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Abstract

The unique design of the tilt-rotor has led to a variety of issues being encountered that
are not present in conventional helicopters or aeroplanes. Indeed, the design of the tilt-
rotor coupled with its different flight configurations and wide flight regime has
highlighted the need for advanced flight control systems including envelope protection

and load alleviation systems to make full use of its capabilities.

This thesis presents the contribution made to the modelling of a high-fidelity simulation
model by describing the development of an accurate aerodynamic wing model and the
research into the power/thrust management system. The develoment, implementation
and testing of envelope protection systems for the conversion corridor and
attitude/incidence protection is also presented. Finally, further work is presented on the
mathematical analysis of structural loads and the subsequent development of structural

load alleviation controller for highlighted critical loads on a tilt-rotor.

The envelope protection laws are shown to effectively protect the aircraft against
exceeding the required limits in most cases whilst having a minimal effect on the
aircraft performance and handling qualities. A rationale for the type of controller

approach used is given, and verified within piloted simulation trials.

The structural load alleviation laws demonstrate good performance and robustness,
again showing a minimal impact on the performance of the aircraft and having the

benefit of increasing stability for a marginally stable mode.

Following evaluation of the results of the controllers, recommendations are given for
improvements to the pilot cueing of the envelope protection systems and to expand the

range of applicability of the structural load alleviation system.
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Nomenclature

a — Speed of sound [ms™']

¢ — Chord (wing/rotor) [m, ft]

¢r— Flap chord [m, fi]

dt — Time step

ex — Error at current time step

er.; — Error at previous time step

g — Acceleration due to gravity [ms™, fts™]

I, — Rotor mast length [m, ft]

I, — Length along x-axis of reference frame[m, ft]
I, — Length along y-axis of reference frame [m, ft]
I, — Length along z-axis of reference frame [m, ft]
m — Mass [kg, Ib]

p — Roll rate [°s™', rads™']

Piim — Limit roll rate [°s", rads"]

Pmin — Minimum roll rate, used in envelope protection system [°s", rads'j]

g — Pitch rate [°s™', rads™']
r — Yaw rate [°s", rads"]
r — Blade radial distance [m, ft]

riim — Limit roll rate [°S", rads'I]

Fmin — Minimum yaw rate, used in envelope protection system [°s™', rads™]

ry — Blade radial distance [m, ft]
t — Time [s]
u — Velocity along body axis, x [ms", fts']

uy — Control output at current time step
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ux.; — Control output at previous time step

up, — Airflow velocity perpendicular to the rotor disc [ms™, fis]
u, — Airflow velocity tangential to the rotor disc [ms™, fts™']

v — Velocity along body axis, y [ms™, fts™]

w — Velocity along body axis, z [ms™, ﬁs"]

wk — Integrator state at current time step

wg.; — Integrator state at previous time step

Wiim — Limit w velocity [ms™, fis”]

X, ¥, z — Mutually orthogonal directions of fuselage axes — x forward, y to starboard, z

down; centered at the aircraft’s centre of mass

zg — Distance of ground below rotor [m, ft]

Ay — Rotor disc area [m?, ft*]

Cap — 2-D coefficient of drag at zero flap angle [nd]
C a0 — Drag constant [nd]

Cao; — 1% order drag constant [nd]

Cao2 — 2™ order drag consant [nd]

Cp — Coefficient of drag [nd]

C;— 2-D Coefficient of lift [nd]

Cia— 2-D lift curve slope [nd]

C — Coefficient of lift [nd]

Crmax — Maximum coefficient of lift [nd]

Cn — 2-D Coefficient of moment [nd]

Cmo — 2-D Coefficient of moment at zero flap angle [nd]
Cy — Coefficient of moment [nd]

Cy — Coefficient of force normal to flat plate [nd]

Cnoo — Coefficient of force normal to flat plate when at 90° to the airflow [nd]
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H — Rotor force normal to the rotor shaft [N, 1bf]

I — Blade moment of inertia [kgm?, slugft’]

Iz — Flap moment of inertia [kgmz, slugft’]

I;;— Hub moment of inertia [kgm?, slugft’]

Iz — Rotor moment of inertia [kgm?, slugft’]

K4 — Derivative gain

K; — Integral gain

K, — Proportional gain

Kz - Gimbal spring constant [Nm, ft-1bf]

L — Moment about the x-axis [Nm, ft-1bf]

M — Moment about the y-axis [Nm, ft-1bf]

M — Mach number [nd]

N — Moment about the z-axis [Nm, ft-1bf]

N — Number of rotor blades [nd]

Pr — Rotor power [kW, HP]

Qr — Engine torque [Nm, ft-1bf]

Q, - Rate of change of engine torque [Nms™, fi-Ibfs']
QOc — Commanded torque [Nm, ft-1b]

Or — Rotor torque [Nm, ft-1b]

R — Rotor radius [m, ft]

S- Wing reference area [mz, ﬂz]

Sy— Flap reference area [m?, ft’]

T — Thrust [N, 1bf]

V;— Airflow velocity in-plane to the rotor disc [ms™ fis)
Vy — Airflow velocity normal to the rotor disc [ms™,fts™']

X — Force along the x-axis [N, 1bf]
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XA — Cyclic stick longitudinal input [%]
XB — Cyclic stick lateral input [%]

XC — Collective lever input [%]

XP — Pedal lever input [%]

Y — Force along the y-axis [N, Ibf]

Z — Force along the z-axis [N, Ibf]

a — Angle of attack [°, rad]

aim — Limit angle of attack [°, rad]

P— Sideslip angle [°, rad]

[ — rotor flap angle [°, rad]

Po— Coning angle [°, rad]

1. — Longitudinal flapping angle [°, rad]
P1s— Lateral flapping angle [°, rad]

Pm — Mast angle (90°- vertical, 0° - horizontal w.r.t. body axis)
y — Flightpath angle [°, rad]

or— Flap deflection angle (0° - flaps up) [°, rad]
03 — Pitch-flap coupling angle [°, rad]

p — Air density [kgm™~, slugft]

¢ — Rudder angle [°, rad]

n — Elevator angle [°, rad]

n — Flap effectiveness correction factor [nd]
@ — Euler pitch angle [°, rad]

6y — Collective pitch [°, rad]

6, — Lateral cyclic pitch [°, rad]

6;s — Longitudinal cyclic pitch [°, rad]

s — Wing geometric setting [°, rad]
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@rw — Tiltable wing angle (90° - vertical, 0° - horizontal w.r.t. wing axis)

u — Air viscosity coefficient [?]

¢ — Aileron angle [°, rad]

7 — Flap effectiveness factor [nd]

7 — Engine time constant [s]

¢ — Angle of incidence, Euler roll angle [°, rad]

w — Euler yaw angle [°, rad]

w — Rotor blade azimuth angle, positive in direction of rotor rotation [°, rad]

® — Angular rate vector [°s™, rads™]

I' — Wing dihedral, positive downwards [°, rad]
A — Wing sweep, positve rearwards [°, rad]

Q — Rotor speed [°s”', rads™']

Q) — Rate of change of rotor speed [°sZ, rads™]
Subscripts

d — Derivative

i — Integral

p — Proportional

L — Left rotor

R — Right rotor

Superscripts

b — Body reference frame (generally not shown)
bl — Blade reference frame

g — Gimbal reference frame

h — Hub reference frame

i — Inertial reference frame

w — Wing reference frame
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ACT-TILT

ACAH

ADYN

AHS
A/l

Ao0A
APC

AR

AVRS

cC
CG

CSGE

Cv

DART

DCM

DLR

EAS

List of acronyms

Active Control Technologies

for Tilt-rotor

Attitude Command Attitude
Hold

Advanced European Tilt-

rotor Dynamics and Noise
American Helicopter Society
Attitude/Incidence

Angle of Attack

Aircraft Pilot Coupling

Aspect Ratio

Asymmetric Vortex Ring
State

Conversion Corridor

Centre of Gravity

Control System Graphical
Editor

Constant Velocity

Development of an Advanced

Rotor for Tilt-rotor

Direction Cosine Matrix

Deutches Zentrum fiir Luft-
und Raumfahrt

Equivalent Airspeed

LE
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LQG
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MFD
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MIMO

NLR
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PID
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Multifunction Display
Mission Task Element

Multiple Input Multiple
Output

Nationaal Lucht- en
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Operational Flight Envelope

Office National Etudes et
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Power Demand System

Proportional Integral
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Pilot Induced Oscillation

Primary Flight Control
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Power/Thrust Management

System
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ECL

EP
ERF
ERICA

FADEC

FBW

FCS
FE
FLME
FOD

fpm

FST
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HQ

IAS

IC
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Engine Condition Lever

Envelope Protection
European Rotorcraft Forum

Enhanced Rotorcraft
Innovation Concept
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Control

Fly by Wire

Flight Control System
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FLIGHTLAB Model Editor
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General Aviation
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Interconnect
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RHILP
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RRPM
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SAS

SCAS
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SLA
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TiltAero

TRISYD
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Rotorcraft Handling
Interaction and Load

Prediction
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Search and Rescue

Stability Augmentation
System

Stability and Control

Augmentation System

Safe Flight Envelope
Single Input Single Output
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Torque Command and
Limiting System

Torque Command Lever
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Tilt-rotor Interaction
Aerodynamics

Tilt-rotor Integrated Drive

System Development
Vortex Ring State

Vertical/Short Take-off and
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1 Introduction

The research for this thesis was carried out within the framework of the European
research project Active Control Technologies for Tilt-rotor (ACT-Tilt). This project was
one of six sponsored by the European Union under the Framework 5 partnership. These
projects were conceived to provide a knowledge base for the development of a
European tilt-rotor aircraft and to be eventually used in a demonstrator aircraft. The

other projects that made up the research program are shown in Figure 1.1:

TILTROTOR BEHAVIOUR
IN FORWARD FLIGHT
(ADYN)

DRIVE SYSTEM & TILTING
MECHANISMS
(TRISYD)

ADVANCED ROTOR FOR TILT ROTOR

TILT ROTOR
Critical Technology projects
(5th FF)

i ot INTERACTIONAL AERODYNAMC
MECHANICS
(RHILP) % (TILTAERO)

fﬂl{’;_ J

CONTROL SYSTEMFOR TILT ROTOR
(ACT-TILT)

TILTAERO

Figure 1.1 Framework 5 research projects, Reference [40]

Rotorcraft Handling Interaction and Load Prediction (RHILP)

Development of an Advanced Rotor for Tilt-rotor (DART)

Tilt-rotor Interaction Aerodynamics (TiltAero)

Advanced European Tilt-rotor Dynamics and Noise (ADYN)

Tilt-rotor Integrated Drive System Development (TRISYD)

Active Control Technologies for Tilt-rotor (ACT-TILT)
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The area of research encompassed by ACT-Tilt was the design of the flight control
systems that would be used in tilt-rotor aircraft. A considerable part of the project was
devoted to the modelling of the Agusta ERICA tilt-rotor that was selected to be the
reference aircraft for the project. The areas looked at for the flight control systems were
the primary flight control systems (PFCS), i.e. the control systems that are working
when the pilot flies the aircraft, these provide basic functions such as stability
augmentation, control augmentation. Also within the PFCS some ‘higher’ FCS modes
can be included such as attitude hold (maintain a given pitch or roll angle), turn
coordination (maintain a zero sideslip angle in a turn). Also part of the FCS are the
control systems for carefree handling. As the name implies these systems are designed
to protect the aircraft automatically such that the pilot does not have to. This can lead to

a lighter workload for the pilot and better performance.

The tilt-rotor is one type of design approach used for vertical/short take-off and landing
(V/STOL) aircraft. It is so called because the rotors that provide the thrust for vertical
take-off, in the same way as a helicopter, tilt forward to provide the thrust for cruise
flight.

Figure 1.2 shows a selection of V/STOL aircraft that have been developed since the
1950s, a considerable amount of research occurred in the first twenty years with
numerous configurations being proposed and evaluated. In the latter half of this time
frame, the amount of configurations being tested reduced considerably, with only a few
carrying on to the present day. Two designs that are worth noting are the Harrier
military aircraft and the XV-15 research aircraft. These are highlighted as the Harrier is
currently the most commercially successful V/STOL design having been in-service with
several armed forces since 1969, Reference [36], and the XV-15 has provided an
enormous amount of data which has since then been used in the design of the military
V-22 Osprey, Reference [22], and civil BA609, Reference [20], tilt-rotors,. A more
detailed description of tilt-rotor aircraft, and their operational capabilities is given in

Appendix A, page 155.

The XV-15 mentioned above is a tilt-rotor design. This configuration has been shown to
be a very efficient method of coupling the ability to take-off and land vertically with
that of high-speed cruise flight.
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The aircraft used as a base for all the research to be carried out within ACT-Tilt was a
tilt-rotor design from Agusta called ERICA. This concept was developed for use as a
civil aircraft in point to point connections, such as to link two cities. Capability was also
included so that it could be used in the search and rescue (SAR) and medical evacuation
(medevac) roles, Reference [16]. The name, ERICA, is actually an acronym and stands
for Enhanced Rotorcraft Innovative Concept Achievement, and is one of latest designs

of tilt-rotor being proposed, along with Eurotilt from Eurocopter, Reference [44].

Figure 1.3 shows an artist’s conceptual drawing of the proposed ERICA configuration

in aeroplane mode flight.

Figure 1.3 ERICA tilt-rotor, Reference [40]

The configuration seen here is similar to most tilt-rotor designs with a fuselage similar
to that of a turboprop aircraft, wings to support the weight of aircraft during flight with
an empennage at the rear to provide stability and control. The rotors are located on two
tilting nacelles at the wing tips. A thorough description of ERICA is given within
Appendix B, page 161.

In order for analyses to be carried out on the control concepts and designs, a simulation
model capable of representing the intricacies of the tilt-rotor needed to be developed.
Within ACT-Tilt ERICA was modelled on three different flight dynamics codes;
HOST, used by Eurocopter and ONERA, FLIGHTLAB used by Agusta, NLR and The
University of Liverpool and FMC used by Westland and Glasgow Caledonian.

Additional simulation codes were used such as CAMRAD, an aeromechanical analysis
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tool for rotorcraft developed by Johnson Aeronautics, and TWICER an in-house
aerodynamic code used by Agusta. The purpose of using three different flight dynamics
codes was to highlight any errors that might occur in the modelling either due to the
implementation of certain features in the codes or any human factors that might occur.
A description of the FLIGHTLAB modelling environment and the simulation facilities

available at The University of Liverpool is given in Appendix C, page 195.

In the case of FLIGHTLAB modelling, the aircraft was split into various systems and
distributed among the users; as such the rotors were developed by Agusta, the wing and
FCS by the University of Liverpool, the fuselage, empennage and integration of all
systems was performed by NLR. Development of each system was carried out on a
baseline aircraft that was periodically updated when a system was either added or
updated. The two main parts of the modelling work carried out at the University of
Liverpool, the wing and the Power/Thrust Management System (PTMS) are detailed in
Chapter 2 and Chapter 3. The development of the simulation model was essential for the
following work on the flight control systems. To accurately model the wing required the
development of several features that would take into account the unique features of
ERICA and be usable throughout the wide range of angle of attack that the wing would

experience.

Following the development of a sufficiently accurate simulation model, refinement of
the flight dynamics codes continued throughout the course of the project. The
implementation of the various flight control laws could be performed, in a similar vein
to the simulation model development the work was split up between the partners, the
primary flight control system (PFCS) was given to Agusta and Eurocopter whilst The
University of Liverpool was required to define the carefree handling system along with
ONERA. The PFCS is the system that contains all the necessary functions for the crew
to fly the aircraft, i.e. to translate pilot commands into commands for the control
surfaces. This system may include stability augmentation, Attitude Command Afttitude
Hold (ACAH) or Rate Command Attitude Hold (RCAH) systems and turn co-
ordination. A description of a PFCS on a tilt-rotor is provided in Appendix B, page 161.
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The carefree handling is a system that is constructed around the PFCS. It provides the
crew with protection against exceeding aircraft limits. The term carefree handling stems
from the idea that the crew will be able to fly the aircraft without having to worry about
exceeding any structural or aerodynamic limits thus reducing the workload. Within the
scope of ACT-Tilt the carefree handling was subdivided into two sections: Envelope
Protection (EP) and Structural Load Alleviation (SLA). The envelope protection is a
system that prevents the aircraft flying outside the safe flight envelope (SFE). This
flight envelope is made up of a variety of restrictions, for example; the load factor that
is allowed during manoeuvres, engine limitations due to altitude and airspeed
limitations due to aeroelastic constraints. The structural load alleviation system as its
name implies, provides a method of reducing certain loads on the aircraft. This may be

to improve the fatigue life of a component or to enhance the structural safety margin.

For both the EP and SLA systems certain areas were selected for research; in particular,
areas specific to tilt-rotors in which there was a lack of available research. For the
envelope protection, this was the conversion corridor, attitude/incidence protection and

steep descent.

The conversion corridor, which is explained in Appendix A, page 155, is the flight
envelope that the aircraft flies through as it converts from helicopter mode to aeroplane
mode and vice versa. The boundaries of the conversion corridor are made up from
several different limits, such as rotor flapping in high speed flight whilst converted,
wing stall limits at low speed aeroplane mode flight and flutter speed margins at high

speed.

Attitude/incidence protection refers to the stalling of the wing, and the effect of the
wing trailing wake on the empennage. When stall occurs the amount of lift generated by
the wing drops markedly which can lead to a sharp increase in descent rate and a loss of
effectiveness of any aerodynamic control surfaces that may be installed on the wing.
The problem of deep stall is also a problem for aircraft with a T-tail configuration, such
as ERICA, as stall of the wing can lead to stall of the horizontal stabiliser. Additionally
the stall may not occur on both the left and right wing at the same time. If one wing

should stall before the other it is possible that a spin will develop.
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An envelope protection system for both the conversion corridor and the
attitude/incidence = was developed based on the wuse of a discrete
Proportional+Integral+Derivative (PID) controller. The limits to be used as inputs in
this controller were developed so as to provide effective protection whilst minimising
any restrictive impact on the aircraft flight envelope or handling qualities. This was
accomplished by creating a set of limits that allowed enough phase advance to prevent
excursions over the limit, whilst associated to a controller activation logic that
prevented controller inputs to the aircraft when no longer necessary. The performance
of this system was tested by a series of flight tests on the simulator at the University of
Liverpool, the results of these tests are presented and a critical apparaisal made. Overall,
the EP system showed good performance in preventing the aircraft from exceeding the
defined limits in almost all the tests. Reasons for the controller failure were examined

and solutions to correct these issues proposed.

The SLA system was investigated within ACT-Tilt due to certain loads that were
identified by Bell/Boeing during development of the V-22 Osprey, Reference [31] and
Reference [32]. Through simulation it was found that the loads acting on some
structural components during certain manoeuvres resulted in a fatigue usage and in
certain cases exceeded the design load limit. The methods for alleviating the structural
loads were based primarily on modifying the FCS to reduce the causes of the loads, in

essence a passive system, although some active control was used.

It was felt that a structural load alleviation controller could be developed which would
use only feedback to control loads, and unlike the systems developed for the V-22 be
active in all three angular axes. The development of the structural load alleviation
controller was performed both using advanced control techniques and more traditional
control methods. The selection of the type of controller depended primarily on the cause
of each load, which were identified by mathematical modelling, in which would provide
the simplest and most effective solution. These controllers were tested in several flight
conditions and aircraft configurations and the performance assessed. The structural load
alleviation developed using adavnced control methods proved to be very effective in
reducing loads and had a minimal impact on the aircraft’s performance. The controller

developed for the interconnect shaft using traditional methods highlighted issues with
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using feedback due to the strong interaction of the roll and yaw axis.

Initial development was carried out on steep descent envelope protection but due to time
and modelling constraints it was not possible to implement and test this system.
However, a full set of aircraft flight envelope limits were developed to be used in the
envelope protection system. In addition to this further work was carried out on the
development of laws that would be useful in reducing the pilot workload during search

and rescue work and if necessary, flight in vortex ring state.

The inclusion of steep descent stems from an aerodynamic phenomenon known as
vortex ring state (VRS) that affects all rotorcraft including the tilt-rotor in helicopter
mode. At sufficiently large descent rates the VRS occurs through a complicated series
of aerodynamic interactions. These are described in more detail in Chapter 6. Ultimately
a fully developed VRS can significantly affects a rotor’s ability to produce thrust. This
can lead to very high rates of descent, and in the case of certain twin rotor aircraft such
as the tilt-rotor an asymmetric VRS can occur; where VRS develops on one rotor but
not the other. In the configuration of the tilt-rotor this can lead to an uncontrollable roll
rate which can be catastrophic. Development of the envelope limits is shown and
suggestions for the controller proposed. In addition control approaches were developed

to provide safe flight if the aircraft should enter the VRS.

From the analysis of the test results and the conclusions drawn a series of
recommendations are proposed for improvement to the envelope protection system.
This concentrates mainly on the subject of pilot cueing, which would be used in
conjunction with the envelope protection system to provide a controller that in addition
to protecting the aircraft informed the pilot on flight envelope limits. The work on the
steep descent envelope protection system and recommendations is set out within

Chapter 6.

A final summary of the work presented in the body of the thesis is given in Chapter 7
and a critique on the performances of both the envelope protection and SLA systems

given.
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2 Modelling of ERICA tilt-rotor wing

As stated in the introduction, the creation of an accurate representation of the ERICA
wing within the FLIGHTLAB simulation environment was one of the main modelling
responsibilities allocated to the University of Liverpool. Using existing functions within
FLIGHTLAB as well as creating extra ones it was intended to develop a real-time
model that would accurately represent the characteristics of the wing on ERICA. This
would include all the flight controls and characteristics, including modelling the tiltable

outer section and the flaperons located on the fixed and tiltable wing sections.

2.1 Wing
The ERICA wing configuration is described in some detail in Appendix B.2, page 175,
but can be summarised here as a non-swept, tapering wing with a tilting outer section

with both fixed and tiltable sections equipped with flaperons.

The wing has a strong influence on the flight dynamics of a tilt-rotor, especially in the
case of ERICA were there may be large movements of the tiltable wing relative to the
air flow. This needs to be accurately modelled so that a suitably refined model can be

created that will account for the dynamics created by the tiltable wing.

FLIGHTLAB offers two default methods for the modelling of wing surfaces, these are:
e Lifting line method

e Lookup table

The lifting line method uses 2-D aerofoil data to calculate the 3-D loads on the wing by
splitting the wing into several segments and calculating the individual load on each
segment due to the local airflow. The lookup table approach uses a set of aerodynamic
data tables for a variety of variables such as angle of attack and Mach number to give

the appropriate forces.

































































































































































































































































































































































































































































































































































































































































































