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ABSTRACT
A piloted simulation study in the Vertical Motion Simulator at NASA Ames Research Center will investigate the han-
dling and ride qualities of eVTOL configurations (lift-plus-cruise and tiltwing) for both civilian and military applica-
tions. The flight dynamics models were developed in the FLIGHTLAB modeling and analysis software environment,
while explicit model-following control laws and high-fidelity powertrain models were developed in Simulink. The
Joint Input-Output method was used to generate frequency responses for linear model verification, as the control ef-
fectors are highly correlated for these types of vehicles. The linear models were verified for the frequency range of
interest for handling qualities. Once verified and tested individially, the three parts (flight dynamics model, control
laws, and powertrain) will be integrated into the Vertical Motion Simulator for piloted simulation evaluations.

NOTATION

Symbols
Cg Bus capacitance
I Current (A)
Ixx, Iyy, Izz, Ixz Products of Inertia
L,M,N Vehicle angular moments
Lp,Mq Dimensional damping derivatives
Mu,Lv,Mw Dimensional speed stability derivatives
LQ,LΩ Roll Derivatives for rotor torque and speed
NQ,NΩ Yaw Derivatives for rotor torque and speed
p,q,r Body axis rates (rad/s)
Pg Generator power
Qr Rotor torque (ft-lb)
r Reference input for JIO method
u,v,w Body velocities in the x, y, z directions (ft/s)
u Bare-airframe input vector
V Voltage (V)
v Virtual control effector input
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vi,wing Induced velocity on the wing (ft/s)
x State vector
y Output vector
δA Real control effector input
η efficiency factor
φ ,θ ,ψ Vehicle attitudes (rad)
τc

g Generator torque command (ft-lb)
Ω Rotor speed (rad/s)
ωr

g Generator rated speed (RPM)

Acronyms
EMF Explicit Model-Following
ESC Electronic Speed Controller
eVTOL Electric Vertical Takeoff and Landing
HQTE Handling Qualities Task Element
JIO Joint Input-Output
MTE Mission Task Element
NDARC NASA Design and Analysis of Rotorcraft
(N)FW (No) Flux Weakening
PID Proportional-Integral-Derivative (control)
PMSM Permanent magnet synchronous motor
RTPM Real-Time Powertrain Model
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SCAS Stability & Control Augmentation System
UAM Urban Air Mobility
VMS Vertical Motion Simulator
VVPM Viscous Vortex Particle Method

INTRODUCTION

The growing number of electric vertical takeoff and land-
ing (eVTOL) vehicles has prompted many research efforts
to better understand the usefulness and limitations of these
vehicles. At the beginning of 2025, there were over 1,000
concepts from 400+ designers (Ref. 1). A large emphasis
has been placed on Urban Air Mobility (UAM) operations,
however many use cases for these vehicles are being stud-
ied for both military and civilian applications including dis-
aster relief, firefighting, medical evacuation, and personnel
movement (Ref. 2). While there are some unique outlier de-
signs, many aircraft designers have converged on several com-
mon configurations that can be generally classified as (1) vec-
tored thrust, (2) wingless/multicopter, and (3) lift-plus-cruise.
Much research already exists for multicopter rotorcraft, par-
ticularly quadrotors, but less so for vectored thrust and lift-
plus-cruise vehicles. A research effort in the NASA Ames
Vertical Motion Simulator (VMS) is planned to evaluate the
handling qualities of these types of vehicles, with a particular
focus on the transition from low to high speed flight.

Recent handling qualities (HQ) experimental work from
Refs. 3–5 centered primarily on the evaluation of heave, at-
titude, and translational rate response characteristics of UAM
RPM-controlled eVTOL in hover and low speed. Initial ver-
sions of the electrified powertrain models used here were
tested in Refs. 3, 6, and 7, demonstrating the potential for
significant handling qualities degradation (including full loss
of control) associated with the control-authority limitations
caused by the activation of powertrain limits of tightly inte-
grated propulsion and flight control systems.

A key premise of Refs. 3–7 is that agility demands for UAM
operations differ significantly from military use cases. Hence,
while offering useful design guidelines for civilian applica-

tions, established military handling qualities specifications
may be overly conservative. Accordingly, basic handling
qualities sensitivities to varying aggressiveness and precision
performance requirements were investigated.

This assumption is also reflected by the major regulatory
agencies. Furthermore, the FAA and EASA/EUROCAE have
been studying the potential of HQ flight testing as one of the
tools for certification (Refs. 8–10). The proposed approach
envisions the use of flight test maneuvers akin to the Mission
Task Element (MTE) maneuvers from ADS-33 for applicants
to demonstrate the safety of their aircraft. Compared to ADS-
33 MTEs, Handling Qualities Task Element (HQTE) maneu-
vers proposed in Ref. 8 present relaxed aggressiveness perfor-
mance requirements. These publicly available draft HQTEs
now present a reference to guide the foundational research
that can inform future handling qualities predictive metrics or
standards for UAM.

The proposed research supported by the models being dis-
cussed will continue to explore the HQ, for both UAM and
military operations, of these new types of aircraft from hover
to forward flight and transition between the two. A few points
of emphasis for experimentation will be to: (1) collect data
to substantiate the formulation of predictive HQ design stan-
dards for UAM, based on draft HQTE maneuvers in the public
domain; (2) further vet HQTE maneuvers for their ability to
expose objectionable characteristics of highly augmented eV-
TOL; (3) examine suitability of eVTOL for potential military
applications; and (4) assess the cabin vibrations for acceptable
passenger ride qualities.

AIRCRAFT MODELS

The flight dynamics models were initially developed in
FLIGHTLAB by Advanced Rotorcraft Technology, Inc.
(Ref. 11), derived from the lift-plus-cruise and tiltwing NASA
reference vehicle models (Refs. 12,13). Table 1 highlights ba-
sic characteristics of each vehicle while further details will
be described later in this section. Trim, linearization, and
frequency sweeps of the bare airframe were performed in
FLIGHTLAB while system identification was performed in

Table 1. Characteristics of Lift-Plus-Cruise and Tiltwing Models

Characteristic Lift-Plus-Cruise Tiltwing

Operating Weight 6650 lb (3016 kg) 6595 lb (2991 kg)

Capacity 6 people 6 people

Wingspan 47.7 ft (14.5 m) 43.7 ft (13.3 m)

Length 32 ft (9.74 m) 28 ft (8.5 m)

Cruise Speed 122 kt 145 kt

Number of Rotors 8 lifting, 1 pusher 6 main, 2 tail

Blades Per Rotor 2 (lifting), 6 (pusher) 5

Rotor Radius 5 ft (1.52 m), 4.5 ft (1.37 m) 3.64 ft (1.11 m)
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CIFER. A full flight envelope controller was developed for
each aircraft. The controllers were developed in Simulink and
optimized using CONDUIT.

Lift-Plus-Cruise Concept Vehicle

The lift-plus-cruise vehicle enables helicopter-like flight at
hover and low-speed and, similar to a fixed-wing aircraft, per-
forms fully wing-borne flight at higher speeds, where it is in-
tended to spend most of its flight time. The vehicle has eight
lifting rotors with fixed pitch and variable speed. The rotors
are modeled as stiff, two-bladed rotors. The inboard rotors
are canted outward eight degrees to reduce risk of passenger
injury in case of catastrophic rotor failure. Additional design
rationale can be found in Ref. 12. At hover and low speeds,
all or most of the lift is produced by the rotors. As the vehicle
increases airspeed, the lifting rotors reduce speed, decreasing
their lift contribution as the wing becomes more effective. At
85 kts, the lifting rotors are stopped and locked in a minimum
drag position, aligned with the pylons. At this point, the ve-
hicle flies like a fixed-wing aircraft with traditional control
surfaces. A pusher propeller of constant speed and variable
pitch on the tail of the aircraft controls forward airspeed in all
flight regimes. A top-down view of the vehicle with numbered
rotors in the cruise configuration is shown in figure 1.

Figure 1. Top view of lift-plus-cruise model with num-
bered rotors.

Rotors are blade element models with stiff flap dynamics
and airloads determined from lift, drag, and moment coeffi-
cients as functions of angle of attack, Mach number, and dy-
namic pressure. The Viscous Vortex Particle Method (VVPM)
was used to calculate the self-induced inflow effects as well
as rotor-on-rotor interference (Ref. 11), while a Peters-He
dynamic inflow model is used for real-time simulation. In
the cruise configuration, airloads for the stopped rotors were
based on CFD lookup tables.

The FLIGHTLAB model transitions from rotor-borne to fully
wing-borne at 85 kts. While this has no effect on static analy-
ses, simulating flight through this region could become prob-

lematic if the aircraft dwells at 85 kts and the rotors are turning
on and off rapidly. To allow for a smoother transition and pre-
vent simulation instabilities around this airspeed, a transition
hysteresis was developed to expand the transition region and
better ramp up or down the rotors. The aircraft was trimmed
in level flight with rotors on up to 100 kts and then again with
rotors off down to 75 kts. Figure 2 shows the trimmed pitch
attitude with rotors on and rotors off with overlap occurring
in the transition region. With rotors off, the angle of attack,
and therefore pitch attitude, required to trim increased signif-
icantly as airspeed decreased. In the model-following control
laws, the rotor transition was expanded to stop rotors at 95 kts
when accelerating and start them again at 85 kts when decel-
erating, eliminating the single speed transition point.

Figure 2. Lift-plus-cruise transition flight comparison
with rotors on and off.

Lift-Plus-Cruise Cabin Vibrations

Cabin vibrations of high amplitude or at specific frequen-
cies may result in passenger discomfort. While the real-time
model uses a rigid body fuselage, an elastic fuselage was mod-
eled to look at how the vibratory hub loads cause cabin vi-
brations. As the lift-plus-cruise vehicle increases in airspeed
in rotor-borne flight, the vibrations increase as well, peaking
near the transition speed of 85 kts. An early investigation into
expected vibration levels was performed at 80 kts, just prior
to rotors shutting off (at which point hub vibrations cease).
Both rigid and elastic airframes were used to compare vertical
accelerations experienced in the cabin. The elastic airframe
included the modal properties of the wing, fuselage, all 8 lift-
ing rotors, and pusher propeller. To elicit a vibration response,
a 50 ft-lb torque doublet was applied to all rotors. Input am-
plitude was selected to produce enough of an aircraft response
while maintaining the flight condition throughout the maneu-
ver. The input was applied 10 seconds into the run so that a
steady-state vibration baseline could be established. Peak ac-
celerations occurred during the doublet input, shown in Fig. 3.
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Figure 3. Vertical acceleration of rigid and elastic air-
frames due to rotor collective doublet input.

The beating effect observed is most notable in the rigid air-
frame, but present in both rigid and elastic airframes and is
due to the front and rear rotors spinning at slightly different
speeds for level flight. A max peak-to-peak acceleration of
8.7 ft/s2 (0.27 g) at 13-15 Hz for the rigid airframe and a max
peak-to-peak acceleration of 7.8 ft/s2 (0.24 g) at 15-17 Hz for
the elastic airframe was observed. Techniques for classifying
the effect on the human body at these vibration frequency and
magnitudes as discussed in Ref. 14 will be used for further
vibration analysis.

Tiltwing Concept Vehicle

Tiltwing aircraft are compelling vehicles to investigate for the
UAM mission due to the potential for increased airspeed and
reduced noise when compared to conventional rotorcraft or
even some unconventional designs such as the lift-plus-cruise.
The tiltwing does not cruise with rotors in edgewise flight, al-
lowing the vehicle to have a higher cruise speed and typically
reduced noise (Ref. 13). The tiltwing also benefits from us-
ing shared lift/thrust effectors, as the rotors do not need to
be stopped, which reduces weight and drag penalties. The
tiltwing developed for this study, shown in Fig. 4, has eight to-
tal rotors – six along the main wing and two on the horizontal
T-tail. The entire main wing and tail rotors rotate 90 degrees,
pointing upward at hover. They tilt forward at the same rate
and are scheduled with airspeed until they are fully horizontal
at 110 kts. For this study, a link was maintained between the
wing tilt angle and tail rotor tilt angle. For the remainder of
this paper, all mentions of wing tilt angle implicitly indicate
tail rotor tilt angle as well.

The rotors are modeled as stiff (no flap or lead-lag dynam-
ics), five-bladed, and collective-controlled. Rotor tip speed is
550 ft/s for low speed and transition flight. Once the wing
is tilted forward, the rotor tip speed decreases to 300 ft/s for

Figure 4. Top view of tiltwing model with numbered ro-
tors.

wing-borne flight. Interference effects of the main rotors on
the main wing and tail rotors were calculated with VVPM.
Yaw control of this vehicle at hover is controlled by aileron
deflection as rotor wash flows over the wing.

The tiltwing configuration does not have a well defined tran-
sition region like the lift-plus-cruise. The wing and tail rotors
are scheduled to tilt across the majority of the flight envelope
(5-110 kts) compared to the 10 kt transition range for the lift-
plus-cruise. Since many different combinations of pitch at-
titude and wing-tilt angles can produce a trimmed condition
at a given airspeed, the ideal wing-tilt angle for a given air-
speed was investigated. Ideal wing-tilt angle was defined as
the angle for which vehicle pitch attitude was zero, as this was
assumed to be ideal for passenger comfort. Trim conditions
were calculated from hover up to 140 kts in 10 kt increments.
Zero degree pitch attitude was held constant and the wing-tilt
angle was used as a trim variable while flaps were scheduled
with airspeed. Once the ideal transition curve was established,
the wing-tilt angle was offset by ±3, 6, and 9 degrees and held
fixed while the pitch attitude was used as a trim control. This
allowed an initial transition corridor to be established. The
ideal tilt angles were used as trim and linearization points, but
the expanded corridor is shown in Fig. 5. The blue regions

Figure 5. Tiltwing conversion corridor for level flight.
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along the center of the corridor indicate low pitch attitudes re-
quired to trim while the yellow and red regions, primarily at
lower airspeeds and wing tilt angles, are higher pitch attitudes
required. In the abscense of clear passenger comfort guidance,
the trim pitch attitude was limited to ±10 degrees. Note that
between 85 and 90 kts, the vehicle was unable to trim with
zero pitch attitude in its current configuration. Additional de-
tails for both models can be found in Refs. 11 and 15.

MODEL LINEARIZATION AND
VERIFICATION

Linear Models

Linear models were required to develop the explicit model-
following (EMF) controller. Linearization was performed
within FLIGHTLAB, which perturbs each state and control
from a trimmed condition. The change in the forces, mo-
ments, and outputs for each perturbation is stored for each
time step and then averaged over one rotor revolution to ob-
tain the state, control, and output matrices.

The lift-plus-cruise and tiltwing models were reduced to 17
and 12 states, respectively. Each model included the nine rigid
body states plus eight rotor speed states for the lift-plus-cruise
and three wing induced velocity states for the tiltwing. The
wing induced velocity states are most important at hover as
flow over the wing is used to control yaw. The inputs to the
linear model were considered to be the bare-airframe inputs
for each vehicle. The lift-plus-cruise state and input vectors
are shown in Eq. 1, while the tiltwing state and input vectors
are shown in Eq. 2.

xlpc =



φ

θ

ψ

p
q
r
u
v
w

Ω1−8


, ulpc =



Qr1
Qr2
Qr3
Qr4
Qr5
Qr6
Qr7
Qr8
δailL
δailR
δelev
δrud
θr9



, (1)

xtiltwing =



φ

θ

ψ

p
q
r
u
v
w

vi,wing,1−3


, utiltwing =



θr1
θr2
θr3
θr4
θr5
θr6
θr7
θr8
δailL
δailR
δelev
δrud



(2)

The linear models were obtained at sea level for airspeeds 0,
40, 80, and 120 knots in a nominal c.g. configuration. Speeds
were selected based on past work indicating that stability
derivatives change gradually as airspeed increases (Ref. 16).
A look at the rigid body stability derivatives in Fig. 6 indicate
the lift-plus-cruise configuration follows this trend as well. In
both figures, the blue stars represent the rotors on cases while
the red triangles represent rotors off. The damping derivatives
(Lp and Mq) both begin as small negative values in hover and
linearly decrease as airspeed increases. The Mu and Lv deriva-
tives remain relatively constant and near zero throughout the
entire flight envelope, typical of fixed-wing aircraft. Mw is
approximately zero from hover to 40 kts and then it begins
to go more negative as speed increases, continuing this trend
in wing-borne flight. For all derivatives, the transition region
overlaps closely among rotors on/off. Trim points used for
control law development are indicated with black squares.

Figure 6. Lift-plus-cruise damping and speed stability
derivative trends for rotors on and off from 0-160 kts.

The gradual change in stability derivatives is true for the
tiltwing damping derivatives as well (Fig. 7). The roll damp-
ing (Lp) remains constant near zero until 80 kts, at which point
it begins to decrease linearly. The pitch damping (Mq) follows
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a negative, linear trend, increasing in magnitude as airspeed
increases, similar to the lift-plus-cruise. The speed stability
derivative (Mu) begins positive, near zero, slightly decreasing
through 80 kts. From 80 to 120 kts, variations in Mu occur as
the vehicle transitions from primarily rotor-borne to primarily
wing-borne flight. These variations can be reduced by tuning
the wing flap angle for these flight conditions, however for this
paper the flap deflection was solely a function of airspeed. Lv
remains near zero throughout the flight envelope, with a slight
increase in that same transition region around 100 kts. Mw de-
creases linearly at low speed until the main transition region
and then increases, leveling off just below zero at high speed.

Figure 7. Tiltwing damping and speed stability derivative
trends from 0-160 kts.

Linearization Verification

Verification of the linear models extracted from FLIGHTLAB
using small perturbations was conducted to ensure the linear
models accurately represented the dynamics of the nonlinear
model. Verification was done by performing time-domain fre-
quency sweeps of the nonlinear FLIGHTLAB model, iden-
tifying frequency responses from the time-domain data, and
comparing the identified frequency responses with those of

the linear models. Verification was performed for all input-
output pairs.

Typically, to identify frequency responses for multi-
input/multi-output systems, each input is excited one at a time
using a frequency sweep signal, the inputs and outputs are
measured, and input-output cross spectral density function
and input auto spectral density functions are extracted from
the windowed time history data and used to identify individ-
ual frequency responses. This method is referred to as the Di-
rect Method for system identification and can be used when
the inputs are at most partially correlated (Ref. 16).

For the lift-plus-cruise and tiltwing models, which are bare-
airframe unstable in hover, frequency sweeps must be per-
formed with a controller engaged. Furthermore, because both
aircraft are over-actuated (more inputs than degrees of free-
dom being controlled), a mixer (or control allocation) matrix
is included in the controller, which distributes the control sys-
tem command to all of the individual bare-airframe effectors.
A notional block diagram of the bare-airframe P, controller C,
and FLIGHTLAB mixing matrix MFLAB is shown in Fig. 8.
This results in highly correlated bare-airframe inputs during
frequency sweeps, which means the Direct Method for fre-
quency response identification cannot be applied.

For the frequency response identification used for lin-
earization verification, the Joint Input-Output (JIO) method
(Ref. 17), was applied. In the JIO Method, both the inputs
and outputs of the bare-airframe are considered jointly as out-
puts to a set of uncorrelated reference inputs, r.

The reference inputs are defined to excite symmetric and dif-
ferential groups of effectors (referred to as virtual effectors)
to concentrate the vehicle response to a primary axis, which
results in higher signal-to-noise ratio and coherence during
identification (Refs. 17, 18). The reference inputs are related
to the individual bare-airframe effectors (Eqs. 1 and 2) by the
mixing matrix, M. The reference inputs for the lift-plus-cruise
and tiltwing configurations are shown in Eq. 3.

Figure 8. Block diagram showing the locations of the ref-
erence input frequency sweeps and other key signals for
model validation.
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rlpc =



outerlat
outerlong
outerheave
outerdir
innerlat

innerlong
innerheave
innerdir
ailsym
aildiff
δelev
δrud
θr9



, rtiltwing =



outersym
outerdiff
midsim
middiff

innersym
innerdiff
tailsym
taildiff
ailsym
aildiff
δelev
δrud



(3)

Grouping, or ganging, the individual bare-airframe effectors
with the matrix N = M−1 produces the virtual effectors, v,
which are then used to identify the system. Frequency re-
sponses of the aircraft to the virtual effectors (y/v) were iden-
tified using the Direct method for cases with limited input cor-
relation and the JIO methods for cases with high input corre-
lation.

The lift-plus-cruise rotors were grouped into “outer” (rotors 1,
4, 5, and 8) and “inner” (rotors 2, 3, 6, and 7) rotor groups and
excited symmetrically or differentially to achieve responses in
the primary axes of control. The tiltwing rotors were split
into four rotor groups: outer (1 and 4), middle (2 and 5),
inner (3 and 6), and tail (7 and 8). An aileron group was
also included to excite the yaw axis at hover. Tables 2 and 3
show the lift-plus-cruise and tiltwing JIO groupings at hover
for each reference input and the input signs for each rotor in
the group. Each cell in the tables represent a single reference
input sweep. The effectors excited with the respective sign
are indicated. All other effectors are undisturbed. For exam-
ple, a pitch response for the lift-plus-cruise configuration was
obtained by injecting a positive sine sweep into rotors 1 and
4 and injecting an equal but negative sine sweep into rotors
5 and 8, highlighted in Table 2. Ninety second sine sweeps
from 0.5 rad/s to 30 rad/s were performed for each reference
input and the results were processed through CIFER. Inputs
were ±10% of either steady-state value (rotor speed) or max
deflection (control surfaces). A simple stability augmentation
system employing PID control was used to maintain the trim
flight condition. In total, eight sweeps were required for the
lift-plus-cruise and ten sweeps were required for the tiltwing
at hover. Note that for the tiltwing, the same sweep profile
was used to identify the pitch and heave responses from the
outer, middle, and inner rotor groups.

Lift-Plus-Cruise Frequency Response

The eight lifting rotors act as the primary control effectors at
hover and low speed. Figures 9 – 12 show the on-axis re-
sponse due to outer rotor group perturbations in hover. Off-
axis responses for these cases were minimal due to selection
of reference inputs. The responses show good correlation be-
tween the nonlinear and linear models as well as high coher-
ence throughout the frequency range of interest (1-10 rad/sec).

Table 2. JIO Method Input Profiles for Lift-Plus-Cruise
System Identification at Hover

Rotor Pitch Roll Heave Yaw
1 + + + +
4 + - + -
5 - + + -
8 - - + +
2 + + + +
3 + - + -
6 - + + -
7 - - + +

Outer

Inner

Table 3. JIO Method Input Profiles for Tiltwing System
Identification at Hover

Rotor/ Pitch Roll Heave Yaw
Surface

1 + - +
4 + + +
2 + - +
5 + + +
3 + - +
6 + + +
7 + -
8 + +
L + -
R + +

Outer

Middle

Inner

Tail

Ailerons

Once the aircraft exceeds 85 kts, the rotors are stopped and
traditional control surfaces take over. Figures 13 through 15
show the roll, pitch, and yaw rate responses due to their re-
spective control surfaces at 120 kts. Again, linear and nonlin-
ear responses show very similar results. Frequency responses
indicate the lift-plus-cruise configuration behaves like a con-
ventional rotorcraft at hover and a conventional fixed-wing
aircraft at high speed.

Figure 9. Lift-plus-cruise hover response for p/vroll.
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Figure 10. Lift-plus-cruise hover response for q/vpitch.

Figure 11. Lift-plus-cruise hover response for r/vyaw.

Figure 12. Lift-plus-cruise hover response for w/vheave.

Figure 13. Lift-plus-cruise 120 kt response for p/δail.

Figure 14. Lift-plus-cruise 120 kt response for q/δelev.

Figure 15. Lift-plus-cruise 120 kt response for r/δrud.
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POWERTRAIN

Motor Simulation

The real-time powertrain modeling (RTPM) tool is used for
development of powertrain models for VMS testing (Ref. 6).
It was used to form the building blocks of the turboelectric lift-
plus-cruise and tiltwing powertrain architecture. The RTPM
sizing routine was also used to size motors for both concept
vehicles (Ref. 19). It models the motor dynamics using a
direct-quadrature model (Ref. 20) of a permanent magnet syn-
chronous motor (PMSM). The RTPM tool takes in flight con-
trol law torque commands and outputs Q and D-axis voltages
and currents for powertrain simulations.

The RTPM was tested in the VMS and found to be capable
of running the turboelectric lift-plus-cruise powertrain simu-
lation on a single computer thread at approximately 20 times
faster than real-time. The paper detailing the development,
verification, and validation of RTPM can be found in Ref. 7.

Power Sharing

For both the lift-plus-cruise and tiltwing vehicles, power shar-
ing must be modeled. Power sharing among RTPM devel-
oped motors places a total power constraint on the vehicle
control laws. The summed load from all motors drawing on
peak power simultaneously may be too much for the genera-
tor power on the bus voltage leading to a precipitous drop of
bus voltage to zero. A complete voltage loss may result in a
complete loss of power for all motors connected to the voltage
bus. An emergency battery is used for such an event, however
it is a one-time-use battery so the generator was designed to
never rely on the emergency battery for typical vehicle opera-
tions (Ref. 21).

The bus voltage of the turbogenerator for both the lift-plus-
cruise and tiltwing is assumed to be governed by the dynamics
of a capacitor as

CbV̇bus = I (4)

where Cb is the bus capacitance and I is the bus current. The
bus current in Eq. 4 is computed as

I =
ηIPg

V g
bus

− Pl

ηIηcVbus
(5)

where Pg is the generator power, Pl is the load power, V g
bus

is the generator-side filtered bus voltage, V l
bus is the load-side

filtered bus voltage, ηI is the inverter efficiency, and ηc is a
direct current (DC)-DC buck converter efficiency assumed to
be 98%. A supercapacitor was assumed to be available on the
voltage bus to reduce transients from high load power draws.

The generator motor power is computed as

Pg =
3
2
(V g

q Ig
q +V g

d Ig
d ) (6)

where the generator Q and D-axis voltages, V g
q and V g

d , and
generator Q and D-axis currents, Ig

q and Ig
d , are computed by

the RTPM tool. The load power is

Pl =
3
2

Nm

∑
i=1

(V i
qIi

q +V i
dIi

d) (7)

where the index i refers to the ith motor for voltages and cur-
rents computed by the RTPM tool. For the turboelectric lift-
plus-cruise simulation, there are 8 lifting motors and 1 pusher
motor to be accounted for so the total number of motors, Nm,
was equal to 9. For the tiltwing configuration, there are 6 main
wing motors and 2 tail motors for a total of 8 motors.

The generator was assumed to operate at a fixed speed of
6,000 RPM, as specified by the NASA Design and Analysis
of Rotorcraft (NDARC) tool. Commanded torque to the gen-
erator was assumed to be responsible for all generator power
changes, because torque commands can more readily match
power demand changes of the powertrain. When load power
exceeds generator power, the generator torque is computed as
a function of load power with the objective of reducing bus
voltage transients. The torque command to the generator is

τ
c
g ≜

Pl

ωr
gηI

(8)

where ωr
g is the generator rated speed.

Motor Design

The lift-plus-cruise vehicle motor models were produced us-
ing the RTPM motor map development procedure. The source
of key parameters used by RTPM, such as peak torque and
maximum rated power, were provided by NDARC (Ref. 22).
An example of the torque-speed map for the lift-plus-cruise
lifting motor is presented in Fig. 16 with the hover point in-
dicated. The limits of the map are captured within the motor
simulation. The key limit is the peak torque limit (153 ft-lb).
However, voltage-based limits also limit torque in the high-
speed and high-torque region. The no-load speed of the motor
was treated as a maximum speed limit for the motor before
damage occurs. While existing limits allowed control design
metrics to be met, no pilot feedback has been provided to date,
so powertrain size may be subject to change.

Figure 16 demonstrates motor operations with flux weakening
(FW) and without flux weakening (NFW) control (Ref. 23).
FW control is an available inverter technology which weak-
ens the effect of back-electromotive force, allowing motors to
operate at higher speeds by using non-zero D-current. It is be-
lieved that FW control would be a viable solution to improve
the performance of motors sized by NDARC. The benefit of
FW control is that it increases available torque at higher motor
speeds without increasing the weight of the motor. Assuming
the motor operates at the rated motor voltage, the torque load
will follow the path of the NFW line in Fig. 16; but with FW,
the torque load descent will be more gradual.

The area in Fig. 16 to the left of the NFW line represents the
region of typical torque-speed operations of the motor. The
extension of peak torque to the right from the base speed of

9



Figure 16. Example lift-plus-cruise lifting motor torque-
speed map with lines of constant motor efficiency.

5,999 RPM is achieved by using a battery which is higher
voltage than the rated voltage of the motor. It is typical for
motor manufacturers to provide a range of voltage operation
for a motor.

An example of RTPM predicted motor parameters for the lift-
plus-cruise lifting motor were recorded in Table 4. All param-
eters, except motor inertia, were sized collaboratively using
NDARC and the RTPM sizing methodology. The motor iner-
tia of 0.0208 slug-ft2 was sized based on a motor with similar
torque capability in a motor manufacturer’s catalog.

Table 4. Lift-Plus-Cruise Lifting Motor Parameters
Parameter Value

Rated Speed (ωr
m) 8,000 RPM

Rated Current (Ir
m) 312.9 Apk

Rated Torque (τr
m) 78.6 ft-lb

Peak Torque (τ p
m) 153.0 ft-lb

Base Speed (ωb) 5,999 RPM
No-load Speed (ωnl

m ) 9,558 RPM
Gear Ratio (GR) 7.616

Motor Inertia 0.0208 slug-ft2

Rated Efficiency (ηm) 96%
Inverter Efficiency (ηI) 99%

FLIGHT CONTROL LAWS

Control Design Approach

Figure 17 shows a high-level block diagram of the control
system analysis model, which consists of an EMF architec-
ture and subsystems for control allocation, electronic speed
controllers (ESCs), powertrain, and bare-airframe. For ini-
tial control design, a simplified powertrain model, which in-
cludes friction and constant motor torque and speed limits,

was used. First, the ESCs, which consist of a proportional-
integral (PI) architecture, were designed to achieve fast rise
times without excessive torque limiting, which is an important
design consideration for eVTOL aircraft. These ESCs and
simplified motor models were integrated into a higher-level
flight control system analysis model in CONDUIT, a flight
control design software developed by the U.S. Army Combat
Capabilities Development Command Aviation & Missile Cen-
ter (DEVCOM AvMC). This control system analysis model
also included the linear bare-airframe models extracted from
FLIGHTLAB, which were verified using the methods de-
scribed in a previous section. Control system gains were opti-
mized using CONDUIT to meet a comprehensive set of stabil-
ity, performance, and handling qualities requirements at var-
ious flight conditions spanning the flight envelope (Ref. 24).

The optimized control system gains were integrated into the
full flight envelope control laws, which included considera-
tions for scheduling trim control positions, control allocation,
and gains; transient mode switching; anti-windup integrator
logic; conversion from continuous to discrete blocks; and
other elements and logic not included in the CONDUIT analy-
sis model. Notably, the lift-plus-cruise simulation models the
flight dynamics changes and implements a rotor stop hystere-
sis in the control logic for transition between rotor-borne and
fully wing-borne flight.

Effect of Product of Inertia on Yaw Control Effectiveness

Accurate modeling of the rotor control effectiveness is re-
quired for determining control allocation during the control
law design process. When examining the lift-plus-cruise con-
figuration’s yaw control effectiveness derivatives, several un-
expected trends were seen which are due to the nonzero prod-
uct of inertia Ixz of the aircraft configuration, and the resulting
coupling of the vehicle rotational response to yaw and roll
moments.

The aircraft moment equations of motion are given by:L
M
N

=

 Ixx 0 −Ixz
0 Iyy 0

−Ixz 0 Izz

ṗ
q̇
ṙ

+

p
q
r

×

 Ixx 0 −Ixz
0 Iyy 0

−Ixz 0 Izz

p
q
r

 (9)

When Eq. 9 is linearized and put into state-space form, the lat-
eral/directional stability and control derivatives become cou-
pled through the product of inertia Ixz, and are often referred
to as the primed derivatives (Ref. 25):

L′
i =

Li +(Ixz/Ixx)Ni

1− (I2
xz/IxxIzz)

(10)

N′
i =

Ni +(Ixz/Izz)Li

1− (I2
xz/IxxIzz)

(11)
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Figure 17. Control system design and analysis model.

Table 5 shows the lift-plus-cruise configuration yaw deriva-
tives for rotor torque N′

Qi
and rotor speed N′

Ωi
. The yaw deriva-

tives to rotor torque have the expected signs (opposite of the
rotor rotational direction) and magnitudes (same magnitudes
for the outboard rotors, and slightly smaller magnitudes of
the inboard canted rotors). However, examination of the yaw
derivatives to rotor speed shows several unexpected trends.
First, the forward inboard rotors (which are canted), gener-
ate an order of magnitude less yaw rate than the forward out-
board rotors (which are not canted) (|N′

Ωinboard
|= 0.00022 and

|N′
Ωoutboard

|= 0.0016). The second unexpected trend is that the
sign of the yaw derivatives to rotor speed for the rear rotors
does not correlate with their rotational direction.

When the rolling moment due to a control input Li is signifi-
cantly larger than the yawing moment Ni, the rolling moment
can start to dominate the primed yaw derivative N′

i (Eq. 11),
even when Ixz is significantly smaller than Izz, which is the
case for the rotor speed derivatives NΩ and LΩ for this vehi-
cle.

Figures 18(a) and 18(b) show variations in the primed roll and
yaw moment derivatives with increasing product of inertia Ixz
as a percent of the z-axis moment of inertia Izz. For the ro-

tor speed derivatives (Fig. 18(a)), the roll moment generated
is significantly larger than the yaw moment generated for both
inboard and outboard rotors, which dominates the primed yaw
derivatives. This results in significant changes to the primed
yaw derivatives as a function of Ixz, even when Ixz is only a
few percent of Izz. This is most notable for the rear outboard
rotors (Rotors 5 and 8), where the primed yaw derivatives N′

Ωi
are near zero for small values of Ixz/Izz. Increasing values of
Ixz also result in the uncanted outboard rotors generating more
yaw moment than the canted inboard rotors in the front. In
contrast, the primed roll derivatives L′

Ωi
do not vary signifi-

cantly as a function of Ixz.

The opposite trend can be seen for the rotor torque deriva-
tives (Fig. 18(b)), where the yaw moment is dominant. Here
the primed yaw derivatives N′

Qi
do not vary significantly as a

function of Ixz, while the primed roll derivatives L′
Qi

do.

For an RPM controlled vehicle, such as the lift-plus-cruise
configuration considered here, the effect of the product of in-
ertia Ixz on the primed yaw rotor speed derivatives N′

Ωi
will

impact the control allocation design of the vehicle—whether
a yaw moment demand from the control system should com-
mand an increase or decrease in a rotor’s RPM. The product

Table 5. Lift-Plus-Cruise Yaw Control Derivatives (Ixz = 1351.9 slug-ft2)
Left Right

Outboard Inboard Inboard Outboard

Fo
rw

ar
d Number 1 2 3 4

Direction CCW CW CCW CW
N′

Q [rad/s2/ft-lb] 4.22×10−5 −4.18×10−5 4.18×10−5 −4.22×10−5

N′
Ω

[1/s] 0.0016 −0.00022 0.00022 −0.0016

A
ft

Number 5 6 7 8
Direction CW CCW CW CCW
N′

Q [rad/s2/ft-lb] −4.22×10−5 4.18×10−5 −4.18×10−5 4.22×10−5

N′
Ω

[1/s] 0.0015 0.0015 −0.0015 −0.0015
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Figure 18. lift-plus-cruise yaw and roll control derivatives to (a) rotor speed and (b) rotor torque inputs as a function of product of
inertia Ixz.
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of inertia Ixz is typically hard to estimate, especially in the
preliminary design phase, but will impact the control design.
Updates to the yaw control allocation should be made as bet-
ter estimates of Ixz become available. In addition, the control
system should be assessed for robustness to variations in Ixz,
since different passenger and payload configurations may re-
sult in different values of Ixz.

VMS INTEGRATION
Piloted evaluations of the two aircraft models will be per-
formed in the VMS. Figure 19 shows the top-level architec-
ture for integration of systems into the VMS. The three pri-
mary components include the (1) FLIGHTLAB flight dynam-
ics model, (2) high-fidelity powertrain, and (3) control laws.
The sim host manages the scheduling by calling each compo-
nent sequentially. First, the host receives control inputs from
the sim cab, which are provided to the control laws. A re-
quired torque is commanded by the controller and sent to the
powertrain. The powertrain then determines actual torque out-
put and sends that information to the FLIGHTLAB model.
The airframe model iterates one time step and feeds back the
new state information to all other components.
In preparation for the formal simulation evaluation, several
steps were taken to ensure a smooth transition to the VMS.
The first was to integrate the FLIGHTLAB flight dynamics
model, control laws, and powertrain into a single desktop sim-
ulation environment. Basic checks, including trims, doublet
responses, and frequency sweeps, are to be performed at select
conditions to ensure the input/output variables to each com-
ponent are correct and units are accounted for. The verified
combined model can then be integrated into a fixed-base en-
gineering simulator, where the visuals and pilot inceptors are
connected to the model to allow for initial checkouts. Once
the model has been tested in a real-time environment, it will
be sent to the VMS for integration.

CONCLUDING REMARKS

This paper described the model development of two eVTOL
configurations to be used in a piloted simulation study inves-
tigating the handling and ride qualities of these new types of
aircraft for both civilian and military applications. The three
primary components (flight dynamics model, powertrain, con-
trol laws) were discussed for the lift-plus-cruise configuration
as well as their integration into the VMS.

Stability derivatives for the lift-plus-cruise configuration
showed no major discontinuities among rotors on and rotors
off flight and the trends suggest 40 kt intervals for linear mod-
els were sufficient for control law development. The linear
models aligned closely with the nonlinear models at the han-
dling qualities frequencies of interest at hover and cruise. One
interesting finding was that yaw derivatives to rotor speed ex-
hibited unexpected behavior due to a nonzero product of iner-
tia Ixz. This affects control allocation design and control laws
should be assessed for robustness to Ixz variations.

Integrating with the VMS is being conducted through a
buildup approach of desktop integration → fixed-base engi-
neering simulator → VMS to ensure a smooth transition with
minimal conflicts.
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