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Abstract

Tiltrotors can transform from helicopter configuration to a fixed wing airplane configuration. This allows
them to have a broader flight envelope. The dynamics of tiltrotors change with flight condition and air-
craft configuration. Therefore, a model stitching technique based on quasi-Linear Parameter Varying (qLPV)
framework is employed to develop a continuous full flight envelope flight dynamics model for the purpose
of control system design and real time piloted simulation. A high order gLPV model is developed for XV-15
where discrete linear state-space models are stitched together to provide a varying model dynamics and
trim characteristics over the complete flight envelope. The model is also coupled with engine dynamics,
rotor speed governor, actuator dynamics and stability and control augmentation system (SCAS). Lastly, the

gLPV model is implemented in FRAME-Sim, a fixed base rotorcraft flight simulation system.

NOMENCLATURE

A State matrix

B Control matrix
h Altitude

% Velocity

Utrim, Xerim  1rim control inputs and states

Bes, Bse Lateral and longitudinal rotor gimbal

Bi Nacelle incidence angle

p(t)  Scheduling parameter vector
or Wing flap angle

Q Rotor speed

Tact Actuator time constant
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0 Aircraft pitch angle

0o, 015, 61 Collective pitch, longitudinal and lateral
cyclic

Bg0v Rotor collective governor

1. INTRODUCTION

Tiltrotors have the ability to fly like a fixed wing
airplane at higher cruise speed, range and alti-
tude while keeping the possibility to fly helicopter’s
S/VTOL tasks. This allows to have a broader flight
envelope compared to the flight envelope of con-
ventional and compound helicopters, Figure 1'. This
advantage of broad flight envelope shows that the
tiltrotors represent a good solution to future civil
transportation requirements?®3.

To improve design of future tiltrotor aircraft for
civil transportation systems, handling qualities need
to be addressed at early design phase. Handling
qualities of aircraft are hardly quantifiable and
therefore, real time piloted simulations are key to
assess the handling qualities through pilot feed-
back. At the core of such piloted simulations lie a
high fidelity flight dynamics model.

The three distinct modes of flight in tiltrotor (he-
licopter, conversion and airplane) make it particu-
larly challenging to develop continuous full flight en-
velope models for piloted simulations. The dynam-
ics of a tiltrotor aircraft do not only change with the
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Figure 1: Tiltrotor operating flight envelope advan-
tage™.

flight condition but also with the aircraft configura-
tion, and hence it is fitting to employ stitching tech-
nique4 to model the flight dynamics of a tiltrotor for
the purpose of control system design and full flight
envelope piloted simulations. The model stitching
technique is an extension to quasi-Linear Param-
eter Varying models>. The usage of qLPV stitched
models for tiltrotor offline simulation and control
synthesis has been already proposed by Lawrence
et al.® for the simulation of NASA's LCTR2 (Large Civil
Tiltrotor, 2" generation) within a limited flight en-
velope in helicopter mode and by Berger et al.” to
support the control synthesis of a generic tiltrotor
aircraft. In both cases, the linear state-space mod-
els were dependant on two scheduling parameters:
velocity V' and nacelle incidence angle 3;. Addition-
ally, only a limited number of rotor elastic degrees
of freedom were used, neglecting the wing elasticity
that may play an important role in Rotorcraft Pilot
Coupling events®. Recently, a qLPV model for XV-15
was developed using a four dimensional scheduling
vector of parameters: altitude h, nacelle angle 5;,
wing flap angle ¢ and velocity V for conversion ma-
neuver optimization®. This qLPV model did not in-
clude engine-governor dynamics and hence lacked
throttle input.

In the current study, engine-governor dynam-
ics is added to the qLPV stitched model sched-
uled with four dimensional parameter vector p =

h B;i d6f V .The qLPV model is used in real-
time in the FRAME-Sim rotorcraft flight simulation,
currently being developed at the Department of
Aerospace Science and Technology, Politecnico di
Milano.

The paper is organized as follows: first the linear
state-space models and corresponding trim data
are presented. Second, the development of qLPV
model is described in detail. Next, the rotorcraft
flight simulator FRAME-Sim is detailed. Lastly, a brief
conclusion and plans for future research are pre-
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Figure 2: XV-15 linear state-space models and con-
version corridor.

sented.

2. STATE-SPACE POINT MODELS

Simulation tool MASST (Modern Aeroservoelastic
State Space Tools), developed at Politecnico di Mi-
lano™™, is used to generate a set of aeroelastic lin-
ear state-space models and trim data. Rotor aeroe-
lastic models in MASST are obtained from CAM-
RAD/JA™ using data published by Acree for XV-15
research aircraft with advanced technology blades
(ATBs). The flexible airframe is included using aeroe-
lastic NASTRAN model.

Linear state-space models and trim data (states
and control inputs) are obtained at the discrete
points that span the entire conversion corridor, Fig-
ure 2. Furthermore, each model is also obtained at
four wing flap positions (6 = 0 20 40 75
deg.) and at two altitudes (h = 0 10000 ft.)to
obtain a four dimensional grid of linear state-space
models and trim data.

2.1. State-Space Formulation

The state-space models contain 91 states comprised
of:

+ Rigid body states (9)
+ Wing bending 1°t mode (2)

+ Three blade bending modes in multi-blade co-
ordinates (one collective and two cyclic) for
each rotor (36)

« Two blade torsional modes in multi-blade coor-
dinates (one collective and two cyclic) for each
rotor (24)
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+ Two gimbal states in multi-blade coordinates
(two cyclic) for each rotor (8)

* Three inflow states (average, cosine and sine)
for each rotor, based on the classical Pitt Peters
model™ (6)

+ Engine dynamics: Rotor speed, differential ro-
tor speed and engine speed perturbation and
their integral (azimuth perturbation) (6).

And has 11 inputs:
+ Collective pitch 8y for each rotor (2)

« Lateral and longitudinal cyclic pitch (61¢, 01s)
for each rotor (4)

+ Aerodynamic control surface deflections (dr,
56! 5[‘! 58) (4)

+ Engine throttle 6; (1).

The model has a very high fidelity of the flight
mechanics bandwidth and a reasonable represen-
tation of the elements that give the most significant
contribution to structural loads. It is sufficiently de-
tailed to be used for design and verification of con-
trol systems and for the prediction of potential RPC
problems?.

2.2. Trim Data

The linear state-space models are obtained though
the linearization and time-invariant approximation
of nonlinear time-periodic CAMRAD/JA model'*™ at
assigned trim flight conditions.

The trim flight conditions are composed of se-
lected points, placed regularly on 4-dimensional
parameter space [h  B; 6 V. The rotor rpm
is scheduled with speed of the aircraft. At higher
speeds (V 200 kts), the rotor RPM is reduced
from 601to 480.8.

Trim states and controls at sea level and fixed
wing flap angles (6 = 40 for B; = 90,75,
0f = 20 for B; = 60,30 and f = 0 for
Bi = 0 ) are shown in Figure 3, including longitu-
dinal controls (left plot), aircraft pitch attitude, and
longitudinal and lateral rotor gimbal (right plot). As
expected, trim collective 6y and longitudinal cyclic
015 at high nacelle angles (G; 75 ) follow a trend
similar to that of a conventional helicopter. Below
minimum power required speed, trim collective de-
creases with airspeed, and above it, it starts to in-
crease with airspeed to overcome drag. Further-
more, at low nacelle angles, the trim collective con-
tributes towards the generation of thrust required
to keep the increasing forward speed of the aircraft
constant.
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Trim Longitudinal cyclic 815 move backwards to
compensate for decreasing pitch attitude of the air-
craft (top-right plot) at all nacelle angles. Symmet-
ric longitudinal cyclic is used to trim the aircraft for
Bi > 0 and is phased out in airplane mode. Simi-
larly, elevator deflection d. decreases (trailing edge
up) with increasing speed to trim the increasingly
pitch down attitude of the aircraft.

Trim pitch attitude 9 decreases with increasing
speed for all the nacelle angles. However, at a given
speed, the pitch attitude increases with decreasing
nacelle incidence angle because more lift is gener-
ated by the wings than the rotors in these configu-
rations. Furthermore, at lower nacelle angles (spe-
cially in airplane mode G; = 0 ), the slope of pitch
attitude flattens out with speed. Lastly, Figure 3 also
show the trim longitudinal and lateral gimbal an-
gles.

2.3. Rotor Speed Governor

A rotor speed governor is implemented to main-
tain a constant rotor angular speed. The beta-
governor'>, shown in Figure 4, is a proportional-
integral (PI) controller, Eq. 1, that operates on the
feedback of rotor speed error (in rad/sec) and out-
puts the desired changes of the blade collective
pitch to maintain a desired rotor speed. Propor-
tional and integral gains are scheduled with nacelle
angle and are listed in Table 1. In helicopter mode,
the governor collective pitch input is added to col-
lective pitch coming from pilot stick. As the aircraft
changes from helicopter to airplane mode, collec-
tive pitch from stick input is phased out.

Z
(1) Ogov = K (2 Quer) dt + Kp (2 Qer)

Table 1: Governor Pl gains.

Nacelle angle

Bi [deg] <P K
90 0.0524 0.1
75 0.0436 0.1
60 0.0439 0.1
30 0.0174 0.1
0.1,V  180kts
0 0

0.5,V > 180 kts

It is observed that the engine dynamics cou-
pled with governor dynamics affects the longitudi-
nal phugoid mode of the aircraft. Figure 5 shows the
longitudinal phugoid mode damping for various air-
craft configurations as function of aircraft speed at
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Figure 3: Trim longitudinal control inputs, pitch attitude and rotor gimbal, at sea level and assigned flap

angles.

Figure 4: Beta-governor block diagram.

different governor integral gains. Additionally, longi-
tudinal phugoid damping for model without engine
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dynamics (i.e., with constant rotor speed Q) is also
shown in Figure 5. In helicopter mode, the damp-
ing increases with the addition of engine dynamics
and the governor. However, at lower nacelle angles,
phugoid damping decreases when engine dynamics
coupled with governor is added to the model. More-
over, the damping increases with speed at high na-
celle angles both with and without engine dynam-
ics. At a given nacelle angle, the governor integral
gain must be bounded between a minimum and a
maximum value with respect to velocity, otherwise
the longitudinal phugoid will become unstable. For
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