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ABSTRACT

A safe conversion of tiltrotor from helicopter mode to airplane mode is ensured through maneuvering within the
conversion corridor, a constrained region in the airspeed versus nacelle angle graph. This paper presents preliminary
work in the development of an automatic conversion maneuver. A high order quasi-Linear Parameter Varying model
is developed for XV-15 that combines discrete state-space models to provide a varying model dynamics and trim
characteristics during the conversion maneuver. Tracking control system based on gain scheduled linear quadratic
tracker with integrator (LQTI) is designed for automatic conversion maneuver for XV-15 based on the qLPV model.
Lastly, an optimization routine is performed to fly various conversion trajectories and identify optimal conversion

maneuver.
NOTATION
¥
A State matrix
B Control matrix
h Altitude
K,, K;, K;  Regulating, tracking and integral gains
q Aircraft pitch rate
Ty Final simulation time
u, w Velocities in body x and z axes
Vv Velocity
Xrs Xy Regulating and tracking states

Ugrim» Xtrim  Lrim control inputs and states

Bo, Bis, Bic Conning, lateral and longitudinal rotor flapping
Baes» Bae Lateral and longitudinal rotor gimbal

Bi Nacelle incidence angle

Or Wing flap angle
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Nx, Ny, Nz Bending of tip of wing pylon about X, Y and Z
axes

p(t) Scheduling parameter vector

T Time constant

0 Aircraft pitch angle

6, 015, 61, Collective pitch, longitudinal and lateral cyclic

INTRODUCTION

Tiltrotors can operate over a broad flight envelope. The abil-
ity to hover like a helicopter and at the same time to fly at
relatively high cruise speeds and range like a fixed wing air-
plane make them an effective point-to-point fast means of
transportation and are considered as the best solution for mod-
ern civil transportation system (Refs. 1,2). Throughout their
development, tiltrotor aircraft have been characterized by a
high level of technological sophistication to enable their ex-
tensive flight envelope and to perform satisfactorily over a
broad range of flight configurations.

The conversion maneuver that allows a tiltrotor to transform
between helicopter and airplane mode is considered to be one
of the most critical operations. A safe conversion is ensured
by maneuvering within a constrained region in the airspeed
versus nacelle angle graph, called the conversion corridor, il-
lustrated in Figure 1 for the case of XV-15. The lower limit
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Fig. 1. XV-15 conversion corridor (Ref. 6)

of conversion corridor is defined by wing stall and pitch at-
titude whereas, the upper limit is characterized by power re-
quired and rotor blade flapping. Successful conversion from
helicopter to airplane configuration is achieved, at constant
altitude, when increase in wing lift matches the reduction in
lift generated by rotors. Currently, the conversion maneuver
is managed by the pilot and in general the pilot workload is
higher than in other phases of flight, in particular, the handling
quality ratings degrade at higher nacelle tilt rate (Ref. 3). This
situation may not be optimal in particular, considering the
possibility to perform conversion maneuver in a civil tiltrotor
aircraft while being guided by the Air Traffic Control (ATC).
Moreover, conversion from helicopter to airplane configura-
tion and vice versa is characterized by high structural loads,
both on rotor and airframe (Refs. 4, 5).

To increase safety during conversion maneuver, it is neces-
sary to ensure Level 1 handling qualities and limit the struc-
tural loads; this can be achieved by an automatic conversion
system. Such systems are envisioned in the patents filed by
(Refs. 7,8). Flight envelope protection can be incorporated in
automatic nacelle angle conversion system to keep the aircraft
within the conversion corridor. An optimal velocity—nacelle
angle combination can be predetermined based on safe length
(equal distance) from upper and lower boundaries of the
conversion corridor, minimizing aeroelastic instabilities and
structural loads etc. This optimal conversion maneuver is then
either displayed to the pilot in order to assist in manual conver-
sion and/or automatically performed by Flight Control System
(FCS). A preliminary work on optimization of tiltrotor con-
version maneuver is presented in (Ref. 9).

In order to design an automatic conversion system, a detailed
flight dynamics model is required that can imitate the behav-
ior of real aircraft. Such model give insight into dynamics of
the aircraft and can be used in piloted simulations and Flight
Control System (FCS) design. In context of the current study,
a model stitching technique (Ref. 10) is employed for model-
ing the flight dynamics of a tiltrotor in the conversion corridor,
that falls into the category of quasi-Linear Parameter Varying
models (Ref. 11). In this technique, the linearized discrete
state-space models are stitched together to obtain a continu-
ous and time varying model. A low order qLPV model for

NASA’s LCTR2 (Large Civil Tiltrotor, 2" generation) was
developed in (Ref. 12) for the purpose of handling quality
analyses in hover and low speed. Most recently, qLPV model
for a tiltrotor aircraft was developed by Berger et al. (Ref. 13).
In both studies, the linear state-space models were dependant
on two scheduling parameters (velocity V and nacelle angle
B). In the current study, however, the models are parame-
terized using four scheduling parameters (altitude &, nacelle
angle f3;, wing flap angle &7 and velocity V).

In this research, a gain scheduled tracking controller based on
optimal control theory is developed to perform the conversion
maneuver. The controller is designed using the qLPV model
and is utilized to perform a constrained multi-objective non-
linear optimization to identify the optimal conversion maneu-
ver.

The paper is organized as follows. First, the development of
gLPV model is described in detail. Second, the control syn-
thesis for the conversion maneuver and the stability challenges
associated with LPV control are discussed. Next, the opti-
mization technique is outlined and the corresponding results
are presented. Lastly, a brief conclusion and plans for future
research are presented.

quasi-LINEAR PARAMETER VARYING
(qLPV) MODEL

Theory

Linear state-space models that depend continuously on time
varying scheduling parameters p(¢) are known as Linear Pa-
rameter Varying (LPV). In the LPV modeling approach, the
linear state-space models and corresponding trim data, ob-
tained at discrete trim points, are interpolated through lookup
tables as function of the scheduling parameters. The LPV
model is defined as (Ref. 11):

(1) =A(p (1))x(1) +B(p (1))u(r) (D

A quasi-LPV (qLPV) model is a particular case of LPV
model, where a subset of scheduling parameters is also state
of the system. If the state vector x(¢) can be decomposed into
scheduling states z(¢) and non-scheduling states w(z), then the
gqLPV model is defined as:

[ fv((?) } =Ap (t))[ VZV((?) }+B(p Ou@) @)

In the above equation, scheduling parameter vector is com-
posed of scheduling states and exogenous scheduling vari-
ables p(1) = [2(1) £(1)].

An extension to the qLPV model is proposed by Tischler
(Ref. 10), the stitched model, where the rigid body non-
linear equation of motion including the nonlinear gravita-
tional forces are combined with the LPV model of remaining
degrees-of-freedom to obtain a continuous and time varying
quasi-nonlinear model.
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Fig. 2. XV-15 linear state-space models and conversion
corridor

Linear Models

Discrete aeroelastic linear models of XV-15 are obtained in
the simulation tool MASST (Modern Aeroservoelastic State
Space Tools), developed at Politecnico di Milano (Refs. 14,

). Rotor aeroelastic models in MASST are obtained from
CAMRAD/JA (Ref. 16) using data published in (Refs. 17,18).
The flexible airframe is included using aeroelastic NASTRAN
model.

Linear state-space models and corresponding trim data are
obtained spanning the conversion corridor. Additionally, the
models are obtained at four wing flap &y settings (6y = [0 20
40 75] deg.) and at two altitudes (h = [0 10000] ft). The grid
of linear state-space models computed for each wing flap set-
ting and altitude, is shown in Figure 2. Rectangular regular
grid is generated by clipping and keeping the edge models.

The linear state-space models contain 85 states:

¢ Rigid body states (9)
e Wing bending 1% mode and it’s time derivative (2)

e Three blade bending modes in multi-blade coordinates
(one collective and two cyclic) for each rotor and their
time derivative (36)

e Two blade torsional modes in multi-blade coordinates
(one collective and two cyclic) for each rotor and their
time derivative (24)

e Two gimbal states in multi-blade coordinates (two
cyclic) for each rotor and their time derivative (8)

e three inflow states (average, cosine and sine) for each
rotor, based on the classical Pitt Peters model (Ref. 19)

(6)

And 10 inputs:
e Collective pitch 6, for each rotor (2)

e Lateral and Longitudinal cyclic pitch (6, 0;5) for each
rotor (4)

e Aerodynamics control surface deflections (6y, &, 6, 0,)

“)
qLPV Model

The qLPV model is developed by scheduling the linear state-
space models with p(t) = [ h fB; & V |. Figure 3
presents the qLPV model structure (adapted from (Ref. 13)).
The model is quasi-LPV because V and / are dependent on
the states of linear system (V = v/u?2 +w? and / = usin@ —
wcos0). This endogenous state dependency may result in
nonlinear feedback.

Referring to Figure 3, the lookup tables of the aircraft trim
states, trim control inputs and stability and control derivatives
are implemented based on the linear state-space models and
trim data. These models and corresponding trim data are com-
puted from a nonlinear model of the aircraft by CAMRAD/JA.
The perturbation in states Ax = x(p (¢)) — Xyim (p (t)) and
controls Au = u — W, (p (t)) are multiplied by the interpo-
lated rigid body stability and control derivatives and mass ma-
trix to obtain perturbed aerodynamic and control forces and
moments. Additionally, the state and control perturbation are
multiplied by higher order state-space model to get the higher
order state derivatives. Note that in both cases, rigid body and
higher order models, the interpolation is based on low-pass
filtered velocity Vijjereq (With a cutoff frequency of @y = 0.2
rad/s) to ensure constant state derivative values for short term
motion. It will be shown, in the next section, that this fil-
tering operation is crucial to assume global stability of the
qLPV model. The perturbed aerodynamic forces and mo-
ments are then summed with the nonlinear gravitational forces
and passed through nonlinear equations of motion to obtain
rigid body state derivatives. Aircraft states are obtained by
integrating the rigid body state derivatives combined with the
higher order state derivatives.

It is important to mention here that the Coriolis terms (e.g.,
Z4 = Zy—usrimq) and linearized gravity terms (e.g., g0) are re-
moved from state matrix A. Moreover, because wing flap an-
gle J; is one of the scheduling parameter, the control deriva-
tives associated with 8y in control matrix B are set to zero.
The effect of change in Jy is preserved implicitly in the model
by the variation in trim states and controls.

Actuator Dynamics

A first order actuator dynamics model, Eq. 3, is also imple-
mented. Time constants for different actuator types are pre-
sented in Table 1. Saturation limits for each control input are
also listed in Table 1, that are obtained from (Ref. 20) .

1
T oTs+1

Guer (5) &)
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Fig. 3. qLPV model structure for XV-15
Table 1. Actuator time constant and saturation limits
Time Saturation Positive
Actuator Type Control Constant 7 [s] Limit [deg.] Deflection
Rotor Collective 6, [0 49] Up
Controls Longitudinal cyclic 0y 0.040 [-10 10] Forward
Lateral cyclic 0, [-10 10] Right
Aerodynamic Flap oy 0.500 [0 75] Trailing edge down
Surfaces Elevator 6, [-20 20] Trailing edge down
Aileron J, 0.077 [-13.8 23.8] Right trailing edge down
Rudder 6, [-20 20] Right

Model Validation via Time Response Analysis

As an example of qLPV model validation, Figures 4 — 6 show
the Stability and Control Augmentation System (SCAS) OFF
response to a longitudinal stick input in helicopter, airplane
and conversion mode, respectively. Figures 4 and 5, show the
correlation of time histories with NASA’s Generic Tilt-Rotor
Simulation (GTRS) model (Ref. 21). In Figure 6, the corre-
lation is shown with the Flightlab model of XV-15 (Ref. 3).
In all the figures, qLPV model shows fairly good agreement
with GTRS and Flightlab models. The small differences can
be explained by the fact that a slightly different gearing ratio
for longitudinal stick to elevator Kg is used, when generating
the linear state-space models from CAMRAD/JA. Kg =4.735
deg/in. is used, however, in GTRS and Flightlab models
Kg =4.16 deg/in.

CONTROL SYNTHESIS

A gain scheduled linear quadratic tracker with integrator
(LQTTI) is designed for XV-15 to perform the automatic con-
version maneuver.

Linear Quadratic Tracker with Integrator (LQTI)

Consider an input vector u () € R” and a state vector X (¢) =
[ x(t) e(t) [el(r)dt }T, where x, (1) € R”" are the reg-
ulating states and ¢, (1) € R’ are the tracking error states, then

the augmented linear state-space model is given as (Ref. 22):
)‘?r (t) A 0 Xr (t) B
e,(t) = A 0 e,(l) + 0 ll(t)
e (1) add [e (1)dt
Awa=1[0 I ]
“)
The performance index to be minimized is (Ref. 23):
1 (=<}
I=3 / (27 (1) Qx (1) +u” (¢) Ru (1) }dt 5)
0

where Q € R+ jg a real symmetric positive semi-
definite states weighting matrix and R € R > s a real
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symmetric positive definite control input weighting matrix.
Now the control input of the LQTI controller is calculated as:

u(r) = —Kx(1)
(6)
K=K K K|

The control gain K consists of regulating gain K,, tracking
gain K; and integral gain K;. The LQTTI controller is designed
for qLPV model spanning the entire grid of linear state-space
models, therefore, the control gain is also scheduled K (p (¢)).
Figure 7 shows the control system block diagram of LQTI
implemented on qLPV model of XV-15.

XV-15 qLPV Model

Fig. 7. Block diagram of LQ tracker with integrator

LPV Stability

Two main concepts of stability can be associated with LPV
systems; 1) stability at constant scheduling trajectory (frozen
or local stability) and 2) stability along varying p () (global
stability) (Ref. 24). Frozen stability does not imply global
stability, however, if the system is locally stable then global
stability can be ensured by slow variations of p (¢). That is, if
frozen stability is defined as:

Re[%i(A(pj) = B(pj) K (p;))] <0
then the global stability can be defined as:

Re[2i(A(p (1)) =B(p (1)K (p (1)) <0

vp; (7

' ®)
iff P (z) is very small.

In the current work, global stability is assumed by scheduling
the control gain matrix K (p (¢)) (also A and B, as described
in the previous section) based on low-pass filtered velocity
Vfitterea- This does not guarantee global stability and the as-
sumption may not hold for rapid maneuvers (high nacelle an-
gle tilt rates or excessive acceleration).

Automatic Conversion Maneuver

Results of a conversion maneuver along the center of conver-
sion corridor are presented here. Reference velocity-nacelle

angle trajectory is followed, with a constant reference al-
titude of O ft. The tracking states, velocity and altitude
X = [ V h ], are not part of the original state-space mod-
els generated through MASST. The tracking states are aug-
mented into the original system by applying coordinate trans-
formation using trim pitch angle 6;,;,, and trim angle of attack
Oy rim = tan™! % as follows;

(1) = H (p)x" (1
:[Sin(elrim(p)) 0 —cos(Byim(p)) 0 ]XT(I)

V()=C(p)x"
— [ 08 (@uin(p)) O —sin(chin(p)) 0 ]x (1)

)

It should be noted, however, that this linear transformation

is only applied to augment the state matrix, nonlinear 7 =

usin® —wcosf and V = vu?24+w? are used as feedback.

Then the LPV model of Eq. (1) augmented with Eqs. (4)

& (9) becomes:

X (1 A(p@®) 0 0 0 O x (1)
énlr) H(p(1)) 0 0 0 0 ent)
éev(t) p=| C(p(r)) 0 0 0 O ey (1)
en (1) 0 1 0 00 Jen(t)dt
ey (1) 0 01 0O Jey (¢)dt
B(p (1)
0
+ 0 u(?)
0
0
(10

State and control weighting matrices (Q and R) are diagonal
matrices and their diagonal elements are presented in Table 2.
For all the discrete linear state-space models (grid of aircraft
configurations and flight conditions [h x B; x 87 x V]), same
Q and R matrices are used to compute the control gains. Very
high weights are selected for lateral-directional states and con-
trols, as the conversion maneuver is essentially a longitudinal
motion. As mentioned in the previous section, the wing flap
deflection is one of the scheduling parameter and is not used
as an input therefore, the weight for wing flap deflection 0y is
also selected to be very high. Instead, wing flap deflection is
scheduled with velocity as suggested by (Ref. 25), see Figure
8.

It should be noted that in XV-15 the gearing ratios from pilot
stick inputs to rotor controls are function of nacelle angle, and
the rotor controls are progressively phased out as the aircraft
converts from helicopter to airplane mode. However, in the
current study all control inputs are used throughout the con-
version maneuver.

Figures 9—-15 present various results obtained by performing
the conversion maneuver along the center of conversion cor-
ridor. The conversion maneuver is performed at a constant



Table 2. Diagonal elements of O and R weighting matrices

Control

States 0 Tnputs
u 0.1 Oor 25000
w 0.1 Oz 100
q 95000 B4 25000
2] 95000 6gr 25000
Lateral-Directional States 100 0icr 100
Wing Bending &
Rotor States 20 O1st 25000
Wing Bending & 6
Rotor States Derivative 0 o 10
ey, 0.5 O 9000
ey 0.1 &, 10°
[ epdt 25 6 100
f epdt 5
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Fig. 8. Wing flap deflection with velocity

acceleration V =4 kts/s and at a nacelle angle conversion rate
B = 3 deg/s for nacelle angles greater than 75° and 8 = 8
deg/s for nacelle angles less than 75°.

Figure 9 presents the conversion trajectory, whereas time his-
tories of velocity, nacelle angle and altitude are presented in
Figure 10. The LQTI controller performs very well in follow-
ing the reference velocity and keeping the altitude constant.
The change in altitude during the complete conversion ma-
neuver is within £10 ft. Figure 11 presents the evolution of
aircraft pitch rate and pitch angle during the conversion ma-
neuver.

The variation of control inputs is shown in Figure 12. As men-
tioned previously, that no control is phased out as a function
of nacelle angle, rather all the controls are utilized during the
conversion maneuver. The longitudinal cyclic 0; and eleva-
tor deflection 8, do saturate for small period of time. The high
demand on longitudinal inputs occur when nacelle angle starts
to tilt from B; = 60° to 0°.

Figures 13 and 14 show the out-of-plane rotor flapping states
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Fig. 9. Conversion maneuver along the center of conver-
sion corridor
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of right rotors during the conversion maneuver. Flapping of
elastic rotor is within 1.5°, see Figure 13. Interestingly, the
conversion maneuver which essentially is a longitudinal mo-
tion, causes a lateral flapping 1. This lateral flapping is in-
duced by the nacelle conversion due to the gyroscopic effect.
Figure 14 shows the longitudinal and lateral gimbal of right
rotor. Maximum longitudinal gimbal . occurs when maxi-
mum longitudinal cyclic input is applied, see also Figure 12.

Lastly, Figure 15 shows the deflection of right wing pylon
about three axes. The axes system is parallel to the body axes
(X forward towards nose, Y towards right wing and Z pointing
downwards) and is placed at the tip of wing pylon. The main
deflection is about X axis, the out-of-plane deflection. There
is a small deflection about Y axis, the torsional deflection and
about Z-axis there is almost no deflection.



10

q [deg/s], 8 [deg]

] Pitch Rate ¢
————— Pitch Angle 6

20 » | I I
0 10 20 30 40 50

Time [s]

Fig. 11. Aircraft pitch rate and pitch angle during centered
conversion maneuver

15

4 / Collective
20 - S — — Longitudinal Cyclic 6y, ||
—-—- Elevator §.
o5 . . . . . I I I I
0 5 10 15 20 25 30 35 40 45 50

Fig. 12. Control inputs to perform centered conversion
maneuver

CONVERSION MANEUVER
OPTIMIZATION

Any conversion maneuver that is within the conversion cor-
ridor enables the tiltrotor to transition from helicopter mode
to airplane mode and vice versa. However, some conversion
maneuvers are difficult to fly than the others. For example, fly-
ing at high nacelle angle conversion rate, the handling quality
ratings degrade significantly that may lead to Pilot Induced
Oscillations (PIO) (Ref. 3). Moreover, some conversion ma-
neuvers require high control effort that can cause high rotor
blade flapping and gimbal deflections. Therefore, in the cur-
rent research an optimization is performed to recommend an
optimal conversion maneuver trajectory.

A total of 119 conversion maneuvers are performed at two ac-
celerations V = [ 3 4 | kts/s. The nacelle angle conversion
rate is same as in the previous section. Complete conversion
from helicopter mode to airplane mode, from V = 0 kts to

1.5 T

T
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1 L|—-—- Lateral Flapping (5 4

o
o

I
o

Rotor Blade Flapping [deg]
o

0 5 10 15 20 25 30 35 40 45 50

Fig. 13. Out-of-plane right rotor flapping during centered
conversion maneuver (at rotor tip)
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Fig. 14. Right rotor gimbal during centered conversion
maneuver

V = 170 kts, is accomplished through a set of discrete na-
celle angle and velocity combinations. Figure 16 shows all
the reference trajectories that are flown to identify the optimal
conversion trajectory.

An optimal conversion maneuver is selected from the above
set that minimizes a certain objective function. Based on the
results presented in the previous section (Figures 11 and 14),
the objective function is defined as follows:

T; 2
1 V - Vcen er
minJ = —/(100q2 + 10083, )dt + <‘> (a1
V.Bi T 5 center /) B

The objective function is a sum of integral of weighted states
and normalized distance from conversion corridor center. The
optimal conversion maneuver is selected to be the one that has
minimum pitch rate, minimum longitudinal gimbal deflection
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and that is flown close to the center of conversion corridor.
The integral of weighted sum of states is normalized by final
simulation time T¢. Figure 16 also show the optimal conver-
sion maneuvers at two accelerations that minimize the above
stated objective function.

Figure 17 present the time histories of velocity, nacelle angle
and altitude for optimal conversion maneuvers at two acceler-
ations. With V = 3 kts/s, total time to reach the final velocity
of 170 kts is 55 seconds compared to conversion at V =4 kts/s,
where time to reach 170 kts is 42 seconds.

The pitch rate and pitch angle during the optimal conversion
maneuver are presented in Figure 18. At V = 4 kts/s, there
is not much of an improvement in pitch rate and pitch angle
when compared with the results of Figure 11. However, the
magnitude of pitch rate and pitch angle decreases at low ac-
celeration conversion maneuver V = 3 kts/s.

The evolution of control inputs during the optimal conversion
maneuver is shown in Figure 19. For optimal conversion tra-

jectory, the magnitude of control demand has decreased when
compared with the control demand during conversion maneu-
ver along the center of conversion corridor. Additionally, con-
trol demand further decreases at low acceleration conversion
maneuver.

Lastly, longitudinal and lateral gimbal deflection of right rotor
is shown in Figure 20. A remarkable reduction in longitudi-
nal rotor gimbal deflection is observed, that was one of the
objective of optimization.

CONCLUSIONS

A high order quasi-Linear Parameter Varying (QLPV) model
is developed for XV-15. The qLPV model is scheduled us-
ing four dimensional lookup tables: altitude, nacelle angle,
wing flap deflection and aircraft velocity. Actuator dynam-
ics are also incorporated in the flight dynamics model. With
the aim of performing automatic conversion maneuver, con-
trol synthesis of a gain scheduled linear quadratic tracker with
integrator is presented.

It is demonstrated that utilizing the same controller, differ-
ent conversion trajectories within the conversion corridor have
different dynamic behavior, in terms of aircraft states and con-
trol input demand. Optimal conversion trajectories can be
computed that minimize certain states and required control
effort. In the current research, optimal conversion maneuvers
were computed at two different accelerations, V =3 kts/s and
V = 4 kts/s, that minimize the aircraft pitch rate and longitudi-
nal rotor gimbal deflection and are flown away from the con-
version corridor boundaries. Better performance is observed
for conversion at V = 3 kts/s. Conversion maneuver is com-
pleted in less than a minute in both cases.

At this moment, the controller is designed to perform an
automatic conversion maneuver. That is, during conversion
from helicopter to airplane mode, follow a reference veloc-
ity while maintaining constant altitude. In the future, higher
order states can be incorporated in the control synthesis, for
example, active control for load alleviation during automatic
conversion maneuver and other flying qualities critical ma-
neuvers.

It is also shown that in order to ensure global stability of LPV
control, the change in scheduling parameter must be small.
Therefore, the control gains along with the linear state-space
models are scheduled using low-pass filtered velocity. How-
ever, this does not necessarily guarantee the global stability
and therefore a robust control approach needs to be developed
for qLPV systems. Additionally, a better control allocation
technique must be defined, in order to use the redundant con-
trol inputs effectively in all three configurations: helicopter,
airplane and conversion mode. Future work will extend to the
development of robust nonlinear control synthesis for qLPV
systems and effective control allocation techniques for tiltro-
tor aircraft.

Author contact: Hafiz Noor Nabi hafiznoor.nabi@polimi.it
& h.n.nabi @tudelft.nl
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