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This article presents the development and demonstration of dynamic inversion (DI) flight control laws for the automatic
transition of tilt-rotor/wing aircraft from hover to cruise flight. The DI control laws employ a multiloop architecture without
requiring gain scheduling; however, feedback linearization must be scheduled based on the aircraft’s linearized dynamics,
which depend on variables such as airspeed and nacelle angle. A generic multirotor/wing simulation model is adapted to
represent four configurations: a Bell XV-15-like tilt-rotor, two eVTOL aircraft resembling the Joby S4 andArcherMidnight,
and a tilt-wing aircraft similar to the NASA Tilt Wing. The XV-15-like model is validated against US Army/NASA flight-
test data and existing models. The simulation models are trimmed and linearized across speed increments from hover to
cruise, and model-order reduction methods are applied for control design. The DI control laws are shown to comply with
frequency-domain-based stability, performance, and handling quality specifications in selected flight conditions. Closed-
loop simulations using the full-order nonlinear dynamics of all configurations demonstrate successful automatic transitions
from hover to cruise with accurate forward speed tracking and minimal off-axis response.

Introduction

Future Vertical Lift (FVL) vehicles and electric vertical take-off and
landing (eVTOL) vehicles intended for urban air mobility (UAM) fea-
ture multiple rotors, rigid rotor systems, and high levels of aerodynamic
interactions which pose significant modeling, simulation, and control
challenges. FVL configurations include winged single main rotor, lift-
offset coaxial, and tilt-rotor configurations (Refs. 1–4). Attempts to cat-
egorize the various UAM eVTOL configurations are provided in Refs. 5
and 6. In these studies, configurations are differentiated between rotary-
wing cruise and fixed-wing cruise. The rotary-wing cruise category in-
cludes rotary-wing and lift-fan aircraft, whereas the fixed-wing category
includes lift+cruise, tilt-wing/rotor, and tailsitter aircraft. Tilt-rotor/wing
configurations, which are the only common configuration between FVL
and UAM, pose particular control challenges due to their hybrid design,
which combines the features of both helicopters and fixed-wing aircraft.
Key challenges include (i) the transition from vertical take-off and land-
ing (VTOL) (or helicopter) mode and high-speed forward flight (or air-
plane) mode, characterized by the tilting motion of the rotors and/or
wings tilt; (ii) significant differences in the stability and response charac-
teristics betweenVTOL, high-speed forward flight, and transitionmodes;
(iii) significant rotor-on-rotor and rotor-on-wing interactions that vary
dramatically between operational modes and have similarly dramatic ef-
fects on the flight dynamics; (iv) the presence of redundant control sur-
faces, such that the control signal needs to be reallocated intelligently
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across the redundant control effectors; and (v) proneness to gust distur-
bances and therefore need flight control systems able to mitigate these
deficiencies.

All of these control challenges require flexible, yet robust, control
architectures to provide desired stability, response, and handling qual-
ity characteristics across the flight envelope. Moreover, it is important
that the closed-loop dynamics yield a simple, predictable response to
commanded output that is common across operational modes to mini-
mize pilot workload. Conversion control laws for tilt-rotor/wing aircraft
have been investigated in the past, with examples including optimal con-
trol (Refs. 7–9), total energy control system algorithm (Ref. 10), nonlin-
ear time-varying control (Ref. 11), nonlinear optimal control (Ref. 12),
nonlinear control based on Lyapunov theory (Ref. 13), active adaptive
model inversion (Ref. 14), hybrid dynamic inversion (DI) and explicit
model following (EMF) (Ref. 15), incremental nonlinear dynamic in-
version (Ref. 16), as well as other methods (Refs. 17–19). While all of
these studies achieved successful conversion of more or less sophisti-
cated models of tilt-rotor/wing aircraft, only Refs. 15 and 19 focused
on handling-quality evaluations. In fact, both DI and EMF are model-
following control methods that are particularly suited for gust distur-
bance rejection and for stability, performance, and handling quality eval-
uations as specified in the MIL-DTL-32742 specifications for military
rotorcraft (Ref. 20).

Model following control architectures such as DI and EMF are es-
pecially well-suited for providing gust disturbance rejection. This is be-
cause their 2-degree-of-freedom (DoF) structure, with separate feed for-
ward and feedback paths, allows to tune the rotorcraft response to gusts
independently from responses to outer guidance/navigation loops. In
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contrast, in 1-DoF classic control methodologies, the responses to gusts
and outer guidance/navigation loops cannot be independently tuned. A
key aspect of both architectures is the reliance on model inversion to can-
cel the plant dynamics and track a desired reference model. EMF is es-
sentially a linear design method that uses a simplified model inversion in
the feed-forward path to follow the desired reference model, while feed-
back design is applied to the high-order linear plant models that are either
identified from flight-test data or obtained from physics-based models
via linearization schemes. Generally, both feed-forward inversion and
feedback compensation need to be scheduled with the flight condition to
account for variations in the flight dynamics. DI, on the other hand, con-
solidates the flight condition dependencies into the plant model used in its
feedback linearization loop, thereby reducing the need for gain schedul-
ing in the controller design. However, the plant model used for feedback
linearization still needs to be scheduled with the flight condition to ac-
curately represent the system dynamics. When the plant model is known
at each flight condition, either from flight test or simulation, DI becomes
particularly attractive from the control system designer’s perspective due
to its ability to simplify implementation and streamline control design
efforts.

With regard to past work on DI for tilt-rotor conversion, Berger
et al. (Ref. 15) only developed outer-velocity DI control loops, whereas
the inner-attitude loop was based on EMF. Moreover, these control laws
were not demonstrated for automatic transition, rather for piloted tran-
sition, and were only demonstrated for quasi-linear parameter-varying
models (Ref. 21). Moreover, to the best knowledge of the author, no pub-
lished pure dynamic inversion control application exists for tilt-wing air-
craft that has demonstrated automatic transition.

As such, the objectives of the present investigation are twofold. The
first objective is to develop a DI flight control framework that is broadly
applicable to any tilt-rotor/wing aircraft configuration and that provides
desired stability, performance, and handling quality characteristics at
hover, in high-forward flight, and during conversion between the two.
The second objective is to demonstrate said flight control laws for four
different tilt-rotor configurations: a tilt-rotor aircraft similar to a Bell XV-
15, two tilt-rotor eVTOL aircraft reminiscent of Joby S4 andArcherMid-
night vehicles, respectively, and a tilt-wing aircraft similar to the NASA
Tilt Wing.

The paper begins with an overview of the simulation model and its
adaptation to four tilt-rotor/wing configurations. This is followed by a
detailed mathematical description of the linearization, trim, and model-
order reduction algorithms. DI control laws are then developed based on
a multiloop architecture and parameterized with flight speed to enable
automatic transition from hover to cruise flight. These control laws are
demonstrated for the configurations through simulations involving the
transition from hover to 160 kt forward flight. Final remarks summarize
the findings of the study and identify directions for future development.

Simulation Models

Overview

Simulation models are based on an in-house MATLAB®/Simulink
generic multirotor/wing flight dynamics and control code with the fol-
lowing characteristics:

1) The aircraft fuselage is modeled as a rigid body. Fuselage aerody-
namic forces are calculated based on equivalent flat-plate frontal, lateral,
and vertical areas (Ref. 22).

2) The user can specify any number of rotors and/or wings at arbi-
trary (and time-varying) orientations on the aircraft body.

3) Accuracy of the rotor aeromechanics is selectable, with model-
ing methods being as simple as static inflow and no blade flapping, or

as complex as a dynamic inflow (Ref. 23) and flexible blades based on
finite element methods. Rotor aerodynamics can also account for rotor-
on-rotor interactions (Refs. 24–27).

4) Wings accuracy level is also selectable. The most complex model
consists of lifting-line theory. Rotor-on-wing aerodynamics interactions
are calculated based on the circulation at each wing element/panel using
Biot–Savart and Heyson (Ref. 28).

5) The model is implemented in MATLAB® to ease the design and
testing of flight control laws.

6) The model is integrated with a baseline control law based on
DI (Refs. 29–31), featuring inner-attitude and outer-velocity control
loops. Collective pitch control is implemented as part of the outer loop
architecture.

Simulation models are developed for four different tilt-rotor/wing air-
craft configurations: a tilt-rotor aircraft similar to a Bell XV-15 (Refs. 30,
32), two tilt-rotor eVTOL aircraft reminiscent of Joby S4 and Archer
Midnight vehicles, respectively, and a tilt-wing aircraft similar to the
NASA Tilt Wing (Refs. 33, 34). These aircraft models will be referred
to as “TR” (tilt rotor), “TMR” (tilt multirotor), “TMR2” (tilt multirotor
2), and “TW” (tilt wing), respectively, hereafter. The geometry of these
four tilt-rotor/wing vehicles is shown in trimmed flight at hover and high-
speed forward flight in Fig. 1. Note that for illustration purposes, the
TMR, TMR2, and TW models feature a scaled XV-15 fuselage. This is
because it was not possible to reproduce the Joby S4, Archer Midnight,
or NASA Tilt Wing fuselage based on publicly available data. The gen-
eral characteristics of the four aircraft are reported in Tables 1–4. The TR
properties are largely based on Ref. 32, whereas the TMR, TMR2, and
TWmass properties are scaled from those of the XV-15 based on relative
mass and dimensions. Additionally, the TMR and TMR2 geometry pa-
rameters were estimated from publicly available pictures/drawings found
online, whereas those of the NASA Tilt Wing were approximated from
Refs. 33 and 34.

Nonlinear dynamics

The rotorcraft flight dynamics are formulated as a nonlinear time-
periodic system:

ẋxx = fff (xxx,uuu, t ) (1a)

yyy = ggg (xxx,uuu, t ) (1b)

where xxx ∈ R
n is the state vector, uuu ∈ R

m is the control input vector, yyy ∈
R
l is the output vector, and t is the dimensional time in seconds. It is

convenient to note that dimensional time can be related to the azimuth
angle ψ of a reference blade, also known as nondimensional time, via
the following relation: ψ = �t, where � is the angular speed, in rad/s, of
the slowest rotor. It follows that the fundamental period of the system is
T = (2π )/� seconds, which corresponds to 2π radians or one revolution
of the slowest rotor. The nonlinear functions fff and ggg are T -periodic in
time such that

fff (xxx,uuu, t ) = fff (xxx,uuu, t + T ) (2a)

ggg(xxx,uuu, t ) = ggg(xxx,uuu, t + T ) (2b)

The state vector is

xxxT = [
xxxTRB xxx

T
R1

· · · xxxTRN
]

(3)

where xxxRB are the rigid-body states and xxxRi are the states of the ith of N
rotors. The rigid-body state vector is common to all aircraft and is given
by

xxxTRB = [u v w p q r φ θ ψ x y z] (4)
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Fig. 1. Tilt-rotor/wing aircraft geometry at hover and cruise flight.
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Table 1. General characteristics of the TR model (Ref. 32)

Parameter Value Units

Mass and inertia
Gross weight, W 13000 lb
Roll-axis moment of inertia, Ixx 52795 sl-ft2

Pitch-axis moment of inertia, Iyy 21360 sl-ft2

Yaw-axis moment of inertia, Izz 66335 sl-ft2

Roll/yaw-axes product of inertia, I0xz 1234 sl-ft2

CG fuselage station 25 ft
CG butt line 0 ft
CG water line 6.8 ft

Fuselage
Frontal drag area 23.11 ft2

Sideward drag area 131.83 ft2

Vertical drag area 184.11 ft2

Fuselage station (center of pressure) 24.42 ft
Butt line (center of pressure) 0 ft
Water line (center of pressure) 5.42 ft

Rotors
Number of blades 3 –
Radius 12.5 ft
Mean blade chord 1.19 ft
Blade twist −40.9 deg
Blade weight 213.14 lb
Blade flapping inertia 102.5 sl-ft2

Hub flapping spring 225 (sl-ft)/deg
Angular speed 61.68 rad/s
Shaft length 4.67 ft
Fuselage station (shaft pivot point) 25 ft
Butt line (shaft pivot point) ±16.08 ft
Water line (shaft pivot point) 8.33 ft

Wing
Span 32.17 ft
Mean chord 5.26 ft
Twist −3 deg
Sweep −6.5 deg
Fuselage station (aerodynamic center) 24.31 ft
Butt line (aerodynamic center) 0 ft
Water line (aerodynamic center) 7.99 ft

Horizontal stabilizer
Span 20 ft
Mean chord 3.92 ft
Fuselage station (aerodynamic center) 46.67 ft
Butt line (aerodynamic center) 0 ft
Water line (aerodynamic center) 8.58 ft

Vertical stabilizers
Span 7.68 ft
Mean chord 3.73 ft
Fuselage station (aerodynamic center) 47.5 ft
Butt line (aerodynamic center) ±6.41 ft
Water line (aerodynamic center) 9.64 ft

where u, v, w are the longitudinal, lateral, and vertical velocities in the
body-fixed frame, p, q, r are the roll, pitch, and yaw rates, φ, θ, ψ are the
Euler angles, and x, y, z are the positions in the north-east-down (NED)
frame.

The general form of the ith rotor state vector is

xxxTRi = [
βββTM β̇ββ

T
M λλλT � ψR

]
(5)

where βββM is the flapping angles in multiblade coordinated, λλλT =
[λ0 λ1c λ1s] is a vector containing the dynamic inflow components, �

Table 2. General characteristics of the TMR model

Parameter Value Units

Mass and inertia
Gross weight, W 4800 lb
Roll-axis moment of inertia, Ixx 28650 sl-ft2

Pitch-axis moment of inertia, Iyy 1962 sl-ft2

Yaw-axis moment of inertia, Izz 17118 sl-ft2

Roll/yaw-axes product of inertia, Ixz 0 sl-ft2

CG fuselage station 10.2 ft
CG butt line 0 ft
CG water line 3.86 ft

Fuselage
Frontal drag area 26.69 ft2

Sideward drag area 135.08 ft2

Vertical drag area 135.08 ft2

Fuselage station (center of pressure) 10.15 ft
Butt line (center of pressure) 0 ft
Water line (center of pressure) 2.66 ft

Rotors
Number of blades 5 –
Radius 6.04 ft
Mean blade chord 0.9 ft
Blade twist −30 deg
Shaft length {1.65, 3.58, 1.93} ft
Fuselage station (shaft pivot point) {1.77, 10.2, 20.77} ft
Butt line (shaft pivot point) {±8.29,±19.5, ±8.29} ft
Water line (shaft pivot point) {5.89, 5.23, 8.8} ft

Wing
Span 39 ft
Mean chord 4.11 ft
Twist 0 deg
Sweep −2 deg
Fuselage station (aerodynamic center) 10.77 ft
Butt line (aerodynamic center) 0 ft
Water line (aerodynamic center) 5.5 ft

V-Tail
Span 16.08 ft
Mean chord 3.8 ft
Twist 0 deg
Sweep −20 deg
Dihedral −35 deg
Fuselage station (aerodynamic center) 27.55 ft
Butt line (aerodynamic center) 0 ft
Water line (aerodynamic center) 5.5 ft

is the rotor angular speed, and ψR is the azimuth angle of a reference
blade.

It is worth noting that the state vector differs between the four aircraft
models as the TRM, TMR2, and TW configurations do not feature blade
flapping. Because the rotors are considered to be rigid, the flapping states
are removed from the TMR, TMR2, and TW configuration state vectors.

The pilot input vector is

uuuT = [δlat δlon δcol δped δaux] (6)

where δlat is the lateral and longitudinal stick position, δlat and δlon is the
longitudinal stick position, δcol is the collective stick position, δped is the
pedals position, and δaux is an auxiliary input that controls the rotor/wing
tilt angle.

The pilot inputs are converted to actuator inputs via amixing matrices
scheduled with the aircraft absolute speed. Note that, in this study, the TR
model does not adopt the control mixing relations in Ref. 32. The control
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Table 3. General characteristics of the TMR2 model

Parameter Value Units

Mass and inertia
Gross weight, W 6500 lb
Roll-axis moment of inertia, Ixx 56345 sl-ft2

Pitch-axis moment of inertia, Iyy 63725 sl-ft2

Yaw-axis moment of inertia, Izz 38593 sl-ft2

Roll/yaw-axes product of inertia, Ixz 0 sl-ft2

CG fuselage station 10 ft
CG butt line 0 ft
CG water line 5.9 ft

Fuselage
Frontal drag area 19.96 ft2

Sideward drag area 123.81 ft2

Vertical drag area 92.59 ft2

Fuselage station (center of pressure) 10.15 ft
Butt line (center of pressure) 0 ft
Water line (center of pressure) 4.66 ft

Rotors
Number of blades {5, 2} –
Radius 3.56 ft
Mean blade cord {0.3920, 0.89} ft
Blade twist −40 deg
Shaft length {1.4, 0} ft
Fuselage station (shaft pivot point) {2.45, 4.05, 5.40, 18.96, 17.12, 18.96} ft
Butt line (shaft pivot point) {±5.89,±13.25, ±20.37} ft
Water line (shaft pivot point) 7.53 ft

Wing
Span 47 ft
Mean chord 5 ft
Twist 0 deg
Sweep −4 deg
Fuselage station (aerodynamic center) 10.15 ft
Butt line (aerodynamic center) 0 ft
Water line (aerodynamic center) 7.9 ft

V-tail
Span 8.85 ft
Mean chord 2.81 ft
Twist 0 deg
Sweep 2 deg
Dihedral −35 deg
Fuselage station (aerodynamic center) 29.57 ft
Butt line (aerodynamic center) 0 ft
Water line (aerodynamic center) 9.59 ft

effector inputs are

uuuTC = [
uuuTR uuu

T
W

]
(7)

where uuuR are the rotor actuator inputs and uuuW are the wing actuator inputs.
The actuator inputs for the ith rotor are

uuuTRi = [θ0 θ1c θ1s �cmd βR] (8)

where θ0 θ1s θ1c are the collective, longitudinal cyclic, and lateral cyclic
swashplate inputs,�cmd is the commanded rotor speed, and βR is the rotor
tilt angle.

It is also worth noting that the TMR and TW rotors are assumed to be
pitch-only controlled and their angular speed to be prescribed with speed.
On the other hand, the TMR2 rotors are assumed to be revolutions-per-
minute (RPM) controlled, with blade pitch also prescribed with flight

speed. The actuator inputs for the ith wing are

uuuTWi
= [

βW δTE · · · δTEN

]
(9)

where βWi is the wing tilt angle and δTE j is the deflection of the jth trailing
edge.

Trim, linearization, and model-order reduction

Linearized, time-invariant models are obtained by trimming the
rotorcraft flight dynamics at desired flight conditions via the peri-
odic trim algorithm of Refs. 30 and 35. Subsequently, the rotorcraft
flight dynamics are linearized about each trim point via perturba-
tion methods by only retaining the averaged (or zeroth) dynamics. To
eliminate the need to measure or estimate states associated with the
higher order dynamics, where the higher order dynamics include ro-
tor and higher harmonic dynamics, it is desirable to reduce the order
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Table 4. General characteristics of the TW model

Parameter Value Units

Mass and inertia
Gross weight, W 6000 lb
Roll-axis moment of inertia, Ixx 28935 sl-ft2

Pitch-axis moment of inertia, Iyy 5286 sl-ft2

Yaw-axis moment of inertia, Izz 25861 sl-ft2

Roll/yaw-axes product of inertia, Ixz 0 sl-ft2

CG fuselage station 8.7 ft
CG butt line 0 ft
CG water line 3.6 ft

Fuselage
Frontal drag area 21.00 ft2

Sideward drag area 101.51 ft2

Vertical drag area 101.51 ft2

Fuselage station (center of pressure) 9.7 ft
Butt line (center of pressure) 0 ft
Water line (center of pressure) 3.6 ft

Rotors
Number of blades 5 –
Radius 3.67 ft
Mean blade chord 0.854 ft
Blade twist −35 deg
Shaft length {0.0, 1.01, 2.58, 0.9} ft
Fuselage station (shaft pivot point) {8.5, 8.5, 8.5, 23.14} ft
Butt line (shaft pivot point) {±22, ±14.78,±7.91, ±5.47} ft
Water line (shaft pivot point) {6.474, 6.474, 6.474, 11} ft

Wing
Span 44 ft
Mean chord 3.08 ft
Twist 0 deg
Sweep 10 deg
Fuselage station (aerodynamic center) 8.03 ft
Butt line (aerodynamic center) 0 ft
Water line (aerodynamic center) 6.474 ft

Horizontal stabilizer
Span 10.2 ft
Mean chord 3.2 ft
Twist 0 deg
Sweep 5 deg
Fuselage station (aerodynamic center) 25.72 ft
Butt line (aerodynamic center) 0 ft
Water line (aerodynamic center) 11 ft

Vertical stabilizer
Span 5.28 ft
Mean chord 3.95 ft
Twist 0 deg
Sweep 30 deg
Fuselage station (aerodynamic center) 21.45 ft
Butt line (aerodynamic center) 0 ft
Water line (aerodynamic center) 8.5 ft

of the linearized dynamics. This is a necessary step to make
linearized models tractable for practical control design purposes. This
can be achieved through residualization, a portion of singular per-
turbation theory that pertains to Linear Time Invariant (LTI) systems
(Ref. 36). Application of residualization to the rotorcraft flight dynam-
ics can be found in several published research studies, for example,
Refs. 29, 30, and 37–40.

Residualization begins with the assumption that one or more states
have stable dynamics that are faster than that of the remaining states.
Then, the state vector in Eq. (3) is partitioned into slow and fast

components:

xxxT = [
xxxTs xxx

T
f

]
(10)

Then, the linearized dynamics can be re-written as[
ẋxxs
ẋxxf

]
=

[
AAAs AAAsf
AAAfs AAAf

][
xxxs
xxxf

]
+

[
BBBs
BBBf

]
uuu (11)

By neglecting the dynamics of the fast states (i.e., ẋxxf = 0) and performing
a few algebraic manipulations, the equations for a reduced-order system
with the state vector composed of the slow states may be found:

ẋxxs = ÂAAxxxs + B̂BBuuu (12)

where

ÂAA = AAAs −AAAsfAAAf
−1AAAfs (13a)

B̂BB = BBBs −AAAsfAAAf
−1BBBf (13b)

Note that AAAf must be invertible. This is guaranteed if AAAf is asymptotically
stable, that is, all eigenvalues have their real part that is strictly negative.
This condition is satisfied by choosing the rotor dynamics as the fast
dynamics since the rotor dynamics are typically stable with eigenvalues
on the far left of the complex plane. The slow states, on the other hand,
are chosen as the rigid-body states with the exception of the position
and heading states which are truncated as the rotorcraft dynamics are
invariant with respect to these states (Ref. 41):

xxxs = xxxRB (14a)

xxxTf = [
xxxTR1 x

xxTR2
]

(14b)

This way, an 8-state residualized system is obtained that still accounts for
the higher order dynamics. A similar procedure is applied to the output
equations of the linearized dynamics, which are reformulated as

yyy = [CCCs CCCf ]

[
xxxs
xxxf

]
+DDDuuu (15)

Then, it can be shown that the residualized output equations are

ẎYY = ĈCCxxxs + D̂DDuuu (16)

where:

ĈCC =CCCs −CCCfAAAf
−1AAAfs (17a)

D̂DD = DDD−CCCfAAAf
−1BBBf (17b)

These reduced-order output equations capture the influence of the resid-
ualized dynamics on the output of the system.

Flight Control Design

General architecture

The flight control architecture chosen for this study is NDI. Applica-
tion of NDI control laws to rotorcraft can be found in Refs. 15, 26, 30,
31, 37, 39, 40, and 42–48. A key aspect of DI is the reliance on model in-
version to cancel the plant dynamics and track a desired reference model.
One convenient feature of NDI is that it inverts the plant model within
its feedback linearization loop. Compared to other conventional model-
following control strategies, such as EMF, this approach reduces the ex-
plicit need for gain scheduling of the outer-loop control laws. However,
the plant model used for feedback linearization still requires scheduling
with the flight condition, as variations in aircraft dynamics must be ac-
counted for. Additionally, the feedback gains may need to be scheduled
in cases where consistent disturbance rejection (measured in disturbance
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Fig. 2. DI controller as applied to a linear system.

Fig. 3. Schematic of the closed-loop tilt-rotor/wing dynamics.

rejection bandwidth) and robustness performance (measured in broken-
loop crossover frequency) must be maintained across the flight envelope.
A generic DI controller as applied to a linear system is shown in Fig. 2.
The key components include a command model (also referred to as a
command filter or reference model) that specifies the desired response to
pilot commands, a feedback compensation loop that minimizes tracking
error, and an inner feedback loop that performs model inversion. (i.e., the
feedback linearization loop).

A multiloop NDI control law based on Refs. 15, 26, 29, 30, and
42 is designed to enable automatic flight in low-speed flight (helicopter
mode), cruise flight (airplane mode), and transition between the two. The
schematic of the closed-loop rotorcraft dynamics is shown in Fig. 3. The
outer loop controller, shown in Fig. 4(b) tracks longitudinal, lateral, and
vertical ground velocities commands in the heading frame and calculates
the desired pitch and roll attitudes for the inner loop to track, in addition
to the collective control input setting. The desired response type for the
outer loop is the translational rate command. The inner loop, shown in
Fig. 4(a) achieves stability, disturbance rejection, and desired response
characteristics about the roll, pitch, yaw, and heave axes. When coupled
with the outer loop, an attitude command/attitude hold response is used
for the roll and pitch axes, whereas a rate command/direction hold is used
for the yaw axis.

Inner-attitude loop

The modified state vector used for the inner-attitude loop design is

xxxT = [p q r φ θ ] (18)

The system and control matrices of the corresponding modified sys-
tem (i.e., AAA and BBB) are obtained by truncating the rows and columns
corresponding with the body-axes linear velocity states. Note that the
stability and control derivatives are a function of the total speed V =√
u2 + v2 + w2. The controlled variables are the roll and pitch attitudes,

along with the time derivative of the heading angle (i.e., the turn rate):

yyyT = [φ θ ψ̇] (19)

The output matrix that relates the state vector to the output vector:

CCCT = [
CCCT1 CCC

T
2

]
(20)

where

CCC1 =
[
0 0 0 1 0
0 0 0 0 1

]
(21a)

CCC2 = [0 0 1 0 0] (21b)

In the equation above, CCC1 corresponds to the roll and pitch attitudes
whereas CCC2 corresponds to the yaw rate. This partitioning is due to the
fact that the output equations for φ and θ must be differentiated twice to
have the control inputs appear explicitly in the output equation, while the
same procedure requires being performed once for the turn rate ψ̇ ≈ r:⎡

⎢⎣φ̈

θ̈

ψ̈

⎤
⎥⎦ =

[
CCC1AAA2xxx+CCC1AAABBBuuu

CCC2AAAxxx+CCC2B̂BBuuu

]
(22)

The objective of the DI control law is that the output yyy tracks a reference
trajectory yyycmd(t ) given by

yyyTcmd = [φcmd θcmd ψ̇cmd] (23)

with desired response characteristics. For this reason, the reference tra-
jectory is fed through first- or second-order command models which
dictate the desired response of the system. More specifically, φcmd and
θcmd are fed through a second-order system, whereas rcmd is fed through
a first-order system. The command models are also used to extract the
first and second derivatives of the filtered reference trajectory for use in
the proportional-integral (PI) and proportional-integral-derivative (PID)
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Fig. 4. Dynamic inversion inner-attitude and outer-velocity control loops.

compensators described below. The command models are of the follow-
ing form:

G(1)
ideal(s) = 1

τ s+ 1
(24a)

G(2)
ideal(s) = ω2

n

s2 + 2ωnζ + ω2
n

(24b)

where τ is the first-order command model time constant, which is the
inverse of the command model break frequency (i.e., τ = 1/ωn). Addi-

tionally, ωn and ζ are, respectively, the natural frequency and damping
ratio of the second-order command model. PI and PID compensation are
used to reject external disturbances and to compensate for discrepancies
between the approximate model used in this derivation and the actual
bare-airframe dynamics of the aircraft. The resulting DI control law is
found by solving for the control vector in Eq. (22), leading to

uuu =
[
CCC1AAABBB

CCC2BBB

]−1 (
ννν −

[
CCC1AAA2

CCC2AAA

]
xxx

)
(25)
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Table 5. Inner loop command models parameters

Command ωn (rad/s) ζ

Roll attitude 4.0 0.7
Pitch attitude 3.5 0.7
Turn rate 2 –

where ννν is the pseudo-command vector and eee is the error as defined in
Eqs. (26) and (27), respectively.⎡

⎢⎣νφ

νθ

νψ̇

⎤
⎥⎦ =

⎡
⎢⎣φ̈cmd

θ̈cmd

ψ̈cmd

⎤
⎥⎦ +KKKP

⎡
⎢⎣eφeθ
eψ̇

⎤
⎥⎦ +KKKD

⎡
⎢⎣ėφėθ
0

⎤
⎥⎦ +KKKI

⎡
⎢⎣

∫
eφdt∫
eθdt∫
eψ̇dt

⎤
⎥⎦ (26)

eee = yyycmd − yyy; (27)

The 3-by-3 diagonal matrices KKKP, KKKI , and KKKD identify the propor-
tional, integral, and derivative gain matrices, respectively. The command
model parameters adopted are shown in Table 5. Command model pa-
rameters are chosen to be the same as Ref. 30. Note that the coefficient
matrices (CCC1AAABBB)−1,CCC1AAA2, (CCC2BBB)−1, andCCC2AAA are functions of the total speed
of the aircraftV . For this reason, from a practical standpoint, these matri-
ces are computed offline at incremental longitudinal speeds from hover to
the maximum speed of the aircraft at 20 kt intervals and stored. When the
linearized DI controller is implemented on the nonlinear aircraft dynam-
ics, the coefficient matrices (CCC1ÂAAB̂BB)−1, CCC1AAA2, (CCC2BBB)−1, and CCC2AAA are com-
puted at each time step via interpolation based on the current airspeed
V (t ) and on the lookup tables stored offline. It is important to note that
what is implemented in the nonlinear aircraft dynamics is linearized DI.
However, because the coefficient matrices are scheduled with the longi-
tudinal speed, and scheduling effectively introduces a nonlinear relation
between the aircraft states and the feedback control input, the controller
implemented is effectively NDI (Ref. 29).

Outer-velocity loop

The objective of the outer-velocity loop is to track longitudinal and
lateral velocities in the heading frame, such that the reference trajectory
is given by

yyyTcmd = [
Vxcmd Vycmd Vzcmd

]
(28)

The heading frame is a vehicle-carried frame where the x-axis is aligned
with the current aircraft heading, the z-axis is positive up in the inertial
frame, and the y-axis points to the right, forming a left-handed orthogonal
coordinate system. The following equation shows the rotation from the
body to the heading frame:

TTTB→h =

⎡
⎢⎣cos θ sinφ sin θ cosφ sin θ

0 cosφ − sinφ

sin θ − sinφ cos θ − cosφ cos θ

⎤
⎥⎦ (29)

such that the velocities in the heading frame are given by⎡
⎢⎣VxVy
Vz

⎤
⎥⎦ = TTTB→h

⎡
⎢⎣u

v

w

⎤
⎥⎦ (30)

The outer-velocity loop is modified with respect to Ref. 15 not to in-
clude the auxiliary control input (i.e., the nacelle/wing angle in the case
of the tilt-rotor) as a control variable. Rather, the nacelle/wing angle is
prescribed based on flight speed but can still be adjusted via open-loop
pilot inputs. While scheduling the nacelle/wing angle with flight speed

Table 6. Outer loop command models properties

τ (s)

Vxcmd 0.5
Vycmd 0.5
Vzcmd 0.5

is relatively straightforward, incorporating flap deflections and vertical
speed could enhance robustness. This approach is used because the upper
and lower limits of the conversion corridor are unknown for all aircraft
considered in this study, except for the XV-15, and are challenging to de-
rive due to complex power and structural limits, as well as whirl flutter. If
the conversion corridor were known, the control law could be designed
to follow its upper limit during acceleration and its lower limit during
deceleration, as demonstrated in Ref. 15. The outer loop dynamics are
designed based on the following reduced-order dynamics:⎡

⎢⎣ u̇

v̇

ẇ

⎤
⎥⎦ =

⎡
⎢⎣Xu 0 0
0 Yv 0
0 0 Zw

⎤
⎥⎦

⎡
⎢⎣u

v

w

⎤
⎥⎦ +

⎡
⎢⎣ 0 Xθ Xδcol
Yφ 0 0
0 Zθ Zδcol

⎤
⎥⎦

⎡
⎢⎣φcmd

θcmd

δcol

⎤
⎥⎦

= AAAxxx+BBBuuu (31a)⎡
⎢⎣VxVy
Vz

⎤
⎥⎦ =

⎡
⎢⎣ cos θ0 0 sin θ0

0 1 0
− sin θ0 0 cos θ0

⎤
⎥⎦

⎡
⎢⎣u

v

w

⎤
⎥⎦

=CCCxxx (31b)

where xxx,uuu are the reduced-order state, control input, and output vec-
tors used for outer-loop control design; AAA,BBB,CCC are the system, con-
trol, and output matrices used for outer-loop control design; u, v, w are
the longitudinal, lateral, and vertical velocities in the body-fixed frame;
Vx,Vy,Vz are the longitudinal, lateral, and vertical velocities in the head-
ing frame; φcmd, θcmd are the roll and pitch attitudes commanded to the
inner loop; Xu,Yv,ZW ,Xθ ,Yδφ

, Zθ are stability derivatives; Xδcol , Zδcol are
stability derivatives, and θ0 is the trim pitch attitude.

Then, the DI outer-loop control law will be of the form:

uuu = (CCCBBB)−1 (ννν −CCCAAAxxx) (32)

where ννν is the pseudo-control vector. Like for the inner-velocity loop,
the stability and control derivatives are a function of the total speed V ,
such that the coefficient matrices (CCCBBB)−1 andCCCAAA are also functions of total
speed. Thus, these matrices are computed at discrete speed increments
and stored offline along with those of the inner loop. The reference trajec-
tory is subtracted from the output to find the error, which is compensated
by a PI controller. The feed-forward signal is subsequently added, lead-
ing to the pseudo-control vector for the outer loop:⎡

⎢⎣νVx
νVy

νVz

⎤
⎥⎦ =

⎡
⎢⎣V̇xcmd
V̇ycmd
V̇zcmd

⎤
⎥⎦ +KKKP

⎡
⎢⎣eVxeVy
eVz

⎤
⎥⎦ +KKKI

⎡
⎢⎣

∫
eVxdt∫
eVydt∫
eVzdt

⎤
⎥⎦ (33)

where KKKP and KKKI are 3-by-3 proportional and integral gain matrices, re-
spectively. The command models for the longitudinal, lateral, and ver-
tical speeds are first order, and their break frequencies are reported in
Table 6.

Error dynamics

Feedback compensation gains that act on the error dynamics are de-
signed according to the methods in Refs. 15, 29–31, 37, 39, 40, and 42.
These methods are summarized as follows.
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Table 7. Inner loop disturbance rejection frequencies, damping
ratios, and integrator poles

ωn (rad/s) ζ p

φcmd 4.0 0.7 0.75
θcmd 3.5 0.7 0.75
ψ̇cmd 2 1 –

Feedback compensation is needed to ensure the system tracks the
command models. It can be demonstrated (Ref. 49) that for a DI control
law the output equation must be differentiated n times for the controls to
appear explicitly in the output equation:

e(n) = y(n)cmd − ν (34)

For the output equations that require to be differentiated only once, a PI
control strategy is applied to the pseudo-command vector:

ν = ẏcmd(t ) + KPe(t ) + KI

∫ t

0
e(τ )dτ (35)

Substituting Eq. (35) into Eq. (34) leads to the closed-loop error
dynamics:

ė(t ) + KPe(t ) + KI

∫ t

0
e(τ )dτ = 0 (36)

The gains are chosen such that the frequencies of the error dynamics are
of the same order as the command filters (i.e., first order), ensuring that
the bandwidth of the response to disturbances is comparable to that of an
input given by a pilot or outer loop. By taking the Laplace transform, and
therefore switching to the frequency domain, the error dynamics become

e(s)(s2 + sKP + KI ) = 0 (37)

To obtain the gains that guarantee the desired response, the error dynam-
ics of Eq. (37) are set equal to the following second-order system:

s2 + 2ζωns+ ω2
n = 0 (38)

yielding the following proportional and integral gains:

KP = 2ζωn (39a)

KI = ω2
n (39b)

Similarly, for those outputs that require to be differentiated twice, a
PID control strategy is applied to the pseudo-command vector:

ν = ÿcmd(t ) + KDė(t ) + KPe(t ) + KI

∫ t

0
e(τ )dτ (40)

Substituting Eq. (40) into Eq. (34) leads to the following closed-loop
error dynamics:

ë(t ) + KDė(t ) + KPe(t ) + KI

∫ t

0
e(τ )dτ = 0 (41)

and, therefore, to

e(s)(s3 + KDs
2 + KPs+ KI ) = 0 (42)

Again, the gains are chosen such that the frequencies of the error dy-
namics are of the same order as the command filters (i.e., second order),
ensuring that the bandwidth of the response to disturbances is compara-
ble to that of an input given by a pilot or outer loop. To obtain the gains
that guarantee the desired response, the error dynamics of Eq. (42) are
set equal to the following third-order system:(

s2 + 2ζωns+ ω2
n

)
(s+ p) = 0 (43)

Table 8. Outer loop disturbance rejection frequencies
and damping ratios

ωn (rad/s) ζ

Vxcmd 0.5 1
Vycmd 0.5 1
Vzcmd 0.5 1

yielding the following proportional, integral, and derivative gains

KD = 2ζωn + p (44a)

KP = 2ζωn p+ ω2
n (44b)

KI = ω2
n p (44c)

This compensation strategy is used for ensuring trajectory tracking in
both the inner and outer loops. Tables 7 and 8 show the natural frequen-
cies, damping ratios, and the integrator pole values used to compute the
inner and outer loop gains. These values are common across rotorcraft.
Note that the integrator pole p is usually chosen to be one-fifth of the
natural frequency, corresponding to about one-fifth of the loop crossover
frequency (Ref. 50). Further, the outer loop error dynamics natural fre-
quency must be 1/10 to 1/5 of the inner loop error dynamics natural fre-
quency to ensure sufficient frequency separation (Ref. 50). Additionally,
because the plant is inverted in the feedback linearization loop such that
the system being controlled is effectively a set of integrators, there is no
need for gain scheduling. However, the plant model used for feedback
linearization must still be scheduled with the flight condition (i.e., with
the aircraft speed V in this case).

Turn coordination

Because the tilt-rotor/wing flight envelope includes low-speed flight
(i.e., lower than approximately 50 kt) as well as high-speed flight (i.e.,
greater than 50 kt), different control strategies are necessary to control the
yaw rate for these two flight conditions. Above 50 kt, turn coordination is
used; below 50 kt, no turn coordination (Ref. 51) is used. These control
strategies are summarized as follows:

φ′
cmd =

⎧⎪⎨
⎪⎩

φcmd, V < VHS

tan−1
(
V
g ψ̇cmd

)
, V ≥ VHS

(45)

where VHS = 50 kt.

Results

Validation

The XV-15-like simulation model is validated both in the frequency
and time domains against US Army/NASA flight-test (Ref. 52) data and
other models in the literature (Ref. 53). The rotorcraft is trimmed at hover
in helicopter mode (i.e., with the nacelles at βR = 0 deg according to the
definition in Ref. 32) and at 170 kt in aircraft mode (i.e., with the nacelles
at βR = 90 deg) for validation. Figure 5 shows a comparison of the lat-
eral dynamics eigenvalues for each of these conditions with those from
US Army/NASA flight-test data (Ref. 52) and from Ref. 53. Notably, the
linearized dynamics eigenvalues are close to those of both the system
identified dynamics from Ref. 52, and those of the FLIGHTLAB® simu-
lation model from Ref. 53. Moreover, the residualized dynamics eiven-
calues nearly overlap those of the full-order dynamics, indicating the
accuracy of the model-order reduction method used. Figure 6 shows
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Fig. 5. Comparison of the XV-15 lateral dynamics eigenvalues with those from US Army/NASA flight-test data (Ref. 52) and simulation data
from Ref. 53.
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Fig. 6. Bare-airframe frequency responses at hover compared with US Army/NASA XV-15 flight data (Ref. 52) and simulation data from
Ref. 53.

some sample frequency responses at hover as compared to US
Army/NASA XV-15 flight data (Ref. 52) and simulation data from Ref.
53. Again, the linearized dynamics are very close to those from flight-test
data and the model in the literature, and the residualized model overlaps
the full-order frequency response. While for the cases presented the gen-
eral agreement is good, the available flight-test data do not provide the
exact information on Center of Gravity (CG) location, moments of in-
ertia, weight, and flap setting. As such, it is difficult to draw definitive
conclusions.

To provide additional validation, time-domain responses are com-
puted for the nonlinear, linearized full order, and residualized dynam-
ics at hover based on lateral dynamics pilot control inputs from US
Army/NASA flight-test data (Ref. 52), shown in Fig. 7(a). The lateral
dynamics response is shown in Fig. 7(b), where it is compared with
flight-test data and the simulated response of the dynamics from Ref.
53. This figure shows a generally good agreement between the nonlinear

simulation model and the flight-test data and also between the nonlinear
simulation model and the data from Padfield (Ref. 53). It is also impor-
tant to note that both full-order and residualized dynamics nearly overlap
the nonlinear simulation, which indicates the accuracy of the linearized
models and validates the model-order reduction strategy. In this sense,
residualized models are accurate enough to be used for control design.

Trim

As a first step, the simulationmodels are trimmed at incremental flight
speed from 0 to 280 kt for the TR configuration and from 0 to 200 kt for
the TMR, TMR2, and TW configurations. Note that, for the TR config-
uration, the auxiliary control input (i.e., nacelle tilt angle) is prescribed
since the XV-15 conversion corridor is known (Ref. 54). The prescribed
tilt angle approximately corresponds to the center of the conversion cor-
ridor. On the other hand, because for the TMR and TW configurations
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Fig. 8. Trim variables for increasing speed.

the conversion corridor is unknown, the auxiliary control input is used
as a control variable in place of the pitch attitude. More specifically, the
pitch attitude is prescribed to zero while the auxiliary control input is
an unknown variable in the trim process. The TMR2 conversion corri-
dor is also unknown, but it was not possible to trim the flight dynamics
at zero pitch attitude at every flight speed and, as such, a prescribed ro-
tor tilt angle profile with speed was assumed. The trim attitude and pi-
lot control inputs are shown in Fig. 8 for all aircraft. More specifically,
Fig. 8(a) shows the trim Euler angles for increasing flight speed. While
trim roll and yaw attitudes are zero across the flight speed considered,
which stems from the tilt-rotor/wing vehicles in consideration of being
symmetric about the x − z plane, the trim pitch attitude behaves differ-
ently. In fact, for both TR and TMR2 configurations, the trim pitch atti-
tude is shown to increase with increasing speed up to 120 kt, and subse-
quently steadily decrease as it would for a fixed-wing aircraft (Ref. 55).
Since the TMR and TW configurations are trimmed with zero pitch atti-
tude, and given the symmetry of the configurations about the x− z plane,
the trim roll, pitch, and yaw attitudes are all zero for this configurations.

Figure 8(b) shows the trim pilot stick inputs for increasing speed. In this
figure, the lateral stick and pedals are shown to remain at the neutral po-
sition due to the symmetry of the aircraft about the x− z plane. The lon-
gitudinal stick loosely follows the trend of the pitch attitude for the TR
configuration, while it remains approximately neutral for the TMR and
TW models. Trim collective stick inputs first decrease due to the lower
power required in low-speed forward flight compared to hover, and sub-
sequently steadily increase with flight speed. Nacelle control inputs for
the TR and TMR2 turn out to be similar, as the nacelles are shown to tilt
from 0 to −90 deg between 40 and 160 kt. On the other hand, the TMR2
and TW conversion starts and ends at lower speeds, with a final transition
happening at approximately 100.

Figure 9 shows the trim actuator inputs for each aircraft. The ro-
tor speed of the TR, TMR, and TW configurations is scheduled with
speed (Figs. 9(a), 9(b), and 9(d)) and drops to 85% of its hover value
at high speeds. On the other hand, the TMR2 configuration, which is
RPM-controlled, features scheduled collective pitch inputs with speed.
More particularly, collective pitch is scheduled to increase from hover
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Fig. 9. Actuator inputs for increasing speed.

to cruise flight (Fig. 9(c)). All configurations but the TW adopt flaps,
which are also scheduled with speed. A common value of 40 deg is used
for hover and low-speed flight, which drops to 20 deg during the ini-
tial stages of the transition, to then settle to 0 deg at higher speeds. The
use of flaps in these configurations is based on an informed estimation,
as no publicly available data exists on flap usage for any configuration
except the TR configuration. Therefore, the integration of flaps in this
study should be regarded as a representative example rather than a precise
replication of actual flap deployment strategies. The assumed scheduling
of flaps with speed is intended to demonstrate the methodology’s appli-
cability across different configurations rather than to accurately capture
specific aircraft designs. Figure 9 also shows the trim positions of various
trailing-edge control surfaces, which may (i) include right or left ailerons
(“AR,” “AL”); (ii) right or left flaps (“FR,” “FL”); (iii) right, left, or sole
elevators (“RE,” “LE,” “E”); (iv) right, left, or sole rudders (“RR,” “LR,”
“R”); and (v) and right or left ruddervators for the V-tail configurations
(“RER,” “REL”). Finally, this figure features the rotor swashplate inputs.
Note that while the TR configuration uses collective (θ0), lateral cyclic

(θ1c), and longitudinal cyclic (θ1s), all other configurations only adopt
collective pitch control.

Handling qualities

Closed-loop performance is assessed in the frequency domain by
evaluating selected stability, performance, and handling-quality met-
rics. For brevity, only hover results are presented in this analysis. This
evaluation considers the following components: (i) a flight control com-
puter operating at 100 Hz, resulting in a processing delay and a digital-
to-analog sample-and-hold delay of τ = 50 ms each; (ii) actuators mod-
eled with second-order dynamics and bandwidths of 8 Hz (approximately
50.27 rad/s); (iii) sensors represented as second-order filters with band-
widths of 5 Hz (equivalently, 31.42 rad/s); and (iv) an additional sensor
transport delay of τ = 20 ms to account for sampling skew and bus trans-
port delays (Ref. 50).

The first metrics evaluated are the gain and phase margins (GM/PM),
commonly referred to as stability margins, which pertain to the on-axis

032005-13



U. SAETTI JOURNAL OF THE AMERICAN HELICOPTER SOCIETY

Gain margin, GM (dB)
0 5 10 15 20 25 30 35 40

P
ha

se
 m

ar
gi

n,
 P

M
 (

de
g)

0

10

20

30

40

50

60

70

80

90

TR
TMR

TMR2
TW

Gain margin, GM (dB)
0 5 10 15 20 25 30 35 40

P
ha

se
 m

ar
gi

n,
 P

M
 (

de
g)

0

10

20

30

40

50

60

70

80

90

TR
TMR

TMR2
TW

Gain margin, GM (dB)
0 5 10 15 20 25 30 35 40

P
ha

se
 m

ar
gi

n,
 P

M
 (

de
g)

0

10

20

30

40

50

60

70

80

90

TR
TMR

TMR2
TW

Gain margin, GM (dB)
0 5 10 15 20 25 30 35 40

P
ha

se
 m

ar
gi

n,
 P

M
 (

de
g)

0

10

20

30

40

50

60

70

80

90

TR
TMR

TMR2
TW

Gain margin, GM (dB)
0 5 10 15 20 25 30 35 40

P
ha

se
 m

ar
gi

n,
 P

M
 (

de
g)

0

10

20

30

40

50

60

70

80

90

TR
TMR

TMR2
TW

Gain margin, GM (dB)
0 5 10 15 20 25 30 35 40

P
ha

se
 m

ar
gi

n,
 P

M
 (

de
g)

0

10

20

30

40

50

60

70

80

90

TR
TMR

TMR2
TW

Fig. 10. Hover stability margins.

broken-loop response. While general stability margin guidelines are pro-
vided in SAE AS94900 (Ref. 56), which recommends a phase margin
of 45 deg and a gain margin of at least 6 dB for robust feedback con-
trol, past work has shown that reducing the gain margin requirement to
4 dB—while retaining the standard phase margin—can improve perfor-
mance without compromising handling qualities (Refs. 57,58). Accord-
ingly, this work adopts the reduced gain margin of 4 dB from Refs. 57
and 58 and the phase margin of 45 deg from Ref. 56 in assessing broken-

loop response for level 1 handling qualities. The gain and phase margins
for each controlled axis in the inner-attitude and outer-velocity loops, for
all aircraft, are presented in Fig. 10. As shown in this figure, the gain and
phase margins generally meet the specified criteria for all aircraft.

The secondmetric assessed comprises the disturbance rejection band-
width and peak (DRB/DRP) (Ref. 59). The requirements for these met-
rics vary across different axes. The results are presented in Fig. 11 for
each controlled axis and aircraft. Similar to the gain and phase margins,
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Fig. 11. Hover disturbance rejection bandwidth and peak (DRP/DRB).

these criteria are generally satisfied, with only a few instances where the
metrics are close to or slightly outside the specified boundaries, suggest-
ing overall effective disturbance rejection performance.

The third and final set of results involves comparing the closed-loop
response with the command models employed for each axis in the fre-
quency domain. These results are illustrated in Fig. 12 and generally
demonstrate good on-axis tracking across all axes and aircraft, with the
exception of suboptimal longitudinal speed command tracking for the TR
configuration above approximately 1 rad/s, as highlighted in Fig. 12(d).
Overall, these results suggest that the control system design achieves sat-

isfactory performance in terms of stability, disturbance rejection, and ref-
erence tracking within the specified operational envelope.

Automatic transition

The rotorcraft flight dynamics are linearized and residualized at each
discrete speed increment to obtain the DI control law coefficient ma-
trices. DI control laws are demonstrated for closed-loop simulations
of an acceleration from hover to cruise flight, which includes a con-
version from helicopter to airplane mode. The simulation consists of
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Fig. 12. Hover on-axis closed-loop responses compared to the command models.

an acceleration from hover to 160 kt over 60 seconds. This simulation
makes use of the nonlinear rotorcraft dynamics. Figure 13(a) shows
the heading-frame velocities. In this figure, the longitudinal speed is
shown to track accurately the reference trajectory while the off-axis re-
sponses in lateral and vertical speed are minimal. Figure 13(b) shows
how the inner-attitude loop is able to track the desired pitch attitude
while maintaining zero roll and yaw attitudes. The pitch attitude first
decreases to direct the rotor thrust forward and thus accelerates, and
then gradually increases as the aircraft reaches a steady acceleration. Fi-
nally, Fig. 14 shows the bare-airframe inputs for each rotorcraft. Actu-

ator inputs are shown to follow a similar time evolution to that shown
in Fig. 9.

A second 60-s transition simulation consisting of acceleration from
hover to cruise flight at 160 kt, while undergoing a 90-deg turn during
a 600 ft/min climb, is shown in Fig. 15 to demonstrate the performance
of the flight control laws in the lateral axis. The rotorcraft begins from a
hover condition and starts accelerating at the sixth second of simulation,
as shown in Fig. 15(a). At the 18th second, the rotorcraft starts climbing
at 600 ft/min (also shown in Fig. 15(b)), and at approximately 26.2 s, the
rotorcraft enters a right turn at ψ̇ = 0.1 rad/s. Because the rotorcraft is
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Fig. 13. Transition from hover (helicopter mode) to high-speed forward flight (airplane mode).
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Fig. 15. Transition from hover to high-speed forward flight with a 90-deg turn during a 600 ft/min climb.
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Fig. 16. Actuator inputs for a transition from hover to high-speed forward flight with a 90-deg turn during a 600 ft/min climb.
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accelerating, and because the bank angle required for turn coordination
is given by φ = atan( ψ̇V

g ), as the airspeed V increases, the bank angle φ

also increases during the turn. The resulting steady increase in heading
angle is shown in Fig. 15(b). The turn is maintained up to 42 s, whereas
the acceleration stops at 54 s. The climb rate, on the other hand, is held
until the end of the simulation. Aswith the previous simulation, the outer-
velocity loops track the commanded velocities. However, some deviation
from the commanded vertical speed is observed for all rotorcraft as the
rotors tilt forward. Additionally, the inner-attitude loop is shown to track
the roll, pitch, and yaw attitudes commanded by the outer-velocity loop.
Like for the previous case, the actuator inputs shown in Fig. 16 follow
a similar time evolution to that shown in Figs. 9 and Fig. 14, albeit with
some added dynamics corresponding to the actuator input use during the
turn.

Conclusions

A generic multirotor/wing simulation model was adapted to repre-
sent the flight dynamics of four tilt-rotor/wing configurations: a tilt-rotor
aircraft similar to a Bell XV-15, two tilt-rotor eVTOL aircraft reminiscent
of Joby S4 and Archer Midnight vehicles, respectively, and a tilt-wing
aircraft similar to the NASA Tilt Wing. To verify the correct implemen-
tation of the generic multirotor/wing flight dynamics code, the XV-15-
like simulation model was validated in both the frequency and time do-
mains against US Army/NASA flight-test data and other models in the
literature. The rotorcraft flight dynamics were trimmed at discrete speed
increments from hover to cruise flight and then linearized. Model-order
reduction methods were employed to reduce the order of these linearized
models, making them suitable for flight control design.

NDI control laws were developed and implemented to enable auto-
matic transition given a prescribed profile of rotor tilt angle with aircraft
speed. These control laws were demonstrated in batch simulations for
all aircraft configurations, resulting in successful automatic transitions
from hover (helicopter mode) to cruise (airplane mode) flight, with ex-
cellent tracking of the commanded forward speed and minimal off-axis
response.

While the results demonstrate the potential of the proposed NDI con-
trol architecture for enabling transitioning flight in tilt-rotor/wing air-
craft, this work remains exploratory. The conclusions are limited by
the high-level nature of the control architecture and do not account for
detailed design considerations, such as control authority, actuator con-
straints, or structural loads. A more comprehensive evaluation, includ-
ing piloted handling qualities assessments and robustness analyses, will
be necessary to validate the suitability and practicality of the proposed
control laws for operational use.
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