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This article presents the development, implementation, and evaluation of dynamic inversion (DI) flight control laws for
compound rotorcraft with auxiliary propulsion systems, with application to a configuration representative of the Airbus
Rapid And Cost-Efficient Rotorcraft (RACER). The RACER features a single main rotor, a boxed wing, and two lateral
pusher propellers that provide both torque balancing and thrust compounding. The DI control laws are structured using
a multiloop architecture and incorporate redundant control allocation to the pusher propellers via a pseudo-inverse (PI)
strategy. A primary objective is to investigate control allocation approaches that minimize pitch attitude excursions during
acceleration and deceleration maneuvers. A generic multirotor/wing simulation model is adapted to model the flight dynam-
ics of the RACER configuration. The model is trimmed and linearized at discrete speeds from hover to cruise, and control
reallocation is used to enable trimming at arbitrary pitch attitudes. Model-order reduction techniques are applied to obtain
reduced-order models suitable for control synthesis. Both a baseline DI controller and a PI variant are implemented and
tested in closed-loop simulations using the full-order nonlinear model. Three representative maneuvers are considered: (i)
a hover-to-cruise transition, (ii) a combined transition, climb, and coordinated turn, and (iii) a cruise-to-hover reverse tran-
sition. The PI-based control law reduces pitch attitude variation by reallocating control effort to the auxiliary propulsion
system, while achieving comparable tracking accuracy, as well as similar performance and handling-quality metrics relative

to the baseline controller.

Introduction

Future vertical lift (FVL) and electric vertical take-off and land-
ing (eVTOL) vehicles developed for urban air mobility (UAM) fre-
quently adopt multirotor architectures and rigid rotor systems, resulting
in strong aerodynamic interactions and coupling effects. These charac-
teristics introduce significant challenges for flight dynamics modeling,
simulation, and control system development. Representative FVL con-
cepts include winged single main rotor, lift-offset coaxial, and tiltro-
tor platforms (Refs. 1-4). Likewise, recent efforts to classify eVTOL
architectures have identified two broad categories: rotary-wing cruise
and fixed-wing cruise configurations (Refs. 5, 6). The former includes
rotary-wing and lift-fan designs, while the latter encompasses lift+cruise,
tilt-wing/tiltrotor, and tailsitter vehicles. These hybrid configurations of-
ten feature operational modes with significantly different aerodynamic
characteristics, necessitating careful treatment of control system design
across transitions between hover and forward flight.

A representative configuration that incorporates elements from both
rotary- and fixed-wing systems is the Airbus RACER (Rapid and Cost-
Efficient Rotorcraft), a compound rotorcraft demonstrator developed un-
der the European Union’s Clean Sky 2 initiative. The RACER design
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integrates lift and thrust compounding, with lift provided by a single main
rotor and a joined box-wing, and longitudinal thrust generated by two
lateral pusher propellers. These propellers also contribute to yaw control
and torque balancing (Ref. 7). The empennage includes a vertical fin and
horizontal stabilizers that support directional and pitch stability and are
subject to wake interactions from both the main rotor and the pusher pro-
pellers. The RACER configuration introduces multiple coupled aerody-
namic and control considerations, making it a relevant testbed for evalu-
ating modeling and control strategies for advanced compound rotorcraft.

Several recent studies have explored the aerodynamic and flight me-
chanics characteristics of RACER using high-fidelity computational fluid
dynamics and coupled flight dynamics simulations. These include assess-
ments of rotor wake interactions with the fuselage and tail surfaces, eval-
uation of control surface effectiveness in crosswind hover, and analyses
of inflow distortion at the pusher propellers due to their location in the ro-
tor downwash (Refs. 7-10). Further investigations have addressed rotor-
on-tail interference (Ref. 11), vertical fin aerodynamic design (Ref. 12),
and the integrated aeroacoustic footprint of the configuration across op-
erating conditions (Ref. 10).

These aerodynamic phenomena directly affect handling qualities
and underscore the importance of robust control strategies. Key chal-
lenges specific to RACER and similar hybrid configurations include (i)
transition between hover and high-speed flight regimes, during which
the aerodynamic contribution of the box-wing becomes significant; (ii)
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significant shifts in stability and response characteristics across flight
conditions (Ref. 7); (iii) nonlinear and asymmetric rotor—wing—propeller
interactions that vary with advance ratio and wind conditions (Refs. 8,9);
(iv) the need for coordinated use of multiple effectors, including auxil-
iary propulsion, for both torque and trajectory control (Ref. 10); and (v)
increased sensitivity to atmospheric disturbances, requiring model-based
control augmentation for gust rejection and handling-quality assurance.

To address these challenges, control system architectures must be
both flexible and robust, capable of maintaining stability and track-
ing performance across flight regimes while minimizing pilot workload.
Prior research on model-following strategies for compound rotorcraft
has employed explicit model following (EMF), linear and nonlinear dy-
namic inversion, and hybrid approaches (Refs. 13-19). Among these,
Refs. 16-18 focused on evaluating handling qualities.

Model-following control architectures, such as dynamic inversion
(DI) and EMF, are particularly well-suited for gust disturbance rejec-
tion. Their two-degree-of-freedom structure, comprising separate feed-
forward and feedback paths, enables the tuning of rotorcraft responses
to gusts independently of the responses to outer-loop guidance and nav-
igation commands. In contrast, classical one-degree-of-freedom control
approaches do not offer such decoupling, making independent tuning of
these responses more challenging. Both methods rely on model inver-
sion to cancel plant dynamics and track a desired reference model. EMF
employs a simplified linear inversion and requires gain scheduling. DI
consolidates scheduling into the plant model, reducing controller com-
plexity at the expense of requiring accurate, flight-condition-dependent
plant characterization. Previous work on DI for high-speed compound
rotorcraft has applied hybrid control strategies combining DI outer loops
with EMF-based inner loops (Refs. 16, 17), often demonstrated through
quasi-linear parameter varying models (Ref. 20). However, no published
study has demonstrated a pure DI control law using active allocation to
auxiliary propulsion systems that simultaneously provide torque balanc-
ing and thrust compounding, as is the case with RACER.

While published research on the RACER platform has primarily fo-
cused on conceptual design, interactional aerodynamics, and aeroacous-
tics, this study explores the use of active control allocation strategies
for both trim and maneuvering flight by leveraging the decoupling of
longitudinal thrust generation from pitch attitude changes via auxil-
iary propulsion systems. Specifically, the objectives of this investigation
are twofold: (i) to formulate a control allocation strategy that enables
trimmed flight at arbitrary pitch attitudes by redirecting control effort to
the auxiliary propulsion units; and (ii) to evaluate the extent to which
active control allocation can minimize pitch attitude excursions during
acceleration and deceleration maneuvers.

The paper begins with an overview of the simulation model and its
adaptation to a configuration representative of the Airbus RACER. This
is followed by a detailed mathematical description of the linearization,
trim, and model-order reduction algorithms. DI control laws are then de-
veloped using a multiloop architecture combined with a proportional-
integral (PI) redundant control allocation strategy. These laws are param-
eterized by flight speed to enable automatic transitions between hover
and cruise. The control framework is demonstrated ak.”both with and
without control reallocation—through simulations of transitions to and
from hover. Final remarks summarize the key findings and outline direc-
tions for future research.

Simulation Models
Overview

Simulation models are based on an in-house MATLAB®/Simulink
generic multirotor/wing flight dynamics and control code with the
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following 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. 21).

(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 dynamic inflow (Ref. 22) and flexible blades based on
finite element methods. Rotor aerodynamics can also account for rotor-
on-rotor interactions (Refs. 23-26).

(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. 27).

(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. 28-30), featuring inner-attitude and outer-velocity control
loops. Collective pitch control is implemented as part of the outer loop
architecture.

It is worth noting that this code was validated against flight-test data
for various other configurations in prior studies, including H-60, X V-15,
and small-scale unmanned aerial systems (Refs. 31,32).

A simulation model is developed for a configuration reminiscent of
the Airbus RACER, featuring a single main rotor, two pusher propellers
used for torque/thrust compounding, a boxed wing, and an “H” tail with
trim tabs. This configuration will be referred to as “RACER.” The ge-
ometry of the RACER configuration is shown in trimmed flight at hover
in Fig. 1. Note that, for illustration purposes, the geometry of the ROtor-
Body-INteraction (ROBIN) fuselage (Refs. 33, 34) is used. This is be-
cause it was not possible to reproduce the RACER fuselage based on
publicly available data. The general characteristics of the RACER con-
figuration are reported in Table 1. The RACER properties are estimated
from publicly available pictures/drawings found online or scaled from
rotorcraft for which the properties are known, for example, UH-60 and
XV-15 from Refs. 35 and 36.

Nonlinear dynamics

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

x=f(xurt) (la)
y=g0 ut) (1b)

where x € R” is the state vector, u € R™ is the control input vector, y €
R’ is the output vector, and ¢ is the dimensional time in seconds. It is
convenient to note that dimensional time can be related to the azimuth
angle v of a reference blade, also known as nondimensional time, via
the following relation: ¢ = Qr, where € is the angular speed, in rad/s, of
the slowest rotor. It follows that the fundamental period of the system is
T = (27)/S2 seconds, which corresponds to 2z radians or one revolution
of the slowest rotor. The nonlinear functions f and g are T-periodic in
time such that

fut)= fx,u,t+7T) (2a)

glx,u,t) =gx,u,t+T) (2b)
The state vector is

Xl = [ng x1€1 ng} 3)
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(a) Airbus RACER!

-520
-500

X (ft)

(b) Simulation model

Fig. 1. Compound rotorcraft geometry at hover. (a) Airbus RACER ('https://www.clean-aviation.eu/news-events/a-very-successful-flight-test-
of-the-racer-helicopter-demonstrator-in-marignane). (b) Simulation model.

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

x£B=[uvaqr¢910xyz] (@)

where u, v, w are the longitudinal, lateral, and vertical velocities in the
body-fixed frame; p, g, r are the roll, pitch, and yaw rates; ¢, 0, y are
the Euler angles; and x, y, z are the positions in the North-East-Down
frame.

The general form of the ith rotor state vector is

xk, = Bl Bu AT 2 v 5)

where By are the flapping angles in multi-blade coordinated, AT =

[Xo A1c A15] 1S @ vector containing the dynamic inflow components, € is

the rotor angular speed, and v is the azimuth angle of a reference blade.
The pilot stick input vector is

uT = [‘Slat Slon Scol 6ped ‘Saux] (6)

where 8y, is the lateral and longitudinal stick position, 8}, and §jo, are the
longitudinal stick position, 5. is the collective stick position, 8peq is the
pedal position, and 8, is an auxiliary input that controls the rotor/wing
tilt angle.

The pilot inputs are converted to actuator inputs via mixing matrices
scheduled with aircraft’s absolute speed. The control effector inputs are

ug = [ug uy] )
where ug are the rotor actuator inputs and uw are the wing actuator inputs.
The actuator inputs for the ith rotor are

uﬁi = [6o O1c 015 Q2cma BRI (3

where 6 0); 0). are the collective, longitudinal cyclic, and lateral cyclic
swashplate inputs; Qg is the commanded rotor speed; and B is the rotor
tilt angle.

It is worth noting that the pusher propellers are assumed to be pitch-
only controlled and their angular speed to be constant. The main rotor
speed is also prescribed with speed and it drops from 100 to 85% of its
hover value between 120 and 160 kt. The actuator inputs for the ith wing
are

sy ] ©

where Bw, is the wing tilt angle and BTEI, is the deflection of the jth trailing
edge.

"\Cvi = [ﬂw OTE -

Trim, linearization, and model-order reduction

Linearized, time-invariant models are obtained by trimming the ro-
torcraft flight dynamics at a desired flight condition via the periodic trim
algorithm of Refs. 37 and 29. Subsequently, the rotorcraft flight dynam-
ics are linearized about each trim point via perturbation 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 rotor and higher harmonic dy-
namics, it is desirable to reduce the order of the linearized dynamics.
This is a necessary step to make linearized models tractable for practi-
cal control design purposes. This is achieved through residualization, a
portion of singular perturbation theory that pertains to Linear Time In-
variant systems (Ref. 38). Application of residualization to the rotorcraft
flight dynamics can be found in several published research studies, for
example, Refs. 28,29, and 39-43.

Flight Control Design
General architecture

The flight control architecture chosen for this study is nonlinear dy-
namic inversion (NDI). Application of NDI control laws to rotorcraft can
be found in Refs. 16, 25, 29, 30, 39, 41, 42, and 44-50. A key aspect of DI
is the reliance on model inversion to cancel the plant dynamics and track
a desired reference model. One convenient feature of NDI is that it in-
verts the plant model within its feedback linearization loop. Compared to
other conventional model-following control strategies, such as EMF, this
approach reduces the explicit 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 air-
craft dynamics must be accounted for. Additionally, the feedback gains
may need to be scheduled in cases where consistent disturbance rejec-
tion (measured in disturbance rejection bandwidth) and robustness per-
formance (measured in broken-loop crossover frequency) must be main-
tained across the flight envelope. A generic DI controller as applied to
a linear system is shown in Fig. 2. The key components include a com-
mand model (also referred to as a command filter or reference model)
that specifies the desired response to pilot commands, a feedback com-
pensation 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. 16, 25, 28, 29, and
44 is designed to enable automatic flight in low-speed flight, cruise
flight, and transition between the two. The schematic of the closed-loop
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Table 1. General characteristics of the RACER model. Properties
are estimated from publicly available pictures/drawings or scaled
from rotorcraft for which the properties are known, for example,
UH-60 and XV-15 (Refs. 35,36).

Parameter Value Units
Mass and inertia
Gross weight, W 11905 Ib
Roll-axis moment of inertia, Ixx 14000 sl-ft?
Pitch-axis moment of inertia, f,y 23500 sh-t?
Yaw-axis moment of inertia, Iz, 32500 sl-ft?
Roll/yaw-axes product of inertia, /x> 900 sl-ft?
CG fuselage station 15.6 ft
CG butt line 0 ft
CG water line 4.32 ft
Fuselage
Frontal drag area 26.38 ft?
Sideward drag area 198.41 ft?
Vertical drag area 169.34 ft?
Fuselage station (center of pressure) 15.6 ft
Butt line (center of pressure) 0 ft
Water line (center of pressure) 3.32 ft
Main rotor
Number of blades 5 -
Radius 23 ft
Mean blade chord 1.33 ft
Angular speed (hover) 23.04 rad/s
Angular speed (cruise) 19.58 rad/s
Blade twist -12 deg
Blade weight 167.6 Ib
Blade first mass moment 56.5 sl-ft?
Blade second mass moment 846.6 sl-ft?
Fuselage station 15.6 ft
Butt line 0 ft
Water line 10.33 ft
Propellers
Number of blades 6 -
Radius 3.51 ft
Mean blade chord 0.66 ft
Angular speed 135 rad/s
Blade twist —40 deg
Fuselage station 20.24 ft
Butt line +12.16 ft
Water line 4.32 ft
Wings
Span 8.52 ft
Mean chord 2.93 ft
Cant angle +125 deg
Sweep +10 deg
Fuselage station (aerodynamic center) {15.79, 18.96} ft
Butt line (aerodynamic center) +7.43 ft
Water line (aerodynamic center) {1.94,5.3} ft
Horizontal/vertical stabilizers
Span {7.63,7.39} ft
Mean chord {2.66, 2.63} ft
Sweep {20, 30} deg
Fuselage station (aerodynamic center) {36.32, 38.19} ft
Butt line (aerodynamic center) {0, £4.1} ft
Water line (aerodynamic center) {4.06, 6.45} ft

rotorcraft dynamics is shown in Fig. 3. The outer loop controller, shown
in Fig. 5, tracks longitudinal, lateral, and vertical ground velocities com-
mands in the heading frame and calculates the desired pitch and roll at-
titudes for the inner loop to track, in addition to the collective control
input setting. The desired response type for the outer loop is translational
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rate command. The inner loop, shown in Fig. 4, achieves stability, distur-
bance rejection, and desired response characteristics about the roll, pitch,
yaw, and heave axes. When coupled with the outer loop, an attitude com-
mand/attitude hold (ACAH) response is used for the roll and pitch axes,
whereas Rate Command / Direction Hold (RCDH) is used for the yaw
axis.

Inner-attitude loop

The modified state vector used for the inner-attitude loop design is
' =[pqre6] (10)

The system and control matrices of the corresponding modified system
(i.e., A and B) are obtained by truncating the rows and columns cor-
responding to the body-axes linear velocity states. Note that the sta-
bility and control derivatives are a function of the total speed V =
~u? + v? + w?. The controlled variables are

y =1[46r €8))

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

¢’ =[ct ¢l 12)
where
Clz[ooom} (130
00001
C,=[00100] (13b)

In the equation above, C; corresponds to the roll and pitch attitudes,
whereas C, corresponds to the yaw rate. This partitioning is due to the
fact that the output equations for ¢ and ¢ 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 yaw rate r:

171 Coax+ Cobu a4

? |:C1A2x + C]ABui|
The objective of the DI control law is that the output y tracks a reference
trajectory yema(7) given by

)’Zmd = [¢cmd Ocmd Temd] (15)

with desired response characteristics. For this reason, the reference tra-
jectory is fed through first- or second-order command models which dic-
tate the desired response of the system. More specifically, ¢ema and Oema
are fed through a second-order system, whereas remqg 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
PI and proportional-integral-derivative (PID) compensators. The com-
mand models are also used to extract the first and second derivatives of
the filtered reference trajectory for use in the PI and PID compensators
described below. The command models are of the following form:

(1) _
Gigea(®) =

—— (16a)
2

()

u (16b)

G ()= — "
ideal(5) $2 + 2w, + W}

where 7 is the first-order command model time constant, which is the
inverse of the command model break frequency (i.e., T = 1/w,). Addi-
tionally, w, and ¢ 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
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Yemd Feedback linearization loop
6cmd r=-=-""="=-=-=-=--=-—-=--"- : y
— Gideal(s) Yemd e ! u
K(s) (CB) *}—| G(s) | x :
|
Command Feedback : B Plant :
model compensation | |
| CA |
| |
e o o o o e o o o o e e o o ol
Fig. 2. DI controller as applied to a linear system.
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1 col
| & 1
V, [6aux] lat 1
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al .
Temd loop Inner |5, | | [au! | Rotorcraft [ 1 dynamics
— ) }
| [Temal loop | |8ped dynamics :
1
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| I |
: [uvwpqrgl” |

Closed-loop dynamics

Fig. 3. Schematic of the closed-loop rotorcraft dynamics.

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. (14), leading to

-1
_|ciAB CiA?
=[] b)) "

where v is the pseudo-command vector and e is the error as defined in
Egs. (18) and (19), respectively.

Vo (b‘cmd € ég f K(pdl‘
vy | = écmd +Kple | +Kp|éy | +K; feyd[ (18)
v, Femd e, 0 [ edt

€= Yyemd — ¥: 19)

The diagonal matrices Kp € R3*3, K; € R**3, and K € R**3 identify
the PI and derivative gain matrices, respectively. The command model
parameters adopted are shown in Table 2. Note that the coefficient matri-
ces (C1AB)™!, C|A?, (C,B)~!, and C»A are functions of the total speed of
the aircraft V. 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 (C;AB)™!, C,A2, (C,B)™!, and C,A are com-
puted at each time step via interpolation based on the current airspeed
V(¢) and on the lookup tables stored offline. It is important to note that
what is implemented on 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

Table 2. Inner loop command models parameters.

Command wp(rad/s) ¢
Roll attitude 45 0.7
Pitch attitude 4.0 0.7
Yaw rate 2 -

between the aircraft states and the feedback control input, the controller
implemented is effectively NDI (Ref. 28). The inner loop schematics are
shown in Fig. 4.

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

T
Yemd = [chmd ‘/."cmd Vzcmd] (20)

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:

cosf sin¢gsind  cos¢sind
Tgn=| O cos ¢ —sin¢ 21
sinf —sin¢ cos® — cos ¢ cosb
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Fig. 4. Schematic of the inner-attitude loop.

such that the velocities in the heading frame are given by

Vi u
vy =Tp.p|v (22)
V. w

The baseline outer loop control strategy is based on the following
reduced-order dynamics:

i X, 0 0 u 0 Xo Xs.1 | | Pema
v|=]10Y, 0 v|+|Y, O O Ocmd
A , ¢ . (23a)
w 00 Zw w 0 Zg Z‘Scnl Scol
=Ax+Bu
Vi cosfy O sinby
Vy| = 0 1 0 v
V. —sinfy 0 cos b w (23b)
=Cx

where x, u are the reduced-order state, control input, and output vectors
used for outer-loop control design; A, B, C are the system, control, and
output matrices used for outer-loop control design; u, v, w are the longi-
tudinal, lateral, and vertical velocities in the body-fixed frame; Vi, Vj, V.
are the longitudinal, lateral, and vertical velocities in the heading frame;
¢emds Oema are the roll and pitch attitudes commanded to the inner loop;
X, Yy, Zw, Xo, Vs 50 Zy are stability derivatives; X5, Zs . are stability
derivatives; and 6 is the trim pitch attitude.
Then, the DI outer-loop control law will be of the following form:

col’ col

u= (B~ (v—CAx) (24)

where v is the pseudo-control vector. The first outer loop strategy is
shown in Fig. 5(a).

The outer loop control strategy making use of redundant control al-
location is based on Ref. 16, where the auxiliary control input (com-
manding the pusher propellers’ collective pitch) is included as a control
variable:

X, 0 0|[u 0 Xo Xs, ) Xsqun ‘g““d
vl=10Y 0|flv|+]|¥%, 0 0 O cmd
i Scol (25)
w 00 Zw w 0 Z(.) Z5col Z5aux s
aux
= Ax +Bu

Because the controlled variables are now three (i.e., V,, V;, and V)
whereas the control inputs are four (i.€., ¢emds femds Scols and 8aux), B €
R3*4 such that CB € R*** will no longer be square and thus invertible.
To address this problem, a pseudo-inverse control strategy is adopted
(Refs. 51,52). The outer loop control vector is reformulated as

u=Gd (26)

where G € R**3 is the control allocation matrix and d” = [¢emd Bemd Seol]
is the pseudo-control vector. The control allocation is defined as

G=w;'B"(Bw;'B")"" 7)
The weighting matrix W is defined as
W, =S"ws (28)

where W € R**# is a diagonal weighting matrix used to assign different
costs to specific effectors and § € R*** is a scaling matrix that accounts
for the different units of the control input. Then the DI outer loop control
law, becomes

u=G(CBG)' (v —CAx) (29)
This second outer loop strategy is shown in Fig. 5(b).

Like for the inner-velocity loop, the stability and control derivatives
are a function of the total speed V, such that the coefficient matrices
(CB)~', (CBG)™', and CA 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 trajectory is subtracted
from the output to find the error, which is compensated by a PI controller.
The feed-forward signal is subsequently added, leading to the pseudo-
control vector for the outer loop:

Ve ‘./chmd EVx / ey, dt
vy | = ‘_/V)'cmd +Kp ey, +K; f ey, dt (30)
vy, e ey. [ ev.dr

where Kp € R3*3 and K; € R¥*3 are proportional and integral gain matri-
ces, respectively. The command models for the longitudinal, lateral, and
vertical speed are first order, and their break frequencies are reported in
Table 3.

The error dynamics is compensated for by PI or PID control strate-
gies, depending on the order of the command filter, as articulated in
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6loncmd Ky

Ty, s+1
6latcmd Kyy

v, S +1
6culcmd Ky,

Ty,s+1
6‘loncmd Kyy
— %

Ty, s+1
5latcmd Kyy

Ty, S + 1
6colcmd Ky,

Ty,s+1

(b) Pseudo inverse (PI)
Fig. 5. Schematic of the outer-velocity loops.
Table 3. Outer loop command models properties. Table 4. Inner loop disturbance rejection frequencies,
damping ratios, and integrator poles.
7(8)
wp(rad/s) ¢ p
VXcmd 1
Vemd 1 Hemd 45 0.7 0.75
2emd 0.5 Oemd 4.0 0.7 0.75
fomd 1 0.7 -

Refs. 16, 28-30, 39, 41, 42,44, and 53. Tables 4 and 5 show the natu-
ral frequencies, damping ratios, and the integrator pole values used to
compute the inner and outer loop PI/PID gains.

Table 5. Outer loop disturbance rejection frequencies
and damping ratios.

wn(rad/s) ¢
Turn coordination v ] ]
Xemd
. . . . . Wemd 1 1
Because the tilt-rotor/wing flight envelope includes low-speed flight Vg 2 1
cm

(i.e., lower than approximately 50 kt) as well as high-speed flight (i.e.,
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Fig. 6. Trim variables for increasing speed.

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. 54) is used. These control
strategies are summarized as follows:

Pemd> V < Vus

tan™! (%wcmd> , V. =Vus GD

¢émd =
where Vg = 50 kt.

Results
Trim

As a first step, the simulation model is from 0 to 200 kt. Because
the scheduling of the auxiliary pilot stick with speed (equivalently, the
scheduling of the pusher propellers collective pitch with speed) is un-
known, 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 trim attitude and pilot control inputs are shown in Fig. 6.

More specifically, Fig. 6(a) shows the trim Euler angles for increasing
flight speed. While trim pitch and yaw attitudes are zero across the flight
speed considered, which stems from trimming with zero pitch attitude
and sideslip, the trim roll attitude is not zero due to the asymmetric use
of the pusher propellers, which leads to asymmetric torque about the
longitudinal axis. The asymmetric torque is explained by the fact that,
to counteract the main rotor torque, at least at hover, the right propeller
will have to “pull” whereas the left propeller will have to “push.” In any
case, the resulting trim roll attitude is small (less than 1 deg) and across
the trim envelope considered. Figure 6(b) shows the trim control inputs
for increasing speed. In this figure, all four conventional pilot sticks are
shown to remain approximately neutral—which also stems from the cho-
sen control mixing. The auxiliary control input increases somewhat lin-
early between 0 and 60 kt and also linearly but with a different slope
from 60 to 200 kt. While the control mixing matrices are not reported for
brevity, the trim actuator inputs are shown in Fig. 6(c). The trim collec-
tive pitch of the main rotor (6p,,,) is shown to mimic the power curve
up to approximately 140 kt, for it not to increase but rather decrease at
higher speeds as the necessary propulsive force is provided by the pusher
propellers. This figure also shows how the main rotor speed drops from
23.04 to 19.58 rad/s from 120 to 160 kt. Finally, prescribed rudder trim tab
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Fig. 7. Trim at arbitrary pitch attitudes.

Table 6. Trim rotor control inputs and rotor forces and moments for hovering at varying pitch attitudes

Value
Parameter 0 deg 10 deg —10 deg Units
Controls
R 21.36 21.20 21.20 deg
HopR -0.4 -0.93 0.07 deg
1smR 1.29 1.24 1.30 deg
0pg 42.47 55.71 16.13 deg
f0p,. 3.61 2.33 -9.04 deg
Forces
X. Y. Z)vm {325, —60.4, —11905} (318, —178, —11723} {327, 44.7, —11724} Ib
(X, Y. Z}pr {759, 0, 0} {1779, 0, 0} {-2986, 0, 0} b
X, Y, Z)pL {-1084, 0, 0} {-29.8, 0, 0} {-2098, 0, 0} b
Moments
{L, M, N}yr {618.2, 1951, 22414} {-195.7, 1909, 21998} {1307, 1963, —21924} Ib-ft
(L, M, N}pR {388.7, 0, 0} {1326, 0, 0} {114.2, 0, 0} Ib-ft
(L, M, Nip_ {-644.0, 0, 0} {-62.5, 0, 0} {-1689, 0, 0} Ib-ft

inputs are used above 60 kt to at least partially counteract the main rotor
torque in forward flight.

Next, the capability to hover at arbitrary pitch attitudes—which is par-
ticularly important for target acquisition and tracking and is enabled only
in rotorcraft equipped with auxiliary propulsion units—is demonstrated
in Fig. 7. These results were obtained by prescribing the trim pitch atti-
tude to +10 deg and solving for the trim pilot inputs, including the aux-
iliary pilot stick. The corresponding rotor actuator inputs, as well as the
rotor forces and moments about each rotor hub (expressed in the body
frame), are summarized in Table 6.

Handling qualities

Closed-loop performance is assessed in the frequency domain by
evaluating selected stability, performance, and handling-quality metrics.
For brevity, only hover results are presented in this analysis. This evalua-
tion considers the following components: (i) a flight control computer op-
erating at 100 Hz, resulting in a processing delay and a digital-to-analog
sample-and-hold delay of = 50 ms each; (ii) actuators modeled with
second-order dynamics and bandwidths of 8 Hz (approximately 50.27
rad/s); (iii) sensors represented as second-order filters with bandwidths
of 10 Hz (equivalently, 31.42 rad/s); and (iv) an additional sensor trans-
port delay of r = 20 ms to account for sampling skew and bus transport
delays (Ref. [55]).

The first metrics evaluated are the gain and phase margins (GM/PM),
commonly referred to as stability margins, which are associated with the

on-axis broken-loop response. According to Ref. 56, Level 1 handling
qualities are achieved when the broken-loop response satisfies a gain
margin of at least 4 dB and a phase margin of at least 45 deg. The gain
and phase margins for all controlled axes in the inner attitude and outer
velocity loops are presented in Fig. 8. As shown, the stability margins
generally meet the specified criteria for all aircraft, with the exception of
the roll-axis inner loop, where the phase margin is approximately 20 deg.

The second set of metrics assessed includes the disturbance rejection
bandwidth (DRB) and disturbance rejection peak (DRP) (Ref. [57]). The
performance requirements for these metrics vary across different con-
trol axes. The results, shown in Fig. 9, indicate that the DRB/DRP cri-
teria are generally satisfied, except in the roll and pitch axes, where the
DREP slightly exceeds the specified thresholds—suggesting somewhat re-
duced disturbance rejection performance in those channels. Notably, the
DRB/DRP performance of the PI control law closely matches that of
the baseline controller across most axes. However, the PI configuration
achieves a significantly lower (i.e., improved) DRP in the longitudinal
velocity axis, indicating enhanced disturbance rejection. This improve-
ment is attributed to the redistribution of control effort to the pusher
propellers, which provides additional means for attenuating longitudinal
disturbances.

The third and final set of results compares the closed-loop response
with the command models used for each axis in the frequency domain.
These results, presented in Fig. 10, generally demonstrate good on-axis
tracking performance across all axes and aircraft. However, in the lon-
gitudinal and lateral speed channels, the baseline control law shows
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Fig. 8. Hover stability margins.

noticeable degradation in the command model following above approx-
imately 1 rad/s, as illustrated in Figs. 10(d) and 10(e). In contrast, the
PI control law closely matches the command model across the full fre-
quency range in the longitudinal axis, indicating a substantial improve-
ment in closed-loop response at higher frequencies. Overall, these results
confirm that the control system design provides satisfactory performance
in terms of stability, disturbance rejection, and reference tracking within
the defined operational envelope, with the PI configuration exhibiting
improved command model tracking in the longitudinal speed response.

Hover-to-cruise transition

The rotorcraft flight dynamics are linearized and residualized at each
discrete speed increment to obtain the coefficient matrices for the DI con-
trol laws. The PI control law is formulated to allocate the majority of
control effort to the auxiliary control input. As a result, during accelera-
tion, the rotorcraft governed by the PI control law relies primarily on the
thrust produced by the pusher propellers, rather than pitching forward to
reorient the main rotor thrust vector. The scaling matrix used for these
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Fig. 9. Hover disturbance rejection bandwidth and peak (DRP/DRB).

control laws is defined as

S=diag<[@ 180 1 1])
T b

such that 1 deg of roll or pitch attitude corresponds to 1% of collective or
auxiliary stick input. The weighting matrix is selected such that its trace
(i.e., the sum of its diagonal elements) equals the matrix order, ensuring
that the overall weight distribution remains normalized. For control axes
with redundant effectors, the individual diagonal entries corresponding
to those actuators may be increased or decreased to bias control alloca-
tion, provided that their sum remains equal to the number of redundant

(32

effectors for that axis. This preserves the net authority assigned to each
axis while allowing redistribution among actuators. The weighting ma-
trix used in this example to bias the control effort toward the auxiliary
control input is

W = diag([1 0.1 1 1.9]) (33)

These control laws are demonstrated through a closed-loop simulation
of an acceleration from hover to cruise flight. The maneuver consists
of an acceleration from hover to 160 kt over 40 s, using the full non-
linear rotorcraft model. Figure 11(a) shows the heading-frame velocity
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Fig. 10. Hover on-axis closed-loop responses compared to the command models.

components. The longitudinal velocity accurately tracks the reference
trajectory, while off-axis deviations in lateral velocity remain minimal
for both the baseline and PI control laws. The vertical velocity response
shows a brief deviation from zero for the baseline controller during decel-
eration at approximately 36 s. This occurs because the rotorcraft pitches
up to decelerate, thereby gaining vertical speed. This effect is absent in
the PI control law, which reduces acceleration by decreasing thrust from
the pusher propellers while maintaining pitch attitude. The closed-loop
attitude response, shown in Fig. 11(b), confirms that the inner attitude

loop effectively tracks the commanded pitch while maintaining near-zero
roll and yaw angles. The baseline control law yields a pitch attitude re-
duction to approximately —15 deg to direct main rotor thrust forward for
acceleration. In contrast, the PI control law maintains a pitch attitude
closer to —3 deg by reallocating control effort to the pusher propellers.
This reallocation is illustrated in Fig. 11(c), where the baseline controller
uses more longitudinal stick input, while the PI controller employs less
stick input but more auxiliary control input starting at the onset of the ma-
neuver. The corresponding actuator inputs are shown in Figs. 11(d) and
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Fig. 11. Acceleration from 0 to 80 kt with different control allocation strategies.
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Fig. 12. Actuator inputs for an acceleration from 0 to 80 kt with different control allocation strategies.
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Fig. 13. Automatic transition from hover (helicopter mode) to high-speed forward flight (airplane mode).
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11(e), where the PI controller reduces the main rotor longitudinal cyclic
input and increases collective inputs to the left and right propellers.

A second 60-s transition simulation, consisting of an acceleration
from hover to cruise flight (160 kt) while simultaneously performing a
turn and a 600 ft/min climb, is shown in Fig. 12 to evaluate the perfor-
mance of the flight control laws in the lateral axis. The rotorcraft begins
in a hover condition and initiates acceleration at the fourth second of the
simulation. At the 12th second, the climb begins at 600 ft/min, and at
approximately 17.5 s, the rotorcraft enters a coordinated right turn at a
yaw rate of ¢y = 0.1 rad/s. Since the rotorcraft is accelerating and the
bank angle required for turn coordination is given by ¢ = atan (‘”—Z), the
bank angle ¢ increases as airspeed V increases during the turn. The ac-
celeration and turn are maintained until second 36, while the climb rate
is sustained until the end of the simulation.

Cruise-to-hover transition

A third 40-s closed-loop simulation, consisting of a reverse transi-
tion from cruise flight at 160 kt to hover, is presented to demonstrate
the capability of the control laws to handle reverse transitions as well.
This simulation is illustrated in Fig. 13. As shown, the baseline con-
trol law induces a nose-up pitch attitude during deceleration (Fig. 13(b)),
whereas the PI control law maintains a near-zero pitch attitude by rely-
ing on the propellers to decelerate (Figs. 13(c) and 13(e)). Overall, both
control laws achieve comparable on-axis tracking performance; however,
off-axis performance—particularly in the vertical velocity response—is
improved with the PI control law, which results in reduced vertical speed
excursions.

Conclusions

This study presented the development, implementation, and evalua-
tion of DI flight control laws for a compound rotorcraft configuration rep-
resentative of the Airbus RACER. The DI control laws were structured
within a multiloop architecture and incorporated redundant control allo-
cation to the auxiliary propulsion units via a pseudo-inverse (PI) strategy.
A generic multirotor/wing simulation model was adapted to model the
flight dynamics of the RACER configuration. The model was trimmed
and linearized at discrete speeds from hover to cruise, and control reallo-
cation was used to enable trimming at zero pitch attitudes. Control reallo-
cation for trimming at arbitrary pitch attitudes at hover was also demon-
strated. Model-order reduction techniques in the form of residualization
were applied to derive reduced-order models suitable for control design.
Both a baseline DI controller and a PI variant were implemented and
evaluated in closed-loop simulations using the full-order nonlinear dy-
namics. Three representative maneuvers were considered: (i) a hover-to-
cruise transition, (ii) a combined transition, climb, and coordinated turn,
and (iii) a reverse transition from cruise to hover. In addition, frequency-
domain metrics related to stability, performance, and handling qualities
were assessed for both control laws. Based on these results, the following
conclusions can be drawn:

1) Dynamic inversion relies on model inversion to cancel the plant
dynamics and track a desired reference model by consolidating schedul-
ing into the plant model, thereby reducing gain scheduling and overall
controller complexity. This approach, however, requires accurate, flight-
condition-dependent characterization of the plant.

2) Control allocation to the propellers enabled trimming at prescribed
pitch attitudes in hover and at zero pitch attitude and heading in forward
flight, with minor roll deviations due to asymmetric propeller torque.
This capability offers flexibility for missions requiring fixed attitude pro-
files, such as hover target acquisition and tracking or sensor pointing.

JOURNAL OF THE AMERICAN HELICOPTER SOCIETY

3) Active allocation of the control signal to the redundant control
effectors—specifically, the pusher propellers—enabled the minimization
of pitch attitude variations during acceleration and deceleration maneu-
vers. This approach improved tracking performance compared to con-
ventional control laws and achieved comparable handling-quality met-
rics. Minimizing pitch excursions may also enhance passenger comfort
in operational scenarios.

4) Redundant control allocation to the pusher propellers improved
longitudinal speed disturbance rejection and command model following.
The PI control law achieved a lower disturbance rejection peak and more
accurate closed-loop tracking, particularly above 1 rad/s.

5) By decoupling longitudinal thrust generation from pitch attitude
changes, active control allocation to the auxiliary propulsion system en-
ables trimming at arbitrary pitch attitudes and minimizes pitch excur-
sions during acceleration and deceleration maneuvers.
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