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SIMULATION OF TILTROTOR MOTION

Marek Miller, Janusz Narkiewicz
Warsaw University of Technology
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Abstract

A computer model of a tiltrotor is under
development for calculating performance and
simulating control behaviour. A generic
approach is assumed in the model building. An
aircraft is composed of rigid elements:
fuselage, wings, engine nacelles and rotors on
which inertia, gravity and aerodynamic loads
are calculated. In the paper the details of
derivation of equation of motion and
preliminary simulation results are presented.

Nomenclature

Indexes

a — aerodynamic, b — inertia, f— fuselage,

g, G — gravity, h — horizontal stabilizer,

i — inertia,

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

element (wing, nacelle, rotor) on left
side of aircraft

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

=2 —

m— aerodynamic moment, moving
element, mass,

n- nacelle,

p- aircraft, fuselage,

r— rotor

Matrices and Vectors

A - rotation matrix of moving element,

A, - aircraft rotation matrix,

A, - velocity matrix,

I - inertia matrix of x-th element,

K, - angular momentum of x-th element,

Q,, - y-thloads of x-th element,
QXy = [FX.V’MX.V !

V - vector of linear speed in O,x,y,z,,
v=[u,ywl,

V, - motion speed of section,

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

X - vector of aircraft motion

Y, - state vector of x-th element

g - vector of gravity acceleration

g, -  vector of gravity acceleration in
Ol’xpyl’z[’

re; - positionof C.G.in O,x,y,z,,

r,.; - position of C.G. in moving element
coordinate system,

r, - position of moving element coordinate
systemin O x,y,z,,

Q - vector of angular speed in O,x,y,z,,
Q=[P.0.R[",

Q - vector of linear and angular speed of
x-th element

® - Euler's angles described in O, as a

vector, ® =[®,0,¥] ,

Scalars, constants
A - characteristic area,

C, (e, 6) - drag coefficient,

C.(a,8)- lift coefficient,

C,,(@.5)- the coefficient of aerodynamic
moment,

C.(a,8) - drag coefficient,

C,.(e.0) - side force coefficient,

C..(a,6) - lift coefficient,

C,..(a,6) - coefficient of aerodynamic bank
moment,

C,,.(a,8) - coefficient of aerodynamic slope
moment,

C,..(a,d) - coefficient of aerodynamic yaw
moment,

R - characteristic length,

V. - the module of motion speed of

section ¥V, =

th
chord (characteristic dimension),

(v)-

o

g - gravity acceleration,

m, - mass of x-th element,

o - the angle of attack

o - the angle of inclination of steering
element

P - the thickness of air

Introduction

Despite the expanding interest in development
and applications of tilt-rotor aircraft, there are
not many new available papers presenting
comprehensive tilt-rotor modelling and
simulation. [1, 2, 3]. At Warsaw University of
Technology, a computer model of tiltrotor is
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under development for analysis of stability and
control in various flight conditions.

To construct the computer model of a tilt-rotor,
the generic model of mobile objects developed
in WUT is used.

The purpose of development of generic model
of mobile objects was to simplify deriving and
programming equations of motion of various
air, water and land vehicles. This approach
allows to obtain computer models of various
vehicles in fast and easy way.

The background for the general approach
forms the fact that on the vehicles considered
the same type of loads: inertia, gravity and
aerodynamic act. In the local coordinate
systems these loads are described by the
similar formulae.

The model of the vehicle consists of the base
part (“fuselage”) to which the other parts are
fixed or may rotate and/or translate. In this
paper the elements of the vehicle are assumed
to be rigid, although the approach may be
applied also to vehicles with elastic parts. The
damping forces may also be included into
analysis.

Equations of motion are composed in the main
system of coordinate fixed to the fuselage by
adding all loads acting on all elements
transformed from the local systems of
coordinates fixed to each element.

The computer program is developed in the
same way, by using predefined subroutines for
each type of loads and the transformations of
system of coordinates. It is easy to change the
number of elements of model by increasing or
decreasing the number of elements.

There are also some subroutines which
perform other frequently needed operations as
calculations of: inertia matrices, flow velocities
in different coordinate systems and places of
the vehicle, angles of attack, table—look
procedures for searching aerodynamic
coefficients etc.

Due to the approach used, despite that the
aircraft configuration assumed for model
construction is based on V-22 Osprey aircraft,
there is a possibility of adjustment the model to
other tilt-rotor concepts.

Tilt rotor model

The tiltrotor model (Fig.1) is composed of
fuselage, two wings each with two trailing edge
flaps, nacelles with rotors mounted at the wing
tips, horizontal stabilizer composed of three
parts and two vertical fins each with one
rudder. The rotors have three blades fixed to
the shaft with pitch hinges only. All
components of the aircraft are modelled as
rigid bodies.

Fig. 1. Configuration of the tiltrotor

The loads acting on each of these elements
are described in the subsequent parts of the
paper.

X
9 o

Fig. 2. Base systems of coordinates

The tiltrotor equations of motion are derived in
the coordinate system O,x,y,z, fixed to the

fuselage of the aircraft (Fig. 2). The centre O,

of the system is placed in the connection point
of rotor shafts in the fuselage plane of
symmetry. The O,x, axis lies in the

longitudinal plane of symmetry of fuselage,
parallel to the assembly (horizontal) plane of
the aircraft and is directed "to the cockpit of

aircraft”. The O,z, axis lies in the longitudinal

plane of symmetry of fuselage and is directed,
down to the undercarriage. The 0,7, axis is

pointing right, while looking along the O, x,

axis.

The two other important for the simulation of
aircraft motion systems of coordinates (Fig. 2)
are inertia coordinate system O,x,y,z, related

to the ground and gravity coordinate system
O,x.y.2; related to the gravity acceleration.
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The centre of inertia coordinate system O,

may be placed in any selected point on surface
of the ground (for instance it can be a selected
point on the runway). The aircraft motion will
be measured from this point. The O,z, axis is
vertical, lies along the Earth gravity
acceleration and is directed according to its
positive sign. Axis O,x, and O,y, lie in
horizontal plane. The direction of O,x, axis is
placed in local geographical meridian, pointing
north, and the O, y, axis points east.

The centre O, of gravity system of
coordinates is the same as the centre of
fuselage O, and the axis of the system are

parallel to the axis of inertia coordinate system
when the motion of aircraft starts.
The gravity coordinate system is translated to
the inertia system by the vector x(¢); the
relation between coordinates has the form:
xG=xG(t)+xg (1)

where the x,(t)=[x.(t).y,().z. ()] is the
function of time and describes translation of
the tiltrotor.
The relation between the gravity and the
aircraft systems of coordinates is described by
Euler angles of rotation and has the form:

X, :AG(‘I’,G,(I))XG (2)
where the rotation matrix has the form:

cos¥ cos©® sin'¥ cos® —sin@®

A, =|cos'Vsin@sin® —sin'¥cos® sin'¥sinOsin® +cos'¥cos® cosOsind

cos'PsinOcos® +sin¥sin®  sin'¥sin@cos® —cos¥sin® cosOcosP

)

The aircraft motion is described by the vector:
X=[U,7,W,P,0.R x,,7,,2,,®,0,%] (4)

obtained as the composition of four vectors,
used in the description of aircraft motion:

X=[V,Q,xg,q)]T (5)
where: V =[U,r, ], @=[P,0,R],
X :[xg’yg’zg]r’ D= [CD:@:\P]T

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 equations
of motion has the general form:

F,+F,+F,+F, +F,=0 (6)
M, +M, +M,+M, +M,, =0 (7)
Inertia loads
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The inertia loads are obtained from the
momentum conservation according to the

formulae:
pr=mp%zmp(aa—\;+9xV+erm+Q><(Q><rm)j
(8a)
dK oK av
= dtp = Btp +Q><Kp+rCG><mpz (8b)

After performing some mathematical
manipulations, these equations are written in
the matrix form:

Q,=1Y, +Q 1Y, (9)
where: the state vector is
T
Y, =[U.V,w,P,0,R]
inertia matrix has the form

[m, 0 0 0o S, -S,]
0 m, 0 =S, 0 S,
0 o m, S, -8, 0 (9a)
b= 0 “Su Sy Ly =1y —1y
S 0 =8, -1, 1, -1,
-S, S, o I, -1, I, |

and the velocity matrix is obtained as:
[0 -R 0 0 0 O]

R 0 P 0 0 0
-0 P 0 0 0 0

Q, = © (9b)
0 -W Vv 0 -R Q
w 0 -U R 0 P

-y u 0 -0 P 0]
The expression (9) describes inertia loads
acting on the fuselage and on the parts of
airplane fixed to it, i.e. wings and control
surfaces.

Fig.3. Nacelle coordinate systemzs/

For the parts of aircraft rotating relative to the
fuselage: nacelles (Fig. 3) and rotors, the
inertia loads are calculated using (8) as:
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Q,, =Im(Yp +Ym)+(9p +Qm)lm(Yp +Ym)

(10)
where: the inertia matrices for these elements

are calculated in fuselage system of
coordinates:
m, 0 0 o S, -S,
0 m, 0 -S., 0 S
Lo 0 om o8, =S, 0
! 0 =S, S, P
S zm 0 -S xm I xym I ym -1 yzm
S S 0 L, 1., L,
(10a)

and additional velocity matrices are added due
to rotation of these elements (and in general
case also velocities) relative to the fuselage:

0 -R, 0, 0 0 0
R, 0 P, 0 0 0
o |70 B0 0 0 0| (10b)
o -w, 7V, 0 -Rr, O,
w0 -U, R, 0 P
-v, U, 0 -0, P 0|
vy, =[v,.v,.w,P,.0,.R,| (10c)

Gravity Loads

The gravity force is calculated in the centres of
gravity of: fuselage and other aircraft elements
and transformed to the centre O, of the

fuselage system of coordinates. The vector of
gravity acceleration:
g=[00¢f (11)
is rotated to the fuselage system of
coordinates using transformation:
g,=A,(¥,0,0) (12)
The masses of fuselage, wings and stabilizers
are calculated together and gravity loads of
these parts of aircraft are calculated as:
F,,=m,g, =m,A;g (13a)
(13b)
where r.. is the position of fuselage C.G.
relative to O, .
The position of C.G. of other parts of airplane
is described by the vector:
reo =1, + A, B, )6 (14)
and the gravity loads acting on other elements
are transferred to the fuselage system of
coordinates using formulae:
an = mngp = mnAGg

M, =[r, + A, B.))r, |XF,, =
= [rn + A(“’ ﬂ’ y)rnCG ]X [mnAGg]

Mpg =TIcg prg =T ><mpAGg

(15a)

(15b)

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

On wings, rotor blades, horizontal and vertical
stabilizers two dimensional flow is assumed
(Fig. 4).

Fig. 4. Two-dimensional flow model

In each cross section along the span the
instant, total flow velocity (Fig. 4) is calculated,
taking into account velocities of:

a) airfoil motion resulting form motion of the
fuselage and the aircraft elements in inertia
coordinate system

b) air motion due to wind, gusts, etc

c) airfoil (rotor) induced velocity,

d) inflow due rotors.

Aerodynamic loads in each section AC are
calculated using airfoil aerodynamic
coefficients resulting from table look procedure
for airfoil angle of attack a and flap (if exists)
deflection J. In the cross section the
aerodynamic force and moment vectors are
calculated as:

dP =[dD,0,dL] aM =0, dM , 0] (16a)
where

drag  dD =1 pelyVC. (@ Sy (16b)
it dL= % oy 2C. (e, 5)dy (160)

-
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moment szépcz(y)Vaszy(aﬁ)dy (16d)

The loads (16) are integrated along the span
and transferred to the fuselage system of
coordinates:

Zc1
\

Fig. 5. Three-dimensional airflow

Fuselage and nacelles (Fig.5) are treated as
three-dimensional bodies. Aerodynamics loads
are calculated using local instant velocity
v, =[Uu,,v,,w.]'in the body aerodynamic
centre. The angle of incidence a and angle of
slip S are calculated as:

. w., V.

o = asin| —————— =asin| ——-——
(17)

and table look procedure for aerodynamic

coefficients is used.

Aerodynamic loads in the centre of coordinate

system are calculated in the flow coordinate

system first

1
f)()a =EpAIV2C()C(a’ﬂ) (18)

1
M()a = EpArRrVZCm()c (a7 ﬂ)

and then transformed to the body local
coordinate system using rotation matrix
—cosffcosx —sin S cos fsine
A, =|-sinffcosx cosf sinfsina (19)
—sino 0 —cosa

As in 2D case the loads are transformed from
body local system of coordinates to the point
0, of the fuselage.

Details of loads modelling

Fuselage
The inertia loads acting on fuselage are

calculated from (9), gravity loads from (11) and
the aerodynamic loads from (18).

Wings
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The tiltrotor wings have prescribed planform,
twist and airfoil distribution along the span.
Inertia and gravity loads of wings are included
into loads calculated for fuselage by including
their mass and inertia into fuselage inertia
matrix. At each wing there are two flaps
(ailerons) controlled individually. Flap angles of
deflection are control variables in aircraft
motion simulation. The aerodynamic loads are
calculated using 2D model. Induced velocity of
the rotors is included into wing airflow velocity
in the proper sections along the span.

Horizontal stabilizer

The horizontal stabilizer is mounted at the
fuselage tail. There are three flaps (elevators)
at the trailing edge of the stabiliser, individually
controlled. The horizontal stabilizer may have
arbitrary  airfoil shape and twist angle
distributions along the span. Inertia and gravity
loads on horizontal stabilizer are included into
fuselage loads calculation by including their
mass and inertia into fuselage inertia matrix.
The aerodynamic loads are calculated using
2D model. Induced velocity of the rotors and
the time delay is included into stabilizer airflow
velocity in the proper sections along the span.

Vertical stabilizers

The vertical stabilizers are mounted at the tips
of horizontal stabilizer. There is one flap
(rudder) at the trailing edge of each of the
stabilisers, individually controlled. The vertical
stabilizers may have arbitrary airfoil shape and
twist angle distributions along the span. Inertia
and gravity loads of vertical stabilizer are
included into fuselage loads including their
mass and inertia into fuselage inertia matrix.
The aerodynamic loads are calculated using
2D model. Induced velocity of the rotors and
wings and the time delay is included into
stabilizer airflow velocity calculations in the
proper sections along the span.

Engine Nacelles

Nacelles are placed at the tip of each wing.
They may rotate about axis perpendicular to
the fuselage plane of symmetry. The inertia
loads are calculated using (11), gravity using
(15). Aerodynamic loads are calculating
according to 3D model (18). The velocity of the
airflow around the nacelles contains inflow
from rotors and rotation of nacelles about
fuselage axis.

Rotors.

Rotor rotation axis is perpendicular to the axis
of nacelle rotation with respect to the fuselage.
Looking from the rear art of fuselage, when the
rotor axis are in horizontal position, right rotor

-
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rotates clockwise, and the left counter
clockwise. For inertia load calculations the
rotors are treated as rotating discs. Each rotor
has three blades mounted to the shaft by pitch
hinges. The pitch of the rotor blades is
controlled by the swash-plate, resulting in
collective and periodic control.

6,=6,+06, cos(Qit + 2;]) +06,, sin(Qit + 2;])

The blades may have arbitrary planform and
twist along the span.

The aerodynamic loads are calculated using
strip theory, with quasisteady aerodynamic
loads using table-look procedure for airfoils
aerodynamic coefficient calculations.

The induced flow is calculated using three
state dynamic inflow model.

Data for simulation

Data used for simulation of tiltrotor motion
were taken from open literature [4] for V-22
Osprey. If no information was available, the
values of design parameters were assumed by
analogy to similar parts of other aircraft. The
base dimensions are given in Fig. 6. The data
taken into the simulation of tiltrotor motion are
given in Table 1.

JIV
i 1Tftl11.[][] in

A
.—J21 #7.56 in

——57 1t 3.96 in ——
Fig. 6. Dimensions of V-22

Table 1. Tiltrotor data

i <

> M S

Weights

Takeoff | Ibs (kg) | 33,140 (15,032)
Dimensions

Length, fuselage ft (m) | 57.33 (17.48)
Width, rotors turning | ft (m) | 83.33 (25.55)
Width, horizontal ft (m) | 18.42 (5.61)
stabilizer

Height, nacelles fully | ft (m) | 21.76 (6.63)
vertical

Height, vertical ft (m) | 17.65 (5.38)
stabilizer

Preliminary results of numerical simulations
The model is designed performance and flying
qualities evaluation in various flight conditions.
The numerical simulations are in the progress.
The isolated rotor loads were calculated as
functions of pitch control. The collective (Fig. 7)
and cyclic pitch (Fig. 8-11) were applied giving
the rotor loads reaction to control according to
physical understanding of the phenomena.

The rotor loads due to lateral cyclic control is
shown in (Fig. 8-9) and due to longitudinal in
(Fig. 10-11).

CTi
&
o

—a—CT1 ——CT2

0; [ded]

Yaw Moment

| —=—CMz1 ——CMz2 |

;o [deg]

Fig. 7. Rotor loads due to collective control —
no forward velocity

Rotor System

Blades per hub 3

Tip speed fps (mps) | 661.90 (201.75)
Diameter ft (m) 38.00 (11.58)
Blade area ft2 (m2) 261.52 (24.30)
Disc area ft2, (m2) | 2,268.00 (210.70)
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Side Force
O-0006

U;0uvuo

—=—CY1 ——CY2| 0,1 [deg]

Cri

N |©

|—a—CT1 ——cCT

i1 [deg]

Fig. 8. Rotor loads due to lateral control — no
forward velocity

Pitch Moment

—8—CMy1 ——CMy2 | 8, [deg]

Yaw Moment
O-0006.

| —8—CMz1 ——CMz2 |

6i1 [ded]

Fig. 9.. Rotor loads due to lateral control — no
forward velocity
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X-Axis Force
0,0006
30
0,0006
—=—CX1 —+—Cx2 | 02 [deg]
Lift
: —8 : :
30 20 19 002 ¢ 10 20 30
-0,004 -
& 6,006
0,012
|—=—CT1 ——CT2] 8, [deg]

no forward velocity

Fig. 10. Forces in Longitudinal Cyclic Control

Roll Moment

Cwmxi
(I 3
o

—= CMx1 —+— CMx2 ‘

0i2 [deg]

Yaw Moment

| —8—CMz1 ——CMz2 |

6;; [ded]

Fig. 11. Moments in Longitudinal Cyclic Control

— no forward velocity
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Vertical take off in helicopter mode was
calculated as the function of collective control.
Data taken into the simulation of vertical take
off were given in Table 1 and Table 2. In Fig.
12 the vertical displacement from the
simulation of that manoeuvre is presented.
Displacement in y axis was omitted because of
its very small values (5.0e-6) of translations.

Table 2 Data for simulation of vertical take off

i <

Engine nacelle position deg 90°

Rotor speed rad/s | 33

Flaps (2 x 2) deg 0°
Elevators (3) deg 0°
Rudders (2) deg 0°

Blade pitch angle deg 0°, 5°, 10°

Vertical Take Off, Helicopter Mode

4
/

5

[d%]

zg [m]

I~
4
4
4
B
%4
2
4
I~
I
2
z
I~
4
1
T

—s—(0deg —*—5deg —— 10 deg Xg [mM]

Fig. 12. Vertical Take Off in Helicopter Mode

Horizontal flight in aircraft mode was calculated
as the function of blade collective control. Data
taken into the simulation of horizontal flight are
given in Table 1 and Table 3. In Fig. 13 data
from the simulation of horizontal flight are
presented. Displacement in y axis was omitted
because of its very small values (5.0e-6).

Table 3. Data for simulation of horizontal flight

Engine nacelle position deg 90°
Rotor speed rad/s 33
Flaps (2 x 2) deg 0°
Elevators (3) deg 0°
Rudders (2) deg 0°

29th European Rotorcraft Forum, Friedrichshafen, 16-18 September 2003
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Horizontal Flight, Aircraft Mode
-2
-1
_ 10 20 30 40 50
[ ——— I
o
1
2
—&— 40 deg ——45deg Xg [M]

Fig. 13. Vertical translation in horizontal flight -
aircraft mode

Conclusions

The tilt-rotor model developed is under tests. In
the next phase controlled tiltrotor manoeuvres
in helicopter, aircraft and transition modes will
be tested.
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