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A computer model of a tilt-rotor has been developed for
calculating performance, simulating flight, and investiga-
ting stability and control. The model is composed of a fuse-
lage, wings, an empennage, engine nacelles and rotors.
Tiltrotor equations of motion were obtained by summing up
inertia, gravity and aerodynamic loads acting on each part
of the aircraft. Aerodynamic loads at wings, empennage and
rotor blades are calculated using quasisteady model. For
rotor induced velocity the Glauert model is used. The influ-
ence of rotor inflow wing and empennage aerodynamic
loads is calculated using actual value of induced velocity.
The computer program of tilt-rotor model is developed in
MatLab environment. The sub-programs for load calcula-
tion are supplemented by modules for calculation of trim
states and stability and control matrices.
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NOMENCLATURE

Indexes

a — aerodynamic,

b — inertia,

c — related to three-dimensional body (fuselage,
nacelle),

f — fuselage,

g G — gravity,

h — horizontal stabilizer,

i — inertia,

I=1 — element (wing, nacelle, rotor) on right side of
aircraft,

1=2 — element (wing, nacelle, rotor) on left side of
aircraft,

J=1,2,3 — rotor blade index of i-th rotor,

m — aerodynamic moment, moving element, mass,

n — nacelle,

p — aircraft, fuselage,

r — rotor.

Matrices and Vectors

A — rotation matrix of moving element,
A=A 0P,

Ag — aircraft rotation matrix,

A, — transformation matrix of coordinate system in
airfoil,

Ay — velocity matrix,

C — control vector, C = [1, J,,, &, J,, O17,

I, — inertia matrix of x-th element,

k) — coefficients of inflow due rotors and wings,

Q. — y-thloads of x-th element, Q,, = [F,,, M, ]7,

\% — vector of linear speed in O,x,),2,,,
V=[U,V, W,

Vv, — motion speed of section,

V. — vector of linear speed of three-dimensional
body,

U — induced velocity in O,x,,z,,

W — wind velocity in Opx,y,2,,

AW, — inflow due rotors and wings in O,x,y,Z,,,

X — vector of aircraft motion,

T
X=[V,0,x,. | =
=[U.V.W.P.O.Rx,.y,.2,.00.¥]
. — state vector of x-th element,

g — vector of gravity acceleration,

g — vector of gravity acceleration in O,x,y,2,,,

Ycg — position of C.G. in O,x,y,z,,

Y,co — position of C.G. in moving element coordi-
nate system,

r, — position of moving element coordinate system
in O,xpypz,,,

Xg — translation of the aircraft relative to the gro-
und, X, = [x,, Vg 2,17,

Q — vector of angular speed in O,x,,z,,
Q=I[P, O.RY",

Q, — velocity matrix of plane (non-moving ele-

ment),
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Q, — velocity matrix of moving element,

0] — Euler’s angles described in OG as a vector,
o =[D, 0, V],

(2] — the control of rotor swash-plates,
0=[0y;, O, Oy}, Oy, 0, O],

o, — inclination angles of wing flaps (ailerons),
8, = [Bu11> G125 Guats G2l

9, — inclination angles of elevators
8, = [O1» Opa» G317,

0, — inclination angles of rudders,
8v = [5\/1’ 5v2]Ts

(0] — angular speed of rotors, ®, = [@;, @,]7,

T — angle of nacelle tilt

A, — characteristic area,

Cla, 9) drag coefficient (in two-dimensional flow),

Ca, 6) lift coefficient (in two-dimensional flow),

Cyy(@, 0) — aerodynamic pitch moment coefficient (in
two-dimensional flow),

C.(a, 6) — drag coefficient (in three-dimensional flow),

Cy(@, 0) — side force coefficient (in three-dimensional
flow),

C.(a, 0) — lift coefficient (in three-dimensional flow),

C,.(0, 6)— aerodynamic bank moment coefficient (in
three-dimensional flow),

Coye(0t 0)— aerodynamic pitch moment coefficient (in
three-dimensional flow),

C,.(a, 6)— aerodynamic yaw moment coefficient (in
three-dimensional flow),

R, — characteristic length,

v, — the module of motion speed of section
V.=V,

c(y) — chord (characteristic dimension),

g — gravity acceleration,

m, — mass of x-th element,

o — the angle of attack,

B — the angle of slope,

1) — the angle of inclination of steering element,

P — the thickness of air.

INTRODUCTION

In the recent years an increasing interest in tilt rotor
technology is observed among rotorcraft community. The
development of V-22 aircraft spurred a great research and
development effort in tilt rotor aerodynamics [1], acoustics
[2], flight control [3], aeroelasticity [4], etc. The next tilt
rotor project, Bell-Agusta BA 609, initiated the tilt-rotor
design effort in Europe. Recently several research European
projects concerning tilt rotor technology are going on or
have already been completed [5] and some new initiatives
appeared. Despite the expanding interest in development and
applications of tilt-rotor, there are not many papers pu-
blished in general available literature presenting compre-
hensive approach to tiltrotor modelling and simulation [2, 6,
10]. In Warsaw University of Technology, a computer mo-
del of tiltrotor for flight simulation, and analysis of trim,
stability and control in various flight conditions was de-
veloped.

GENERAL MODEL OF MOBILE OBJECTS

A tiltrotor computer model was assembled using the
generic model of mobile objects, developed in Warsaw Uni-
versity of Technology for simplifying model derivation and
simulation of motion for various air, water and land vehicles.
This software environment in MatLab is composed of the
main program and sub-programmes performing compu-
tations frequently done in dynamics of airplanes, helicopters,
sea vessels etc.

The possibility of the general approach stems from the
fact that inertia, gravity and aerodynamic/hydrodynamic lo-
ads that act on the vehicles considered are described by the
same formulae in reasonably chosen coordinate systems. As
a consequence, using the generic model software, computer
models of various vehicles may be prepared in a fast and
efficient way by proper selecting of systems of coordinates
and application of supporting subroutines.

Within this software a vehicle is modelled as the base part
(,,fuselage”) to which the other parts/elements of it are joi-
ned. These parts may be fixed to the fuselage or may rotate
and/or translate relative to it.

Equations of motion are derived in the main system of
coordinates fixed to the fuselage by summing loads acting
on all elements of a vehicle. These loads are calculated in
local coordinate systems fixed to elements and then transfor-
med to the coordinate system of the fuselage. It is easy to
change the number of elements of a model by adding new or
deleting existing elements and enriching the methods of cal-
culating loads by application of various methods. The com-
puter program for modelling a vehicle dynamics is construc-
ted in the same, modular way, by applying subroutines for
calculating each type of loads and their transformation to the
main, ,,fuselage” system of coordinates.

Various subprograms were developed for frequently per-
formed operations like calculating inertia matrices, flow
velocities in different coordinate systems, angles of attack,
slip angles, table-look procedures for aerodynamic coeffi-
cients etc.

SIMULATION SOFTWARE FOR THE GENERAL
MODEL OF MOBILE OBJECTS

Tiltrotor simulations were carried out in MatLab software
environment.

Available modules
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Fig. 1. The schema of simulation software
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As it is illustrated in Fig. 1 the number of primary sub-
routines is limited to eleven (upper line icons, from left to
right).

* The module Ip_matrix is used for calculation of inertia
loads of non-movable elements (fuselage with wings and
stabilisers). The input data are mass, moments of inertia
in an element coordinate system, an attitude of the ele-
ment in the aircraft coordinate system. The results of cal-
culations in this module are moments of inertia in the
aircraft coordinate system.

* The module Ir_matrix is used for the calculation of
inertia loads of movable (rotating) elements (nacelles,
rotor blades). The input data are mass, moments of
inertia in the coordinate system of an element, its attitude
and movement (rotations) in the aircraft coordinate sys-
tem. Moments of inertia in the aircraft coordinate system
are results of calculations in this module.

* The module Fpg Mpg is used for the calculation of
gravity loads of non-movable elements (fuselage with
wings and stabilisers). The input data are gravity accel-
eration, mass of an element, its attitude in the aircraft
coordinate system. Gravity loads in aircraft and element
coordinate systems are results of calculations in the
module.

* The module Fng Mng is used for calculation of gra-
vitaty loads of movable (rotating) elements (nacelles,
rotor blades). The gravity acceleration, mass of the ele-
ment, its attitude and movement (rotations) in the aircraft
coordinate system are the input data. Gravity loads in
aircraft and element coordinate systems are results of
calculations in the module.

* The module Fac_Mac is used for calculation of aerody-
namic loads of elements with three-dimensional airflow
(fuselage, nacelles). The attitude of an element (its aero-
dynamic centre) in the aircraft coordinate system, the
inflow on an element, the database of aerodynamic coef-
ficients (for instance obtained from wind tunnel tests) are
the input data. Aerodynamic loads in aircraft and ele-
ment coordinate systems are results of calculations in the
module.

* The module Fap_Map is used for calculation of aero-
dynamic loads of elements with two-dimensional airflow
(wings, stabilisers, rotor blades). The attitude, movement
(rotations) and the geometry of an element (dimensions,
positions of wing, stabiliser, blade cross sections, aero-
dynamic centres in airfoils) in the aircraft and/or element
coordinate system, the inflow on an element, aerodyna-
mic coefficients are the input data. The Fap_Map modu-
le integrates aerodynamic loads calculated by the
dFac_dMac module along the span of an element. Aero-
dynamic loads in an aircraft and an element coordinate
systems are results of calculations in this module.

* The module dFac_dMac is used for calculation of aero-
dynamic loads of elements with two-dimensional airflow
(wings, stabilisers, rotor blades) in their cross sections. It
is executed by the Fap Map module. Input data are
shared with the Fap Map module. Aerodynamic loads in
local airfoil coordinate system are results of calculations
in this module.

* The module V_a is used for the calculation of airflow ve-
locity in an element cross sections with two-dimensional
airflow (wings, stabilisers, rotor blades). It is executed by
modules used for aerodynamic loads calculations and it
shares input data with them.

* The module ind_vel is used for the calculation of in-
duced velocity (Glauert method or dynamic inflow). It is
executed by modules used for calculations of rotor aero-
dynamic loads (Fap_ Map and dFac_dMac modules). It
shares input data with them. Output data are transformed
both to the rotor hub coordinate systems and the aircraft
coordinate system.

* The module delta_Wi is used for the calculation of the
air velocity. It is executed by modules used for aerody-
namic loads calculations and it shares input data with
them. Results of calculations taken place in this module
are transformed to coordinate system of an airfoil local
inflow.

* The module transfer F_M for the calculation of the po-
sition of in main coordinate system and the transfer of
data from local to main system of coordinates.

There are also some additional short modules used for
often repeated calculations, e.g. vector multiplications,
transformation matrices of coordinate systems.

The derivation of equations of motion takes place in the
main system of coordinates fixed to the fuselage by sum-
ming loads acting on all elements of a vehicle.

Outputs of first six modules calculating inertia, gravity
and aerodynamic/hydrodynamic loads acting on whole ele-
ments given in the main, ,,fuselage” system of coordinates
are used directly in the derivation of equations of motion.
Next five modules act as additional functions used by first
six modules or independently as modules calculating atmos-
phere conditions and the attitude of tiltrotor and all its ele-
ments during the derivation of initial and actual step con-
ditions.

The computer program allows on ,,modular modelling” of
a vehicle dynamics. When the number of elements is modi-
fied by adding or removing some of them or by modifying
methods of calculation loads it is done by adding or
removing elements and transformation of their loads to the
main, ,,fuselage” system of coordinates.

TILTROTOR MODEL

The tiltrotor model investigated in this study was based
on V-22 Osprey aircraft. Due to the modular structure of the
software, it is possible to adjust the model to a tilt-wing, a par-
tly tilting wing or the other rotorcraft with different em-
pennage, wings, nacelles, etc.

The model of tiltrotor (Fig. 2) is composed of fuselage,
two wings with two trailing edge flaps at each of the wing,
nacelles mounted at the wings tips, rotors mounted in front
of nacelles and horizontal stabilizer with three flaps and two
vertical fins with one rudder mounted on each fin. All com-
ponents of the aircraft are rigid. The rotors have three blades
fixed to the shaft by pitch bearing. The pitch angles of rotor
blades are controlled by swash-plates for constant (collec-
tive) and harmonic (cyclic) components.
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Fig. 3. Aircraft systems of coordinates

The tiltrotor equations of motion are obtained in the air-
craft coordinate system O,x,y,z,, fixed to the fuselage (Fig.
3). The centre O, of the aircraft system is placed in the point,
where rotor shafts intersect with the fuselage plane of sym-
metry and this may be not a centre of gravity of the airplane.
The O,x, axis lies in the longitudinal symmetry plane of the
fuselage, parallel to the horizontal reference plane of the
aircraft and is directed ,,to the cockpit of aircraft”. The Opzp
axis lies in the longitudinal plane of symmetry of fuselage
and is directed, down to the undercarriage. The O, axis is
pointing right, while looking along the O,x, axis.

The two other systems of coordinates important for the
simulation of aircraft motion (Fig. 3) are ground coordinate
system O,x,y,Z, fixed to the ground and gravity coordinate
system Ogx;vsz related to the gravity acceleration.

The centre of ground coordinate system O, may be placed
in any selected point in space (for instance: a selected point
on the airfield). The aircraft motion is simulated from this
point. The ngg axis is vertical, it coincidences with the
direction of the Earth gravity acceleration and it is directed
along its positive value. The axis O,x, and Oy, lie in the
horizontal plane, i.e. the plane perpendicular to the direction
of gravity acceleration. The O,x, lies along local geogra-
phical meridian pointing north and the O,y, axis points east.

The gravity system of coordinates is used for describing
the position and the attitude of the aircraft. The axis of the
gravity system are parallel to the axis of ground coordina-
te system. The centre O of gravity system of coordina-
tes coincides with the centre of fuselage O,. The gravity
system is translated from the inertia system by the vector
Xo(1) = [x5(0), y(0), z(6)]T, which is the function of time.

The relation between the gravity and the aircraft system
of coordinates is described by Euler angles of rotation and
the relation between the coordinates in both systems is given
by equation:

X, =Aq (¥, O, D) xg )
where the rotation matrix A has the form:

cos'¥ cos© sin'¥ cos ©@ —sin®

A; =|cos¥sinOsin P —sin¥ cos® sin'¥sin Osin® +cos¥ cos®  cos Osin P 2)
cos ¥sin®@cos®@+sin¥sin®  sin'¥sin@cos®—cos¥sin® cosOcos P

The aircraft motion is described by the vector:

x=[v.Qx, 0] = 5
=[UV.W.PO.Rx, .,z ®.0,¥]

as the composition of four vectors describing:
translation velocity V =[U, V, W]T,
rotation (rates) Q = [P, O, R]7,
Euler angles written in vector form @ = (®, ©, W),
translation of the aircraft relative to the ground

Xo = [Xg Vg 2,11
EQUATION OF MOTION

The aircraft equations of motion are derived using
d’Alambert principle, summing up at the point O, all loads
(forces and moments) acting on the fuselage, wings, control
surfaces, nacelles, and rotors. The system of six equations of
motion is obtained, which may be grouped as two sub-
systems for forces and moments acting on fuselage and
wings (index p), two nacelles (indices n1, n2) and two rotors
(indices r1, r2):

Fp+Fnl+Fn2+Frl+Fr2:0 (4)
Mp+Mn1+Mn2+Mrl+Mr2:0 (5)

Each element of above equations consists of inertia, aero-
dynamic and gravity parts

Q) =[F» M()I"= Q) T Q()a + Qe (5a)

INERTIA LOADS

The expression for inertia loads obtained from the conser-
vation of momentum, which after performing some mathe-
matical manipulations, may be written in the matrix form:

Q,=LY +Q1Y, 6)
where: tilt-rotor state vector Y, = [U, V, W, P, O, R]" is
composed of components of aircraft translation velocity and
rates.

Inertia matrix has the form:

[ m ", 0 0 0 S, =S, ]
0 m, 0 -5, 0 S,
I - 0 0 m, w S, 0
0 =S p S w xp ~1 xp =1 xzp
SZP 0 _Sxp =1 xp 1 w =1 yzp (6a)
__S)p SXp 0 =1 xzp ~1 yzp I p |
and the velocity matrix is:
[0 -R O O 0 0]
R 0 P 0 0 0
Q - -0 P 0 0 0 0
? o -w v 0 -R Q
W 0 -U R 0 P (6b)
|-V U 0 -0 P 0]
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The expression (6) describes inertia loads acting on the
fuselage and on the parts of rotorcraft fixed to it, i.e. wings
and control surfaces.

Fig. 4. Nacelle coordinate systems

For the parts of aircraft rotating relative to the fuselage,
i.e. nacelles (Fig. 4) and rotors, the inertia loads are calcula-
ted as:

Q,, =L, (Y,+Y,)+(Q,+Q,)L,(Y,+Y,) ™

In (7) the inertia matrices of rotating elements are calcu-
lated in the fuselage system of coordinates.

Additional velocity matrices Q,, are added, containing in
general case rates and velocities of these elements relative to
the fuselage. In the tiltrotor case it has the form:

(m, 0 0 0 S, -S,]
0O m, 0 -5, 0 S
o 0 m, S, -S, 0
I = m ym xm
" 0 _SZWI S'V’ﬂ Ixnl _[X'V”l _Ixzm
SZ”I O - anl - ]x)/'ﬂ'l ym - I yvzm (7 a)
__S}rﬂ Svm O _Ixz)n _[) zm zm .
[0 -R, O, O 0 ]
m P’ﬂ - Pm O 0
0, 0 0 0 0
o |0
0 O 0 O - R’TI Qn'l
o o o &R o0 -p| O
(0 0o o -0, B 0

The nonlinear parts of equation (7) contain all accelera-
tions acting on the rotating elements including gyroscopic
effects.

GRAVITY LOADS

The gravity forces and moments are calculated in the cen-
tres of gravity of: fuselage and aircraft elements and tran-
sformed to the centre O, of the fuselage system of coordi-
nates. The vector of gravity acceleration in the gravity
system of coordinates has the components:

g=[0,0,¢g]" ()

It is rotated to the fuselage system of coordinates using
transformation:

g, =Aq(¥,0,D)¢g ©)

The masses of fuselage, wings and empennage are
accounted for together and the gravity loads of these parts of
the aircraft are calculated as fuselage gravity loads:

Fpg=my, g =m, Acg

M, =reg X F,,=rcgXm, Agg

(10a)
(10b)

where vector r; describes the position of C.G. of fusela-
ge/wings/empennage relative to O,,. The positions of C.G. of

other parts of airplane in the local systems of coordinates are
calculated as:

reg=r, A9, 6, Y)r,cq (11)

where:

r — vector of the element C.G. relative to the fuse-

n

lage centre,

A(@, 6, y)— general description of the matrix of rotation of
the local system of coordinates (fixed to the
element) relative to the fusclage system of
coordinates, it should be defined separately for
each rotating element of the tilt-rotor.

Y.cG — vector of the position of the CG of the element

in the local system of coordinates.

The gravity loads acting on the other aircraft elements are
transferred to the fuselage system of coordinates using for-
mulae:

an =m, gp =m, AGg (123)

M"g = [rn +A(¢’9’W)rnCG:|Xan =

(12b)
= [rn +A(¢,9,w)rﬂCG]anAGg

AERODYNAMICS LOADS

In the generic model, two methods of calculation of
quasi-steady aerodynamic loads are used: 2D model for
elongated elements composed of airfoils and 3D model for
solid bodies.

Two dimensional flow (Fig. 5) is used for wings, rotor
blades and horizontal and vertical stabilizers. For better
description some coordinate systems are introduced:

+ coordinate system of the mounting point of the element
Onxnyazns

* local airfoil coordinate systems O x,y,z,

+ coordinate system fixed to the airfoil aerodynamic centre
OuXaYaZacs

* coordinate system connected with geometrically twisted
airfoil O,oX,eV4eZagr

» coordinate system defined by the vector of motion speed
of local airfoil O,,x,, 3424

» coordinate system of local inflow of an airfoil Opxpyyzy.

A transformation of mentioned above coordinate systems
can be described as
Xy=r,Tr,t A, A, AyXy=r,+Tr,tA Xy
where A, = A, A,, Ay
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Fig. 5. Two-dimensional flow model

The elongated element is divided along the span for the
cross sections in which two dimensional flow is assumed. In
each cross section the instant, total flow velocity (Fig. 4) is
calculated as:

oAl Al
Vi, =AAT(VHQxr A WU +AW, ) (13)

taking into account velocities of:

a) motion of the fuselage and the aircraft elements in inertia
coordinate system,

b) motion of the air W due to wind, gusts, etc,

¢) inflow due rotors and wings.

A, () matrix is a substitute matrix describing rotations of
coordinate systems in airfoil (Fig. 5) from the system of the
mounting point of the element to the system of local velocity
inflow (A, = A, A,, A,p). Inflow due rotors and wings AW,

is calculated as:

AW, =k, (V+Qxr, —A;W+U,)) (14)

where k() - coefficient assumed for given element.

On rotor blades, rotor induced velocity Uy, obtained from
Glauert model is also taken into account calculating flow
velocity. Aerodynamic loads, assumed acting in the ,,aero-
dynamic centre” (AC) of the cross sections are calculated
using aerodynamic coefficients for the airfoil section obta-
ined for the actual airfoil angle of attack o« and deflection &
of flaps (if they exist) by a table look procedure. In the cross
sections, vectors of the acrodynamic forces and moments are
calculated in the flow coordinate system as:

dP=[dD,0,dL] , dM=[0,dM,0]' (15a)

where

drag  dD= % pe(y)V2C (0, 8)dy (15b)
lif dL = %pc(y)VazC_, (o0, 8)dy (150)
moment dM = %pc2 (y)yviC,, (o, 8)dy (15d)

The loads are transferred to the element local system of
coordinates, integrated along the span and transferred to the
fuselage system of coordinates.

VY Zc

Fig. 6. Three-dimensional airflow

Fuselage and nacelles (Fig. 6) are treated as three-dimen-
sional bodies. Aerodynamic loads, as in the 2D case, are cal-
culated in the centre of local, flow coordinate system:

1
P()a =EpArV2C()c (Ol,,B) (16a)

1 >

M, = By PARV"C,. (OC, ﬂ)
using local instant velocity V., = [U,, V,, W_]T in the body
aerodynamic centre. The angle of incidence o and angle of
slip B are calculated as:

(16b)

w
o =asin| —————+—/|,
| JUZ+V W]
r 17
B =asin 4 .
=a —_— .
JUZ+V?

and table look procedure is used for obtaining aerodynamic
coefficients. The loads are from the flow system of coor-
dinates are transformed to the element system of coordinates
using rotation matrix

—cosBcosa —sinf8 cosfsino
A, =|—sinfcosa cosf sinfsinx (18)
—sino 0 —cosa

Finally, as in 2D case, the loads are transformed from ele-
ment local system of coordinates to fuselage system of coor-
dinates.

DETAILS OF MODELLING TILTROTOR PARTS

Fuselage

The inertia loads acting on fuselage are calculated from
(6), gravity loads from (10) and the aerodynamic loads from
(16). The inertia matrix covers fuselage, wings and empen-
nage — elements fixed to the fuselage.

Wings

The tiltrotor wings have prescribed planform, twist and
airfoil distribution along the span. At each wing there are
two flaps (ailerons) controlled individually. Flap deflection
angles 8, = [0,11, 6,125 021> O,22]7 form part of control
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variables in the simulation of aircraft motion. The aero-
dynamic loads are calculated using 2D model. Induced velo-
cities of the rotors are included into velocity of wing airflow
calculated in the sections along the span.

Horizontal stabilizer

The horizontal stabilizer forms part of the empennage and
is mounted at the fuselage tail. There are three flaps (ele-
vators) at the trailing edge of the stabiliser, controlled indi-
vidually. The horizontal stabilizer may have arbitrary airfoil
shape and twist angle distribution along the span. The aero-
dynamic loads are calculated using 2D model. Influence of
the induced velocity of the rotors is taken into account in the
stabilizer sections along the stabilizer span with the time
delay due to the distance travelled from rotor to empennage.
The elevator deflection angles, written as a vector 8, =[5,

Oj2» O3] are part of the vector of control variables.
Vertical stabilizers

The vertical stabilizers are mounted at the tips of hori-
zontal stabilizer. There is one flap (rudder) at the trailing
edge of each of the two stabilizers, controlled individually.
The vertical stabilizers may have arbitrary airfoil shape and
twist angle distributions along the span. The aerodynamic
loads are calculated using 2D model. Influence of the
induced velocity of the rotors is taken into account in the
proper sections along the stabilizer span with the time delay
due to the distance travelled from rotor to empennage. The
rudder deflection angles 8, = [,;, 6,,]7 are part of the vector
of control variables.

Engine nacelles

The engine nacelles are placed at the tip of each wing.
They may rotate about axis perpendicular to the fuselage
plane of symmetry. The nacelles inertia loads are calculated
using expression (7) and gravity loads using expression (12).
Aerodynamic loads are calculated using 3D model. The
velocity of the airflow around the nacelles contains inflow
from rotors and component from rate due to rotation of
nacelles about fuselage axis. The angle of nacelle rotation 7
is included into the set of control variables.

Rotors

The axis of rotors rotation are perpendicular to the axis of
nacelle rotation relative to the fuselage. When the rotor axis
are in the horizontal position, the right rotor rotates clock-
wise, and the left counter clockwise looking from the rear of
fuselage. For inertia loads calculations, rotors are treated as
rotating discs and in hub system of coordinates the inertia
matrices have the form:

m

i

ri

(19)

©c o o o o
c o ool o
o o o § o o
o o o o o o
o o o o o o

L zri

Final form of inertia matrices of rotors (7a) results from
nacelle and rotors rotation about fuselage axis.

Each rotor has three blades mounted to the shaft by pitch
bearings. The pitch of the rotor blades is controlled by the
swash-plate, resulting in collective and periodic control in
the form:

0, =6, +06, cos(Qitan?nj)nLQZi sin(Q,tJrz?nj) (20)

The blades may have arbitrary planform, twist and airfoil
distribution along the span. The aerodynamic loads are cal-
culated using strip theory with quasisteady aerodynamic lo-
ads using table-look procedure for airfoils aerodynamic co-
efficient calculations (2D model described above). The
induced flow is calculated using Glauert model. The control
of rotor swash-plates may be written in the vector form
O=[0,;, Oy, O,;, O, Oy, O5,]7 containing the sub-set of
tiltrotor control variables.

The control vector of tiltrotor:

c=[t3,,5,.5,,0]

W

€2y
consists of (respectively) tilt angle of nacelles, angles of
deflection of ailerons, elevators and rudders, pitch control of
rotors, which is 16 control states. Rotor angular velocity is
assumed constant.

CALCULATION OF TRIM IN STEADY FLIGHT

Including inertia loads into general form of equations of
motion, the tiltrotor equations of motion have the form:

ni ~ ni ni~ni ~ ni

1pr+Qp1pr+i(1 Y, +Q 1Y )+

i=1

ri i il i

y LY +Q 1Y, )=
;( ’ ) (22)

2 2 2 2
=Q,, +2,Q,,+2.Q,+Q,,+3Q,, +2.Q,
i=1 i=1 i=l1 i=1

In the steady flight the accelerations are zero, and the
equations of motion are reduced to system of 6 algebraic
equations:

2 .
Q=-Q1Y, - ;(Im.Ym. +Q, 1Y, )-

nini " ni

2 2

_2 (Irini + QriIrini ) + ng + ZQm’g +

i=l1 i=

2 2 2
20, +Q, +2,Q,,+2Q,, =0
i=1 i=1 i=1 (23)
The equations of motion have the general form:

Q(v,.2,.9,15,.5,.5,0)=0 (24)

The values of trim controls in steady flight are calculated
using Levenberg-Marquardt method to minimise the total
loads (24) acting on tiltrotor. This approach [8] allows to
obtain the trim states for the cases when the number of cal-
culated trim parameters is arbitrary, i.e. less, equal or greater
than the number of equations of motion.

Minimizing the nonlinear functions numerically leads to
computing local minima, which may not be the real solution
of the trim from physical point of view. To avoid such cases,
the total loads acting on tiltrotor in steady flight were
monitored. The simulations of tiltrotor flight were done
using controls calculated in trim procedure to prove that pa-
rameters obtained by minimisation method were correct.
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DATA FOR SIMULATION

The aim of simulation performed in this study was to
check the validity of the model and to get insight into tiltrotor
behaviour in the trimmed state. Data of V-22 were used in
simulation. The part of the design data was taken from open
literature (eg. [7, 12]). For parameters with no available data,
the values were assumed as for the parts of similar aircraft [§]
(Fig. 1). The base dimensions of simulated tiltrotor are shown
in Fig. 7 [7] and given in Table 1.

Internal Cabin:
5,52 ft {1.8 m) widlth x 6.0 f (1.82 m) height x 24.17 1 {7.37 m) length

33 it
5 m)

Fig. 7. Dimensions of V-22

Tab. 1. Tiltrotor data

Rotor System

Number of blades 3
Blades tip speed m/s (fps) 201,75 (661,90}
Diameter m (ft} 11,58 (38,00)

; 2 42 210,70
Disc area m*, {ft") (2 268,00)
Weights

15 032
Take off kg {Ibs) (33 140)
Bimensions
1748

Length, fuselage m (ft) (57,33)
:N'd.th’ rotors m (ft) 25,55 (83,33)
urning
Width, horizontal
stabilizer m (1) 561(18,42)
Height, nacelles
fully vertical m (ft) 6,63 (21,76)
Height, vertical
stabilizer m (ft) 5,38 (17.65)

RESULTS OF SIMULATIONS

Before the simulation of the complete tiltrotor motion, se-
parate modules and complete code were debugged Next for
the tiltrotor data the results of simplified cases were checked
for consistency with the proper reactions on the input. For
instance, analysis of the influence of each control surfaces
[8, 9] on tiltrotor flight was done for the selected flight pha-
ses [11]. The tiltrotor flight simulations were done for three
tiltrotor flight modes: helicopter, airplane and conversion.

The longitudinal, symmetrical cases of flight are presen-
ted in this paper. The side V velocity, angular velocities P,
0O, R roll @ and yaw ¥ angles and the rudder deflection
angles 8, = 6,; = §,, were assumed zero. The same values

were assumed for the deflection of wing flaps 8,,= 8,,,;, 0,12 =
= 8,21 = 0,2, angles of elevators 6, = §,; = &, = §;; and
collective control of rotor pitch @, = 6,, = ©,, for flaps on
wings and elevator. The longitudinal cyclic control of rotor
was assumed symmetrical and ®, = O, = 6, and the lateral
cyclic control unsymmetrical @2 = 6,, =-6.

During trim calculations for assumed values of forward U
and vertical W flight velocities, the tiltrotor pitch angle O,
deflection of flaps on wing §,, and elevators 8,, collective ©,
and cyclic ©, pitch of rotor blades and the nacelle tilt angle
T were computed.

The airplane, conversion and helicopter modes of tiltrotor
flight were considered. The results of steady flight in air-
plane mode (horizontal with vertical climb) are given in Fig.
8+11. The forward flight velocity was changed within the
range U = 10+180 m/s, and the vertical velocity was chan-
ged within the range W = -20+20 m/s.
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Fig. 8. Deflection of flaps
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Fig. 9. Deflection of elevators
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Fig. 11. Tilt angle of nacelles

The tiltrotor pitch angle obtained from simulations was
equal 0 for assumed flight conditions, so it is not presented in
graphs. Calculated deflection angles of wing flaps (Fig. 8) and
elevators (Fig. 9) do not exceed the values of available control
surface deflections of V-22. Collective control of rotor (Fig.
10) is almost proportional to forward speed. When forward
speed is low (below 60 m/s) minimal tilt angle of nacelles
(Fig. 11) assuring proper values of lift is about 70°. The def-
lection of wing flaps is maximum for low forward speed, to
balance the inclination of lift from rotors. The deflection of
elevators is maximal, when aircraft is in a conversion mode,
because of the necessity to provide proper tiltrotor pitch mo-
ment. It has the maximum value when the conversion stops
and the rotor axis are in the horizontal position.

Steady forward flight with vertical climb
in conversion mode

In conversion mode, steady forward flight with vertical
climb velocity with possibility of nacelle tilt angle deflection
was simulated. The forward flight velocity was changed
within the range U = 20180 m/s.
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Fig. 15. Tilt angle of nacelles

As in the previous case, the values of calculated deflec-
tion angles of wing flaps (Fig. 12) and elevators (Fig. 13) do
not exceed the values of available control for V-22. Col-
lective pitch of rotor is approximately proportional to for-
ward speed. The deflection of wing flaps (Fig. 12) is maxi-
mum for low forward speed. When forward speed is low
minimum tilt angle of nacelles (Fig. 15) is about 55° assu-
ring the proper aerodynamic lift. It becomes smaller (about
43°) when forward speed increases.

Steady forward flight with vertical climb
in helicopter mode

In helicopter mode, steady forward flight with vertical
climb with nacelles tilt angle 90° was simulated. The for-
ward flight velocity was changed within the range U =
=-70+70 m/s. The vertical velocity was changed within the
range W =-20+20 m/s.
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Fig. 16. Deflection of flaps
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Fig. 17. Deflection of elevators
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Fig. 19. Cyclic control (longitudinal)

For assumed steady flight conditions the negligible small
value of pitch angle of tiltrotor was obtained. Collective
control of rotor swash-plates (Fig. 18) increases with the
increase of vertical speed. Cyclic control of rotor pitch (Fig.
19) varies in the opposite way: when vertical speed increases
the pitch angle of tiltrotor is also stabilized. Values of incli-
nation angles of wing flaps (Fig. 16) and elevators (Fig. 17)
obtained in calculations do not exceed available values for
V-22. In the range of negative forward speed the influence of
flap deflection on tiltrotor motion is not substantial, but it
becomes noticeable at positive forward speed greater than
10+20 m/s. The sign of deflection of control surfaces de-
pends on the direction of vertical speed.

SIDE FLIGHT IN HELICOPTER MODE

In the side flight in helicopter mode the forward flight
velocity was changed within the range U = -70+70 m/s, and
the side flight velocity was changed within the range V =
= -20+20 m/s. The tiltrotor vertical velocity W = 0. Pitch
lateral cyclic control was symmetrical @, = ,, = O,, and
longitudinal cyclic control - unsymmetrical @, = @, =-0,,.
Aircraft pitch and yaw angles, pitch and yaw rates and both
rudder deflections were assumed zero.

From equilibrium conditions roll angle of tiltrotor @,
inclination angles of wing flaps 8,,= 8,11, 6,,12 = 6,21 = 6,22
inclination angles of elevators 8, = §,; = ), = &3, collective
control of rotor swash-plate @, = 6, = O, were calculated.
The results are shown in Fig. 20+23.
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Fig. 20. Deflection of flaps
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Fig. 23. Roll angle of tiltrotor

In this flight conditions the tiltrotor roll angle depends on
side velocity. The deflections of flaps and elevators are
small. The value of cyclic pitch control depends on the value
of side speed, and its sign.

STABILITY AND CONTROLLABILITY

The tiltrotor equations of motion for stability analysis are
linearized numerically with respect to state and control
variables for given trim values. This allows analyzing the
values of control matrix and calculation of eigenvalues and
eigenvectors for stability analysis. This option of model
analysis allows to investigate the stability and controllability
of the aircraft.

For the assumed tiltrotor design data, both stability and
controllability analysis was made for whole forward speed
range of tiltrotor. In range of velocity considered the com-
plex eigenvalues with negative real parts were obtained only
in low velocity of forward flight (from 60 to 70 m/s), when
conversion mode occurs. In other forward speed real,
negative values of eigenvalues were obtained. These results
show that in the steady flight, the aircraft is stable in the
whole range of flight velocities.

Analysing the control matrix it may be stated, that the
control variables influence the loads related to them with
minor cross coupling effects. For airplane mode this is sum-
marized in Table 2.
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Tab. 2. Controllability analysis in airplane mode

Loads Control elements
a:’qup;z:ir;e transition helicopter mode
rotor nacelles tilt angle rotor longitudinal
F. collective rotor collective eyclic pit%h
pitch pitch
F, ;F:tt::;’ i’y(;ii rudders, (n_o _ rotoy Iat‘eral
pitch) lateral cyclic pitch) | eyclic pitch
flaps,
elevators flaps, nacelles tilt,
{not used . .
F nacelles tilt rgtor collective rqtor collective
z | piteh, elevators pitch
nor longi- {smaller influence)
tudinal cyclic
pitch)
flaps,
elevators, deflection of flaps, .
M, | rotor rotor collective asym rqetng rotor
. collective pitch
collective control
pitch
elevators,
(rotor deflection of rotor longitudinal
M, | longitudinal | elevators, rotor cyclic pitch
cyclic pitch collective control | (symmetric)
not used)
rotor rotor collective
M collective rotor callective pitch
pitch, pitch, rudders rotor longitudinal
rudders cyclic pitch

RESULTS OF NUMERICAL FLIGHT SIMULATIONS

For the calculated steady flight parameters, the simula-
tions of flight were carried out to check their accuracy. The
steady flight in the airplane mode was simulated for: U =
=180m/s, V=W=P=Q=R=0,d=0=Y¥ =0 and trim
parameters obtained from calculations:

Deflection of wing flaps 8, = -6.75°, elevators 3, = 7.23°
and collective pitch of rotor @ =45.91°.

Tiltrotor rotor displacements are presented: in Fig. 24 —
horizontal and in Fig. 25 — vertical. The variations of attitude
angles were very small (below 0.1°).
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Fig. 24. Horizontal displacement in airplane mode
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Fig. 25. Vertical displacement in airplane mode

It may be seen that during a 1800 m distance the flight
altitude decreased by about 0.1 m and side translation was
about 0.1 m to the left. These values are attributed to nume-
rical errors in calculating trim values. Similar results were
obtained in transition and helicopter modes.

CONCLUSIONS

The tiltrotor computer model was developed for flight
simulation, trim stability and control analysis. The model is
constructed of rigid elements: fuselage, wings, empennage,
rotors, but due to modularity of the code this assumptions
may be easily released. The designed parameters of V-22
tiltrotor were used for simulations. Some data of tiltrotor had
to be assumed, and there was no possibility to compare
results of numerical simulations and flight data. From the
results of calculations performed it may be concluded, that
the model of tiltrotor developed during this research works
properly.

A tiltrotor is a complex rotorcraft, and several simplifying
assumptions were applied. They may be released adjusting
model for specific needs of particular helicopter.
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ZASTOSOWANIE OGOLNEGO MODELU
OBIEKTU RUCHOMEGO DO ANALIZY
STATECZNOSCI TILTROTORA

Streszczenie

Opracowano symulacyjny model statku powietrznego ty-
pu tiltrotor dla potrzeb analizy osiagdw, stabilnosci i stero-
wania oraz symulacji lotu. Model wiroplata zlozony jest
z kadtuba, skrzydet, usterzenia ogonowego, gondoli silniko-
wych i wirnikéw. Réwnania ruchu zostaty uzyskane z sumo-
wania obciazen bezwladnosci, grawitacyjnych i aerodynam-
icznych dziatajacych na kazdy element statku powietrznego.
Obciazenia aerodynamiczne skrzydet, statecznikow i topat
wirnikow zostaty obliczone z zastosowaniem quasistacjo-
narnego modelu optywu. Do wyznaczania predkosci indu-
kowanej wirnikow zastosowano model Glauerta. Wplyw
na-czany z wykorzystaniem aktualnej wartosci predkosci
indukowanej. Program do modelowania wiroptata zostat
opracowany w $rodowisku MatLab. Program ztozony jest
z modulow shuzacych do obliczen obciazen poszczegdlnych
elementow wiroptata, ktére wykorzystywane sa rowniez do
wyznaczania warunkéw standéw ustalonych, statecznos$ci
i macierzy sterowania. Podczas pierwszego etapu badan
wyznaczono warunki lotu ustalonego wiroptata typu tiltrotor
w réznych konfiguracjach co pozwolito zbada¢ zachowanie
i potwierdzi¢ poprawno$¢ modelu.

M. Muinep, . HapkeBuu

[IPUMEHEHUE OBIIEN MOJIEJIN
MOBUJIbHOTO OBBEKTA JIJISI AHAJIM3A
YCTAMYMBOCTMU TILTROTORA

Pestome

Paspo6oTaa WUMUTAIMOHHAST MOJETb BO3LYIIHOTO
cyaHa tuma tiltrotor nys aHaIM3a XapaKkTEePUCTUK, yCTaii-
YUBOCTHU W YIIPABJICHUS a TaKyKe UMUTAIUH TToJieTa. Mo-
JieJib  BUHTOKDBIIA COCTOUT M3 (pro3esaxka, KPBLIbEB,
XBOCTOBOTO OTIEPEHUS], MOTOTOH/ION W BWHTOB. ¥YPaB-
HEHUS [IBUKEHUS TOJYYeHbl CYMMHUPOBAaHWEM WHEP-
[IUATTBHBIX, TPABUTAIMOHHBIX W a9POJAMHAMUYECKUX Ha-
TPY30K JIEHCTBYIOMNX Ha KaXK/ABIH 3JIeMEHT BO3/[yTITHOTO
cyaHa. A3poJiIvHAMIYECKUe HATPY3KU KPBLIbEB, CTAOUIIN-
3aTOpa M KWJIS U JIOTACTell BUHTOB PACCUNTAHBI C TIPH-
MeHEHMeM KBa3UCTallMOHapHON Mojeau oOTekanus. [y
orpefieieHNsT WHIYKTUBHOW CKOPOCTA BWHTOB IpHUMe-
Hena Mozesb Gluerta. BaustHue HaruibiBa 3a BAHTOM Ha
KPBLIbsl, CTAOMIN3aTOP U KWJIb OMPENEJIEHO C UCTIOJIb-
30BaHMEM aKTyaJbHOW BeJIWYMHBI WHIYKTUBHOU CKO-
poctu. IIporpamma s MOAEIUPOBAHUS BUHTOKPBLIA
paspaborana B cpege MatLab. ITporpamma coctouT 13
MO[yJIeH JITTsT PACYETOB HATPY30K OTAEIbHBIX 3JIEMEHTOB
BUHTOKPBIJIA, KOTOPBIE MCIIOIB3YIOTCS TakKe J7IsT oTpe-
JIeJIeHNsT YCJIOBUH YCTAaHOBUBIITUXCS COCTOSTHUH, YCTOM-
YUBOCTU W MATPUIIBI yTpaBJieHus. Bo BpeMs TepBOTO
aTara WCCIETOBAHUN OIpe/IeIeHbl YCJIOBUS YCTAHOBH-
BIIIETOCS TOJIETa BUHTOKPBLIA TUMA tiltrotor B pasHbIX
KOH(UTYpaIHsX, 4TO AAJI0 BO3MOKHOCTH MCCJIENOBATDH
MTOBEepPEHUE U TMOJITBEPAUTD MTPABUILHOCTD MOJIEJTH.
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