

Cornelius, J., Peters, N., Aires, J., Agren, T., Lugo,
D. N., Comer, A., and Miles, Z., “Long-Range Mars
Rotorcraft Design Optimization using Machine Learn-
ing,” The Vertical Flight Society’s 81st Annual Forum

16

15.

17.

18.

19.

20.

21.

22.

23.

24.

& Technology Display, Virginia Beach, VA, USA, May
2025. DOLI: 10.4050/F-0081-2025-364.

Cornelius, J., Peters, N., Agren, T., and Lugo, D. N,,
“PALMO: An Overflow Machine Learning Airfoil Per-
formance Database,” Journal of Aircraft, 2025, pp. 1-8.
DOI: 10.2514/1.C038421.

Bansal, S., Akametalu, A. K., Jiang, F. J., Laine, F,,
and Tomlin, C. J., “Learning Quadrotor Dynamics Us-
ing Neural Network for Flight Control,” 55th IEEE Con-
ference on Decision and Control, Las Vegas, NV,USA,
December 2016. DOI: 10.48550/arXiv.1610.05863.

Anusonti-Inthra, P., “Data-Driven Modeling of Aero-
dynamic Loadings for Tiltrotor Pylon using Multi-
Fidelity CFD Data,” AIAA SCITECH 2023 Fo-
rum, National Harbor, MD, USA, January 2023.
DOI: 10.2514/6.2023-0234.

Pinti, O., Oberai, A. A., Healy, R., Niemiec,
R. J., and Gandhi, F, “Multi-Fidelity Approach
to Predicting Multi-Rotor Aerodynamic Interactions,”
AIAA Journal, Vol. 60, (6), 2022, pp. 3894-3908.
DOI: 10.2514/6.2020-2796.

Alvarez, E. J., and Ning, A., “High-Fidelity Modeling
of Multirotor Aerodynamic Interactions for Aircraft De-
sign,” AIAA Journal, Vol. 58, (10), 2020, pp. 4385—
4400. DOI: 10.2514/1.J059178.

He, C., and Rajmohan, N., “Modeling the Aerody-
namic Interaction of Multiple Rotor Vehicles and Com-
pound Rotorcraft with Viscous Vortex Particle Method,”
American Helicopter Society’s 72nd Annual Forum,
Vol. 18, West Palm Beach, FL, USA, May 2016.
DOI: 10.4050/F-0072-2016-11493.

Zhao, J., and He, C., “A Finite State Dynamic
Wake Model Enhanced with Vortex Particle Method—
Derived Modeling Parameters for Coaxial Rotor Sim-
ulation and Analysis,” Journal of the American
Helicopter Society, Vol. 61, (2), 2016, pp. 1-9.
DOI: 10.4050/JAHS.61.022011.

Gladfelter, M., He, C., Chang, C., Tischler, M. B.,
Lopez, M. J., and Juhasz, O., “Enhancement and Vali-
dation of VPM-Derived State-Space Inflow Models for
Multi-Rotor Simulation,” The Vertical Flight Society’s
76th Annual Forum, Virginia Beach, VA, USA, October
2020. DOI: 10.4050/F-0076-2020-16287.

Guner, F., Prasad, J., He, C., and Peters, D., “Fi-
delity Enhancement of a Multirotor Dynamic Inflow
Model via System Identification,” Journal of the Amer-
ican Helicopter Society, Vol. 67, (2), 2022, pp. 1-17.
DOI: 10.4050/F-0077-2021-16832.

Aagren, T., Peters, N., and Ruan, A., “Rotor Wake Mod-
eling for Mars Rotorcraft using the Viscous Vortex Par-
ticle Method,” The Vertical Flight Society’s 81st An-



25.

26.

217.

28.

29.

30.

31.

nual Forum & Technology Display, Virginia Beach, VA,
USA, May 2025. DOI: 10.4050/F-0081-2025-0116.

Grip, H. F, Jones-Wilson, L., Lefler, C., Duran,
A., Inouye, B., Burns, B., Metz, B., Brown, T,
Bugby, D., Karras, J., Mier-Hicks, F., Tzanetos, T.,
Johnson, W., and Ueno, M., “The CHOPPER Next-
Generation Mars Rotorcraft: Scaling Ingenuity by a
Factor 20,” IEEE, Big Sky, MT, USA, February 2025.
DOI: 10.48577/jp. MCDBM .

Withrow-Maser, S., Johnson, W., Koning, W., Aagren,
T., Sahragard-Monfared, G., Bowman, J., Kaweesa, D.,
Ruan, A., Malpica, C., Jones-Wilson, L., Izraelevitz,
J., Delaune, J., Mier-Hicks, F., Sneeder, K. D. A., and
Veismann, M., “Critical Aerodynamic and Performance
Upgrades to Enable Larger Mars Rotorcraft Such as the
Chopper Platform,” The Vertical Flight Society’s 81st
Annual Forum & Technology Display, Virginia Beach,
VA, USA, May 2025. DOI: 10.4050/F-0081-2025-388.

Fraeman, A. A., Rapin, W.,, Bapst, J., Matthies, L.,
Ehlmann, B. L., Langlais, B., Lillis, R., Mittelholz, A.,
Weiss, B., Quantin-Nataf, C., Flahaut, J., Golombek,
M., Siebach, K. L., Payré, V., Udry, A., Lapdtre, M.
G. A, Espley, J., Green, R. O., Sullivan, P., Thomp-
son, D. R., and Sneeder, K., “A Mars Science Helicopter
Mission to Valles Marineris: Unlock Clues to Plane-
tary Formation and Early Evolution,” LPI Contributions,
Vol. 3007, 2024, pp. 3350.

Delaune, J., Izraelevitz, J., Sirlin, S., Sternberg, D.,
Giersch, L., Tosi, L. P., Skliyanskiy, E., Young, L., Mis-
chna, M., Withrow-Maser, S., Mueller, J., Bowman,
J., Wallace, M. S., Grip, H. F., Matthies, L., John-
son, W., Keennon, M., Pipenberg, B., Patel, H., Lim,
C., Schutte, A., Veismann, M., Cummings, H., Con-
ley, S., Bapst, J., Tzanetos, T., Brockers, R., Jain, A.,
Bayard, D., Chmielewski, A., Toupet, O., Burdick, J.,
Gharib, M., and Balaram, J., “Mid-Air Helicopter De-
livery at Mars Using a Jetpack,” 2022 IEEE Aerospace
Conference (AERO), Big Sky, MT, USA, March 2022.
DOI: 10.1109/AER053065.2022.9843825.

Leake, C., Grip, H., Steyert, V., Hasseler, T. D., Ca-
can, M., and Jain, A., “HeliCAT-DARTS: A High Fi-
delity, Closed-Loop Rotorcraft Simulator for Planetary
Exploration,” Aerospace, Vol. 11, (9), 2024, pp. 727.
DOI: 10.3390/aerospace11090727.

Lim, C. S., and Jain, A., “Dshell++: A Compo-
nent Based, Reusable Space System Simulation Frame-
work,” 2009 Third IEEE International Conference on
Space Mission Challenges for Information Technology,
Pasadena, CA, USA, July 2009. DOI: 10.1109/SMC-
1T.2009.35.

Garcia-Bonilla, J., Leake, C., Elmquist, A., Has-
seler, T. D., Steyert, V., Gaut, A., and Jain, A,
“Dshell-DARTS: A Reusability-Focused Multi-Mission

17

32.

33.

34.

35.

36.

37.

38.

39.

Aerospace and Robotics Simulation Toolkit,” 2025
IEEE Aerospace Conference, Big Sky, MT, USA, March
2025. DOLI: 10.1109/AER063441.2025.11068690.

Grip, H. F., Johnson, W., Malpica, C., Scharf,
D. P, Mandi¢, M., Young, L., Allan, B., Met-
tler, B., Martin, M. S., and Lam, J., “Model-
ing and Identification of Hover Flight Dynamics for
NASA’s Mars Helicopter,” Journal of Guidance, Con-
trol, and Dynamics, Vol. 43, (2), 2020, pp. 179-194.
DOI: 10.2514/1.G004228.

Du Val, R., and He, C., “Validation of the FLIGHT-
LAB virtual engineering toolset,” The Aeronauti-
cal Journal, Vol. 122, (1250), 2018, pp. 519-555.
DOI: 10.1017/aer.2018.12.

He, C., and Zhao, J., “Modeling Rotor Wake Dynam-
ics with Viscous Vortex Particle Method,” AIAA journal,
Vol. 47, (4), 2009, pp. 902-915. DOI: 10.2514/1.36466.

Zhao, J., and He, C., “A Viscous Vortex Particle Model
for Rotor Wake and Interference Analysis,” Journal of
the American Helicopter Society, Vol. 55, (1), 2010,
pp- 12007-12007. DOI: 10.4050/JAHS.55.012007.

Gladfelter, M., He, C., Saberi, H., Malpica, C., Johnson,
W., and Silva, C., “Enhanced Flight Dynamics Models
with Aerodynamic Interference for Real-Time Simula-
tion of VTOL Concept Vehicles,” The Vertical Flight
Society’s 79th Annual Forum & Technology Display,
West Palm Beach, FL, USA, 2023. DOI: 10.4050/F-
0079-2023-18113.

Agren, T. S., Ruan, A. W., Malpica, C., Withrow-
Maser, S., and Meyn, L., “In-Flight System Identifica-
tion of the Ingenuity Mars Helicopter,” Journal of Guid-
ance, Control, and Dynamics, Vol. 0, (0), O, pp. 1-18.
DOI: 10.2514/1.G009064.

Ferguson, K., Thomson, D., Anderson, D., Ireland, M.,
Tu, Z., Manso, S., Chandran, A., and Ibal, G., “Com-
paring the Flight Dynamics Characteristics of Tandem
and Conventional Helicopters for the Purposes of Auto-
matic Control,” 41th European Rotorcraft Forum, Mu-
nich, Germany, September 2015.

Rodriguez-Manfredi, J. A., de la Torre Judrez, M.,
Alonso, A., Apéstigue, V., Arruego, 1., Atienza, T,
Banfield, D., Boland, J., Carrera, M. A., Castaiier,
L., Ceballos, J., Chen-Chen, H., Cobos, A., Con-
rad, P. G., Cordoba, E., del Rio-Gaztelurrutia, T.,
de Vicente-Retortillo, A., Dominguez-Pumar, M., Es-
pejo, S., Fairén, A. G., Ferndndez-Palma, A., Ferrandiz,
R., Ferri, F., Fischer, E., Garcia-Manchado, A., Garcia-
Villadangos, M., Genzer, M., Giménez, S., Gémez-
Elvira, J., Gémez, F., Guzewich, S. D., Harri, A.-M.,
Hernandez, C. D., Hieta, M., Hueso, R., Jaakonaho, I.,
Jiménez, J. J., Jiménez, V., Larman, A., Leiter, R., Lep-
inette, A., Lemmon, M. T., Lépez, G., Madsen, S. N.,



Mikinen, T., Marin, M., Martin-Soler, J., Martinez,
G., Molina, A., Mora-Sotomayor, L., Moreno—Alvarez,
J. F, Navarro, S., Newman, C. E., Ortega, C., Par-
rondo, M. C., Peinado, V., Pefia, A., Pérez-Grande, 1.,
Pérez-Hoyos, S., Pla-Garcia, J., Polkko, J., Postigo, M.,
Prieto-Ballesteros, O., Rafkin, S. C. R., Ramos, M.,
Richardson, M. 1., Romeral, J., Romero, C., Runyon,
K. D., Saiz-Lopez, A., Sanchez-Lavega, A., Sard, L.,
Schofield, J. T., Sebastian, E., Smith, M. D., Sullivan,
R. J., Tamppari, L. K., Thompson, A. D., Toledo, D.,
Torrero, F., Torres, J., Urqui, R., Velasco, T., Viudez-
Moreiras, D., and Zurita, S., “The Mars Environmental
Dynamics Analyzer, MEDA. A Suite of Environmental
Sensors for the Mars 2020 Mission,” Space Science Re-
views, Vol. 217, 2021, pp. 1-86. DOI: 10.1007/s11214-
021-00816-9.

18



