Article

Mathematical Modeling and Stability Analysis of
Tiltrotor Aircraft

Hanlin Sheng *¥, Chen Zhang and Yulong Xiang

check for
updates

Citation: Sheng, H.; Zhang, C.; Xiang,
Y. Mathematical Modeling and
Stability Analysis of Tiltrotor Aircraft.
Drones 2022, 6, 92. https://doi.org/
10.3390/ drones6040092

Academic Editor: Mostafa

Hassanalian

Received: 15 March 2022
Accepted: 6 April 2022
Published: 8 April 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

College of Energy and Power Engineering, Nanjing University of Aeronautics and Astronautics (NUAA),
Nanjing 210016, China; billowzc@nuaa.edu.cn (C.Z.); xyl1913249177@nuaa.edu.cn (Y.X.)
* Correspondence: dreamshl@nuaa.edu.cn; Tel.: +86-18963646736

Abstract: The key problem in the development process of a tiltrotor is its mathematical modeling.
Regarding that, this paper proposes a dividing modeling method which divides a tiltrotor into five
parts (rotor, wing, fuselage, horizontal tail, and vertical fin) and to develop aerodynamic models
for each of them. In that way, force and moment generated by each part are obtained. Then by
blade element theory, we develop the rotor’s dynamic model and rotor flapping angle expression;
by mature lifting line theory, the build dynamic models of the wings, fuselage, horizontal tail and
vertical fin and the rotors’ dynamic interference on wings, as well as nacelle tilt’s variation against
center of gravity and moment of inertia, are taken into account. In MATLAB/Simulink simulation
environment, a non-linear tiltrotor simulation model is built, Trim command is applied to trim the
tiltrotor, and the XV-15 tiltrotor is taken as an example to validate rationality of the model developed.
In the end, the non-linear simulation model is linearized to obtain a state-space matrix, and thus the
stability analysis of the tiltrotor is performed.

Keywords: tiltrotor; blade element theory; flight mechanical model; flight simulation; stability analysis

1. Introduction

A tiltrotor is an important derivative of short take-off and vertical landing (STOVL)
aircraft. As a hybrid vehicle, it combines the merits of both a helicopter and a fixed-wing
aircraft. It can hover and vertically take off and land like a helicopter and fly forward
fast like a fixed-wing aircraft. A tiltrotor has a nacelle installed at every wingtip. The
nacelle can tilt 0-90° and switch from helicopter mode and transition mode to flight
mode. A tiltrotor has many flight modes as Figure 1 and thus is granted with wide flight
envelope, which brings great development potential but also many technical issues [1-6].
For example, there is airflow disturbance between the rotor and the wing; the aerodynamic
parameters of the aircraft change sharply in the transition section of the tiltrotor aircraft;
and there are problems such as redundancy of multiple control surfaces, large aerodynamic
coupling between different channels of the tilt rotor aircraft, and poor aerodynamic stability
during high-speed flight. Due to its complexity in terms of dynamics, building a complete
mathematical model becomes significant for designing the flight control system, which
justifies its difficulty as well. This is why mathematical modeling is a critical technical issue
for a tiltrotor.

(a) helicopter mode
nacelle angle = 90°

(c) flight mode
nacelle angle = (°

(b) transition mode
0°<nacelle angle < 90°

Figure 1. Three flight modes of tilt rotor aircraft.
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Reference [7] investigates optimal tiltrotor flight trajectories considering the possibility
of engine failure. A two-dimensional longitudinal rigid body model of a tiltrotor aircraft is
used. It has certain limitations in implementation. References [8,9] built a tiltrotor’s 3DOF
kinematic model in which the tiltrotor’s dynamics was over-simplified. Reference [10]
built a more complete 6DOF kinematic model, but the blade’s moment of inertia was
over-treated, the aerodynamic parts were over-simplified, and aerodynamic interferences
between the nacelle dynamics and aerodynamic parts were not considered. The tiltro-
tor model of V-22 built in reference [11] was good for flight property calculation, flight
simulation and the aircraft’s stability analysis. Reference [12] build a general parametric
flight dynamics model which can be used for online identification purpose in the three
flight modes of tiltrotor aircraft (i.e., helicopter mode, conversion mode, and fixed-wing
mode) is developed, and an unideal noise model is also introduced in order to minimize the
parameter identification error caused by measurement noise. It can be seen that with the
development of system identification, the research on identifying the stability derivative,
maneuverability derivative and linear model of tilt rotor aircraft through flight data is also
developing rapidly in references [13-15]; the modified blade element analysis theory is used
to model the rotor, and the modified momentum theory is used to calculate the induced
velocity in reference [16]. The model built in reference [17] considers the variation of each
blade’s flapping due to the elasticity of the blades. In model of reference [18], Primary
dynamic equations of the model are developed considering nacelles tilting dynamics. they
laid more focus on rotor dynamics or nacelles tilting dynamics. However, they did not
conduct further studies concerning the other components and interference characteristics.

Reference [19] built an even better basic dynamic model by studying dynamics issues
like aerodynamic interference, change of center of gravity, and gyroscopic moment’s
interference on the airframe in transition mode. Apart from the aerodynamic effects, the
flight dynamic model also includes a model of the air data system and the feedback control
laws. However, this study lacked an analysis of the relative force, forming principles of
moment, and control plane.

This paper adopts the dividing modeling method, which breaks down a tiltrotor into
five parts, rotor, wing, fuselage, horizontal tail and vertical fin, develops aerodynamic
models for each part, and thus obtains force and moment generated by each part. In the
MATLAB/Simulink simulation environment, a non-linear tiltrotor simulation model is
built. The trim command is applied to trim the tiltrotor and an XV-15 tiltrotor is taken as
an example to validate the accuracy and rationality of the model developed. In the end,
the non-linear simulation model is linearized to obtain a state-space matrix. The stability
derivative and eigenvalue of the tiltrotor are analyzed and furthermore the tiltrotor’s
stability in each flight mode is studied.

2. Tiltrotor Aircraft Aerodynamic Model

The main aerodynamic components of a tiltrotor aircraft are its rotor, wing, fuselage,
horizontal tail (incl. horizontal rudder) and vertical fin (incl. vertical rudder). This paper
is going to develop aerodynamic models for each component. The aerodynamic force of
each component will find its solution in wind axis system and finally be converted to body
axis system through the conversion matrix. Figure 2 shows the components of the tiltrotor
aircraft and the schematic diagram of some axis coordinate systems.

In order to establish an accurate flight dynamics model of tiltrotor aircraft and avoid
being complex, the following basic assumptions are made in this paper

(1) The earth axis system is assumed to be an inertial reference system;

(2) Assuming that the earth is flat, the curvature of the earth is not considered;
(38) Tiltrotor aircraft are considered as rigid bodies;

(4) The rotor blades are bending rigid and linear torsion;

(5) The blade waving motion is calculated by taking the first-order harmonic;
(6) The angle of attack and sideslip angle are small angles;

(7) Ignore the influence of rotor downwash flow on the fuselage;
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(8) Aerodynamic interference between left and right rotors is not considered;
(9) Tiltrotor aircraft is left-right symmetrical, and its longitudinal axis is its plane of symmetry.

rotor

wing fuselage

horizontal tail . z

Zy

v, vertical fin

v Zy
Figure 2. Tiltrotor components and coordinate system.

2.1. Center of Gravity and Moment of Inertia

The center of gravity of a tiltrotor changes in its longitudinal plane as the nacelle tilts,
which causes the change of the moment of inertia as well. Center-of-gravity position and
moment of inertia are functions of the nacelle angle.

The nacelle angle B = 0, center-of-gravity position is the initial position. The
variation of center-of-mass position as the nacelle angle changes is expressed as:

myacRy sin B

Ax = — €))
Az — myacRu (1 — cos Bum) ?)
m

where, Ry is the rotor’s height against the wing, my ac is the mass of the nacelle system, m
is the gross weight of the airframe.
Moment of inertia changes along with the nacelle angle 8,1 change, which is formu-
lated as [10]:
I=1I)—KIpy 3)

where Ij is the moments of inertia of any axis in helicopter mode. KI is the coefficient of
the moment of corresponding inertia.

2.2. Rotor Aerodynamic Model

The rotor is the most important component of a tiltrotor. In helicopter mode, the rotor
is the main lifting and control surface. In fixed-wing mode, the rotor is the propeller. While
in transition mode, the rotor plays the aforesaid three roles together. That explains why it
is one of the critical technologies to build a precise rotor model for a tiltrotor’s modeling.

Compared with a helicopter, a tiltrotor’s mathematical model is far more complicated
thanks to the aerodynamic interferences between rotors and wings. Rotors” downwash flow
confluences at wings, and expands along wings to the fuselage, forming a “fountain flow
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effect”, which boosts rotors” induced velocity. However, on the other hand, the blocking
effect from wings to rotors is similar to ground effect and reduces that induced velocity. As
a tiltrotor is flying at a low speed, fountain flow effect and blocking effect are generating
equivalent induced velocities, which imply the aerodynamic interference from wings to
rotors is negligible. Therefore, a tiltrotor can be considered equal to the aerodynamic model
of an isolated rotor.

A tiltrotor is composed of left and right two rotors. They tilt in the opposite direction.
The right one tilts counter-clockwise while the left one tilts clockwise. Since two rotors use
the same modeling method but only differ in terms of some symbols, this paper is going to
take the right rotor as an example and to build its aerodynamic model.

According to the helicopter flight dynamics theory [20], external forces on blades in
flapping plane are aerodynamic force, centrifugal force, gravity force, inertia force, etc. The
resultant moment of above forces against flapping hinge is 0, thatis, )M = 0.

Thus, the rotor flapping motion equation is:

LB+ [,O%B = My — Mg (4)

where, Ax, Az is the variation of center of gravity as the nacelle tilts.
The velocity being converted to the rotor hub wind axis system at the rotor hub center
in the aircraft-body axis system is:

Up Up

_ HWFH  ~NAC
op | = CrCnacCh Oh ©)
wy wy B

Tangential velocity and vertical velocity of the rotor profile, respectively, are:

Ur :QR(%—I—ysinq)) ©)

Up = QR(Ag — B cos ) — vy — rp ?)

By blade element theory, take blade element of radial position on propeller and width
dr, and chord b, therefore lift force and resistance force of blade element are:

1 1
dYy = QCyPWZde = §CyP(U% +Up)bdr (®)

ix = %CxpWZbdr = %Cxp(ll% + U3)bdr )
Component force converted to flapping plane is:
dT = dY cos B« — dX sin B, (10)

dQ = dX cos B« + dY sin B, (11)

The projection of blade element’s aerodynamics onto the rotor structure axis system
constitutes the rotor’s elemental force and moment dT;, dH;, dSs, dM;.

Integrate the above blade element elemental aerodynamic force and moment along the
propeller, take its average value against position angle, and then multiply with the number
of blades to get the force and moment generated by rotors: Ts, Hs, Ss, M.

In calculating the rotor’s elemental force, its induced velocity cannot be calculated
directly by explicit formula. This paper applies the iteration method. Given the initial value
of induced velocity in the rotor’s vertical velocity, the rotor’s thrust is obtained by above
equation and the new induced velocity by momentum theory is calculated as below:

r

vy = v4(1+ R €08 ¥) (12)
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Equivalent induced velocity is:

. _ORCy
RN ver.

where A; is inflow ratio: A1 = Ay — v13/QR, Cr is the rotor thrust coefficient.

If v1 and v] are close enough, iteration will exit, otherwise renew v; with (v + v})/2.
It will work out the rotor’s induced velocity as well as its force and moment.

Convert the force and moment of the rotor into aircraft-body axis system to get its
force and moment in that system:

(13)

FXR B NAC ~H B
Fyr | = CRacCH“Chiw | Ss (14)
FZR Ts

MXR B NAC~H 0 0 o Y FXR

M;r M —Yn Xn 0 Fr

Follow the same principle to work out the force and moment of the left rotor in
aircraft-body axis system.

2.3. Wing Aerodynamic Model

Wing aerodynamic model of a tiltrotor is the most complex among all other compo-
nents. In helicopter and transition modes, rotors” downwash flow causes complicated
aerodynamic interference on wings. This paper assumes wings are rigid and have no elastic
distortion, and its aerodynamic center is the working point of force and moment.

A tiltrotor has a left wing and a right wing. Take the left wing as an example to work
out its force and moment.

As a tiltrotor is flying at a low speed, rotors” downwash flow confluences at wings and
forms “fountain effect”. To precisely develop the wing model, the wing is divided into two
parts: the first part is slipstream zone affected by rotor wake disturbance while the other
part is free flow zone free from rotor disturbance. The two zones are shown as Figure 3:

Wing

Slipstream - L Slipstream
“zone ree flow zone o

L

» Rotor area

Figure 3. Rotor slipstream zone and free flow zone diagram.

It’s hard to precisely calculate the area of slipstream zone, but the below formula can
approximately estimate that area [7]:

Suwss = Swssp [sin(1.386(§ —Bw)) + Cos(3.114(§ _ /3M))} Hmax = 1 (16)

Hmax

where, Syssp,, 15 the maximum area of slipstream zone, pmax is advance ratio in helicopter
mode when the wing is free from impact of rotor wake.
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The area of free flow zone Sy, is the result of wing area deducting slipstream
Zone area.

(1) Force and moment in slipstream zone

In slipstream zone, the wing’s air velocity is the sum of the rotor’s induced velocity at
wings and inflow ahead.

Ugpsl u 0 Zwsl —Yuwsl p 014 sin ,BM
Owsl = 4 + —Zysl 0 Xwsl q + 0 (17)
Wyps] w Ywst  —Xwsl 0 r —014 €08 Bum

In helicopter mode, the left wing aerodynamic center has the position against the

. . T .
airframe center of gravity as Pyso = | Xwsio Ywsio Zwsio | - As the nacelle tilts, the
wing’s aerodynamic center position is:

Xwsl Xwsl0 — Ax
Pwsl = Yuwsi = Yuwslo (18)
Zysl Zywslo — Az

where, Ax, Az is the variation of center of gravity as the nacelle tilts.
Force and moment in the aircraft body axis system are:

Frwst ] CoS gy 0 —sinagg —Dusi
Frosl | = 0 1 0 0 (19)
szsl J sin Qgps] 0 COS Q51 - stl
Miwsi [0 —Zwsl  Yuwsl Frwsi 0
Mywsl = Zywsl 0 —Xwsl wasl + | My (20)
M1 L —Ywsl Xwsl 0 Fowsi 0

(2) Force and moment in free flow zone

Free flow zone is dynamic. In helicopter mode, its area is the smallest. Then as the
nacelle tilts, part of slipstream zone turns into free flow zone. Therefore, a free flow zone
can be considered as two parts: the first part is the zone always being free flow zone (incl.
wing flap), and the other part is the zone turned from slipstream zone due to nacelle tilting
(incl. aileron).

In free flow zone, wing air velocity is only related to front incident flow. In calculating
these two parts, aerodynamic center position deserves more attention.

First, calculate the air velocity [ Uy Owpn Wosn ]T, [ Uofm Dwpn Worn ]T in
the two parts free flow zone of the wing, respectively, and then calculate the aerodynamic
center dynamic pressure gy /1, o fi2 and angle of attack ay 11, aq 512, respectively, in the
free flow zone of the left wing according to the air velocity in the free flow zone.

Then, calculate the Lift force Ly, g1, Ly 12, resistance force Dy 11, Dy and moment
My 11, My ip of left wing in free flow zone are:

Aerodynamics in free flow zone in the aircraft-body axis system are:

wafl COs lxwfl 0 —sin ‘wal _Dwfl
Frofi | = 0 1 0 0 (21)
szfl sin awﬂ 0 Ccos awﬂ _wal

Moment in free flow zone in the aircraft-body axis system are:

My 0 —zZusi Yopu Frwfi 0
My | = | Zwpi 0 —xup Fywpr | + | Mufi (22)
Mzwfl “Yuwfl  Xwfl 0 szfl
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cos B¢
sin B¢
0

Take the sum of force and moment of the left wing in slipstream zone and free flow
zone, which is the force and moment received by the left wing. Follow the same principle
to get the force and moment of the right wing. The total force and moment on left and right
wings are the gross sum of forces and moments of all wings.

2.4. Fuselage Aerodynamic Model

The fuselage is complex in structure and subject to aerodynamic disturbance from
rotors and wings. This paper is going to neglect aerodynamic disturbance from rotors
and wings and apply a simplified approach to fuselage modelling. Force and moment
of the fuselage are calculated in local wind axis system, working point is the airframe
aerodynamic center, which means the calculated force and moment need converted to the
body axis system.

First, calculate air velocity [ uf vy wy ]T at fuselage aerodynamic center (x¢, yr, z¢),
and then calculate dynamic pressure g, angle of attack a and sideslip angle of the fuselage
B according to the air velocity at fuselage aerodynamic center.

Then, calculate the aerodynamic force D Iz S r L 3 and moment M Far M Fyr M fz of the
fuselage in wind axis system.

At the end, work out aerodynamic force and moment of the fuselage in body axis
system through the conversion matrix from wind axis frame to body axis frame.

Fir cosfy —sinfy 0 cosay 0 —sinag —Dy
Fyp | = | sinfy cospyr O 0 1 0 Sf (23)
F.r 0 0 1 sinay 0 cosay —Ly¢
—sinfy 0 cosay 0 —sinay My, 0 -z yy Fir
cosfr 0 0 1 0 Mg, | + zf 0 —xy Fyr (24)
0 1 sinzxf 0 cos s Mfz —Y5 X 0 Fir

2.5. Horizontal Tail Aerodynamic Model

Rotor wake has minor impact on horizontal tail, so rotor wake will be overlooked in
this paper. Calculate aerodynamic force of horizontal tail and elevator by following the
way of treating a fixed-wing. Airflow of horizontal tail pressure center (xyT, YHT, ZHT) iS
the sum of airframe linear velocity and angular velocity.

First, calculate air velocity [ ugr vyt wgr ]T at horizontal tail pressure center, and
then calculate dynamic pressure g7, angle of attack a ;T and sideslip angle of the fuselage
BuT according to the air velocity at horizontal tail pressure center.

Then, calculate the lift force Ly and resistance force Dy of a horizontal tail in local
wind axis system.

Force and torque in wind axis system are converted into body axis system:

Fur cosBur —sinByr 0 cosayr 0 —sinagr —Dyr
|: Fyr ] = [ sin Byt cosBur O ] |: 0 1 0 0 (25)
FHT 0 0 1 sin XHT 0 COSXHT _LHT
Myt 0  —zyr 0 Fyr
Myr | = | zyr 0  —xyr Fur (26)
Mpr 0 xpgr 0 Fur

2.6. Vertical Fin Aerodynamic Model

The vertical fin and rudder have a similar modelling method as horizontal tail. Calcu-
late aerodynamic force and moment of vertical fin in wind axis system and then convert
them to body axis system. A tiltrotor has two vertical fins, so it's necessary to develop
models for both left and right fins. This paper will take the left fin as an example.
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Calculate air velocity [ uyr ovyr wyr ]T at vertical fin aerodynamic center
(xvr,yvT, zvT), and then calculate dynamic pressure gy, angle of attack ay T and sideslip
angle of the fuselage By according to the air velocity at vertical fin aerodynamic center.

Thus, aerodynamic force of the vertical fin in wind axis system is:

aC,
Lyt = qvrAvr(CrLyvr + ACLyT) = qvrAvT |ayT(avT — &) + ﬁfsmd (27)
Tu

Dyt = qvrAvrCpyr (28)

Aerodynamic force and moment converted to body axis system are:

Fyyr cosByr —sinByr 0 cosayr —sinayr 0 —Dyr
FyVT = sin ,BVT Ccos ﬁVT 0 sin xyT cosayrT 0 — LVT (29)
Eyr 0 0 1 0 0 1 0
Myt 0 —zZyr  Yvr Fyvr
Myr | = | zvr 0  —xyr Fyyr (30)
Myt —yvr Xyr 0 Eyr

In the same way, work out force and moment of the right vertical fin. The sum of
force and moment of the right and left fins is the gross force and moment of vertical fins in
aircraft-body axis system.

3. Nonlinear Simulation Modelling

The resultant external force and moment exerted on a tiltrotor is:

Fx Fyr Fxr Fxw Fxw Fxr [ Fur [ Fyr [ Fyr
Fy Fyr Fr| +| Fw | +| Bw | +| Fr Fur Fyr Fyr (31)
E Er Er |x Ew |, Ew g Er L Fur L Fvr Fyr
My Myr MR Myw Myw Mir [ Mpyr My Myt
M, Myr Myr + | Myw + | Myw + | My My Myt My (32)
M. Mg M:r |r Mw |, Mw | g M ¢ | Mut | Myt |, Myt | ¢
According to momentum theorem, we can get:
u 1 [ B 0 0 —-r g u
o |=—|F |+CBlo|—-| r 0 -—p v (33)
. m
w F, g -qg p 0 w
According to theorem of moment of momentum, we can get:
p M, 0 —-r g
gl=I"M |-I"" r 0 —p|I (34)
r M, —-q p 0
where

Ixx - Ixy - Ixz
—Iy. (35)
- sz - Izy Izz

I=| —Lx Iy

Supplementary kinematic equation group is:

) 1

' singtanf cos¢tanf p
g |=1]0 cos ¢ —sin¢ q (36)
¥ 0 singsec® cos¢sectd T
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The above is a tiltrotor’s 6DOF flight dynamics equation. The above equation group,
if solved, will determine the aircraft’s flight condition. This paper uses Function S of
MATLARB to develop a tiltrotor’s non-linear simulation model. From Section 1, it’s known
that respective aerodynamic models for the rotor, wing, fuselage, horizontal tail and vertical
fin will be developed. Substitute the calculated force and moment from each component to
6DOF flight dynamics equation, which will get us the nonlinear mathematical modelling of
a tiltrotor aircraft. The model has the structure diagram as described in Figure 4:

. . Rotor
Collec st aerodynamic model
Induced
. . locity
Vertical pitch vy Ve
ertical pitc 5 Wing
aerodynamic model
. veloci
Aileron Aerodynamic force . 2
M 6DOF angular
> Fuselage M} kinematic »  veloci
> aerodynamic model ) d ocity
equation attitude
Elevator
Horizontal tail
Rudder aerodynamic model
] Vertical fin
Nacelle tilt aerodynamic model
Input Components acrodynamic model Kinematics module Output

Figure 4. Non-linear dynamic model structure diagram.

4. Trimming and Result Analysis

After the non-linear simulation model is built, it is necessary to validate its effective-
ness and accuracy. Thus, this paper is going to compare trimming results of the built model
and actual trimming results. Considering the inevitability of errors, if the change trend is
aligned and values are close, it can be deduced that the built model reflects flight character-
istics of a tiltrotor, which means the model built in this paper is accurate and effective.

Steady flight is the case where the aircraft’s linear and angular velocity are constant.
Then all external forces and moments exerted on the aircraft are zero, the aircraft stays in
state of equilibrium. The maneuver applied to reach equilibrium is called trim control. The
trimming calculation is based the condition that force and moment acting on the aircraft in
steady flight condition is balanced, and then use appropriate mathematical algorithms to
define control inputs in trimmed condition. Mathematically speaking, trimming is the point
to make sure the system status derivative as zero. The most popular trimming methods are
the Newton iteration method, simplex method, steepest descent method, genetic algorithm,
particle swarm optimization algorithm, etc. Meanwhile, MATLAB/Simulink toolkit also
provides trim function, which also uses optimization algorithms. Thus, this paper is going
to perform trimming with trim function.

This paper takes an XV-15 tiltrotor as an example, builds its mathematical model
in Simulink, and then trims it with the trim function. Trimming results in helicopter
mode, flight mode and transition mode where nacelle tilt angles are 15° and 75° are
given hereafter.

Trimming results in helicopter mode and flight mode is as Figure 5, Trimming results
at transition mode when nacelle tilt angle is 75° and 15° is as Figure 6:
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Figure 5. (a) Trimming results in helicopter mode; (b) Trimming results in flight mode.
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Figure 6. (a) Trimming results in transition mode with nacelle tilt angle 15°; (b) trimming results in
transition mode with nacelle tilt angle 75°.

Trimming results are analyzed in below:

In helicopter mode: an aircraft starts forward flight from hovering. With the velocity
increasing, disturbance from wings to rotors reduces, lift force provided by wings starts to
increase, collective pitch input starts to reduce. As the aircraft flight velocity increases, a
forward force is necessary to supply, thus need increase vertical pitch. The bigger the flight
velocity is, the bigger vertical pitch is necessary to be supplied. At the meantime of vertical
pitch increase, nose-down pitch is generated, which means the aircraft’s angle of pitch will
continuously reduce.

In-flight mode: rotors are equivalent to propellers. As the flight velocity increases,
resistance on the airframe and propeller plane increases. To overcome the resistance, it is
necessary to increase collective pitch. While with the velocity increases, rudder effectiveness
reinforces, so the rudder maneuver decreases continuously.

Transition mode: when the nacelle tilt angle is 15°, use helicopter manipulation
method, compared to helicopter mode, forward flight velocity is the same and collective
pitch maneuver is quite small, which is mainly caused by nacelle tilt leading to the dramatic
reduction of blocking effect of wings on rotors. In the meantime, flight velocity increases
and lift force provided by wings increases, so the collective pitch control keeps on reducing.
Forward force generated by nacelle tilt, backward force generated by propeller plane
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moving backward, velocity increasing, pitch angle decreasing, more nose-down and vertical
cyclic feathering reduction all together lead to a negative vertical pitch.

When the nacelle tilt angle is 75°, use fixed-wing aircraft control. Compared to aircraft
mode, forward flight velocity is the same and collective pitch maneuver is quite small,
which is due to the fact that the rotors have been equaled to propellers. As the nacelle angle
increases, propeller plane resistance increases along, which needs a bigger collective pitch
to generate thrust to obtain balance.

To test accuracy and effectiveness of the model, this paper will take flight model as an
example. Given the comparison between the balancing results of the mathematical model,
the GTRS results and the actual balancing results of XV-15 is given. The comparison result
is as Figure 7.
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Figure 7. Comparison of trimming results.

The balancing results are completely consistent in trend, which shows that the model is
feasible and reasonable. However, due to the lack of the data of XV-15, there will inevitably
be some differences in the results. the model does not need a lot of experimental data to
look up the table, which makes the model have good universality.

5. Tiltrotor Maneuvering Stability Characteristics Analysis

Flight dynamic linear differential equations, to simplify analysis and equation solution.

Non-linear model can be linearized by following steps as Figure 8:

The above figure describes how to turn a non-linear model to linear model. Linear
model is obtained by linearizing a steady flight condition and by trimming kinematic
equations of that steady flight condition to obtain corresponding steady-state values.

Balance point is shown as Equation (37):

f(xe,ue) =0 (37)

where, x, is the trimmed value of state vector. u, is the control vector in steady state.
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Nonlinear Model

Choose
Flight condition
\ 4

Flight Mode

Y

Trimmed

Steady state

Perturbation

Linearized Model

Figure 8. Linearizing steps for non-linear model.

At balance point, a small disturbance on flight kinematic equation being assumed and
trimmed will get the linearized model, which is written to state space as:
x(t) = Ax(t) + Bu(t) (38)

where, x(t) is state variable, u(t) is control variable. A and B are matrixes of coefficients.
Where, state variable is:

x=[u v wpaqgre¢o gl (39)
Control variable is:
T
u= [ Oc Occ O ec Jm‘l 5ele ‘Srud ] (40)
In Equation (38):
T FY F2 F* F F F 0 —mgcosfcos¢p mgcosfsing ]|

K, F F/ pr Fj F,  mgcosfcos¢ —mgsinf 0

Fr F F* F F FE  —mgcosfsing —mgsin 6 0

My M2 o ME MP oMT M 0 0 0

_ 14 q

A= | My My My M, M, M, 0 0 0 (41)

My MY o ME MEP MDD M 0 0 0

0 0 0 1 0 tané6 0 0 0

0 0 0 0 1 0 0 0 0

0 0 0 0 0 sech 0 0 0

B Fgc F;jcc F;ge Fﬁec F;Csa[l Fﬁele F)‘grud T

Oc cc e Oec ‘5ai ‘5e e ‘5m

Fy Fy Fy Fy Fyé ! F% ! Fyé d

Fzéc FZ(SCC Fzée FZ(SEC anil erle Fxgud

Mﬁc Mﬁcc M?{e Mgscec Mﬁail Mﬁele Mﬁmd
B - ¢ cc e ec 5{11’ 566 5ru 42
My My© My My Myt My My (42)

Mgc Mgcc Mfzse Mgec Mzml Mzele Mzrud

0 0 0 0 0 0 0

0 0 0 0 0 0 0

L 0 0 0 0 0 0 0
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In the previous section, the aircraft’s balance point is trimmed. By the function Linmod
in the MATLAB/Simulink environment, one can obtain a non-linear model near the balance
point linearized and obtain an A matrix and B matrix.

5.1. Helicopter Mode
5.1.1. Derivative Analysis

The parameters of matrix A and matrix B in helicopter mode are shown in Tables 1
and 2. Stability derivative analysis on Matrix A is performed as below:

Table 1. Linearized state matrix A in helicopter mode.

Matrix A ou v ow op oq or o¢p a0 oY
oFy —0.0580 0 0.0187 0 0.4600 0 0 —9.8046 0
oF, 0 0.5453 0 0.7229 0 —0.2858 9.8046 0 0
oF, —0.1099 —0.0003 —0.0944 0 0.3296 0 0 —0.4429 0

oM, 0 0.1097 0 0.0719 0 0.0423 0 0 0

oMy, 0.0078 0 —0.0136 0 —0.1815 0 0 0 0

oM, 0 0.4464 0 0.9910 0 —0.0660 0 0 0

¢ 0 0 0 1 0 0 0 0 0

26 0 0 0 0 1 0.0452 0 0 0

oY 0 0 0 0 0 1.0010 0 0 0
Table 2. Linearized input matrix B in helicopter mode.

Matrix B 85C a(SCC a(Se aéec 85[“'1 35316 afsmd
oF, 2.1930 0 11.3653 0 0 0 0
JF, 0 3.3550 0 0.1902 0 0 0
oF, —41.4224 0 —0.0880 0 0 —0.0001 0

oM, 0 —17.0922 0 —0.0929 0 0 0
oMy, —0.1171 0 —4.4119 0 0 —0.0001 0
oM, 0 0.9384 0 —3.6585 —3.6585 0 0
o 0 0 0 0 0 0 0
00 0 0 0 0 0 0 0
oY 0 0 0 0 0 0 0

FY, F!: forward flight speed u increases, rotors flap backward, rotor thrust vector is
backward, which results in F} as negative. At the meantime, upward thrust of wings and
horizontal tail increases, F}' as negative.

FY, F":FY: being small explains that disturbance of vertical speed has little impact
on force in X direction. Increase of will enlarge the rotor’s angle of attack, thrust of rotor
increases, thus F¥ is positive and FY is negative.

F, Fl: as an airframe has pitching movement, passive flapping will happen, a,, =
(*%% + %) / (1 - % ],tz) decreases, thus Fy and F! are positive.

F¢, FY: 6 increase leads to the rotor’s angle of attack and thrust of rotor increasing, thus
F is negative. And, analogous to instability of helicopter angle of attack, rotors reverse
backward, F! is negative.

My, My and MZ: forward flight speed increases, rotor tip plane is reversing, backward
force increases, pitch-up moment is generated, My is positive. M}’ being zero is since the
vertical distance from the rotor hub to the aircraft center is short, moment change is small.
As analyzed afore, as there is pitching movement, passive flapping happens, the increased
force in X and Y directions leads to nose-down moment, and thus MZ is negative.

5.1.2. Eigenvalue Analysis

Eigenvalue is a very important characteristic of analyzing stability of the model. It
demonstrates a vehicle’s motion modes under different flight conditions. Since longitudinal
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and lateral coupling of a helicopter is severe, for easier analysis, this paper is going to
discuss longitudinal module and lateral module in helicopter mode separately.

By observing eigenvalues as Table 3, it can be found that a tiltrotor’s right half plane
in helicopter mode has roots, which means its stability in such mode is poor and control
system must be applied to improve stability.

Table 3. Eigenvalue of longitudinal module and lateral module in helicopter mode.

Helicopter Hovering Status Eigenvalue

0.1850 + 0.36651
0.1850 — 0.3665i1
—0.3520 + 0.0643i
—0.3520 — 0.0643i

—0.2862 — 0.9332i
—0.2862 + 0.9332i
—0.2257
1.3495
0

Longitudinal

Lateral

Longitudinal eigenvalue: motion modes of velocity and angle of attack corresponding
to a pair of positive complex conjugate roots are similar, with long period and divergent.
Motion modes of angle of attack and angle of pitch corresponding to a pair of negative
complex conjugate roots converge fast.

Lateral eigenvalue: the mode of complex conjugate roots is similar to the oscillation
mode of longitudinal hovering. Large negative real root corresponds to rolling convergence
mode. Since rotors rotate behind the airframe, rotors have larger rolling aerodynamic
damping and converge faster. Small negative root represents spiral mode. Zero root means
level flight in any heading course has no difference.

5.2. Flight Mode
5.2.1. Derivative Analysis

The parameters of matrix A and matrix B in flight mode are shown in Tables 4 and 5.
Stability derivative analysis on Matrix A is performed as below:

Table 4. Linearized state matrix A in flight mode.

Matrix A ou v ow op oq or op 20 oY
oFy —0.3112 0 0.1477 0 —0.9607 —0.0717 0 —9.8143 0
oF, 0 —0.5236 —0.0001 0.7131 0 —99.0077 9.8143 0 0
oF, —0.1191 —0.8137 —1.1330 0 97.3686 —0.2118 0 —0.0723 0
oMy 0 0.1425 0 —0.6207 0 —0.1000 0 0 0
oM, 0.0241 0 —0.3377 0 —1.4017 0.0693 0 0 0
oM, 0 0.0685 0 —0.1094 0 —0.9424 0 0 0
¢ 0 0 0 1 0 0.0074 0 0 0
a6 0 0 0 0 1 0 0 0 0
oY 0 0 0 0 0 1 0 0 0
Table 5. Linearized input matrix B in flight mode.
Matrix B 8(55 855,; 855 Mec 8(5,1,'1 85318 aémd
oFy 71.0156 0 —6.3152 0 0 0.0794 0
dF, 0 —2.9203 0 2.5071 0 0 —5.4356
oF, —18.1784 0 14.7210 0 0 —10.7707 0
oMy 0 —18.8236 0 8.3808 —1.0303 0 —0.4183
oM, —4.2089 0 —3.3294 0 0 —15.7326 0
oM, 0 —23.4353 0 2.3839 —0.0223 0 2.4838

o 0 0 0 0 0 0 0

00 0 0 0 0 0 0 0

oY 0 0 0 0 0 0 0
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F}, F}: forward flight speed u increases, airframe resistance and propeller resistance
increase, and thrust generated by wings increase, which leads to F' as negative. Thrusts of
wings and horizontal tail increase, F/' as negative.

F¥, F¥: increases, vertical upward air flow increases, angle of attack of wings increases,
lift component in X direction increases, so Fy’ is positive. increase leads to the increase of
thrust of wings, FY’ is negative.

F, F!: g increase, downward airflow at wings is generated, thrust of wings reduces,
F! is positive. Backward thrust component of wings increases, F; is negative.

Fg, FY: 6 increase, thrust vector of wings is backward, F! is negative. Since the aircraft
has pitch-up already, with the increase of 0, it pitches up more. Thrust is reducing in Z
direction, F! is negative.

My, M}/ and M;: u increase, airframe resistance and propeller resistance increase,
which leads to the tiltrotor pitching up, My is positive. w increase, thrust of wings is
forwarding, pitching-up moment reduces, M/ is negative. ¢ increases, significant upward
airflow at horizontal tail is generated, thrust of horizontal tail in Z direction increases,
which leads to bigger nose-down moment, and Mf, is negative.

5.2.2. Eigenvalue Analysis

Eigenvalues in flight mode is shown as Table 6. Different from the helicopter mode,
the flight mode has less severe longitudinal and lateral coupling than that in helicopter
mode and thus has much better stability. Eigenvalue analysis at forward speed of 100 m/s
in flight mode is performed.

Table 6. Eigenvalue of longitudinal module and lateral module in flight mode.

Flight Mode 100 m/s Eigenvalue
—0.5295
o 02232
Longitudinal ~1.2688 + 5.7348i

—1.2688 — 5.7348i

—0.9300 + 2.6358i
—0.9300 — 2.6358i
Lateral 0.3028
—0.5295
0

Longitudinal eigenvalue: the longitudinal mode has long period and short period
(two modes). The external force generated after receiving disturbance makes it hard to
change flight speed but easy to change the angle of attack (incl. angle of pitch). The long
period mode corresponds to speed mode while the short period mode corresponds to the
angle of attack variation.

Lateral motion: large complex roots represent rolling convergence mode, since wings
converge quickly for large aerodynamic damping. Small complex roots correspond to
the spiral mode. A pair of complex conjugate roots represent oscillating motion mode,
also known as Dutch roll mode, a motion mode in which heading course and rolling
are recurrent.

6. Conclusions

This paper adopts the dividing modeling method, which breaks down a tiltrotor into
five parts, rotor, wing, fuselage, horizontal tail and vertical fin, develops aerodynamic
models for each part and thus obtains force and moment generated by each part. The force
and moment then is converted to the airframe coordinate frame. By blade element theory,
the rotor’s dynamic model and rotor flapping angle expression are built. Then, according
to mature lifting line theory, dynamic models of the wing, horizontal tail, and vertical fin
are built. At the meantime, the rotor’s dynamic interference on wings and nacelle tilt’s
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variance against center of gravity and moment of inertia are considered. A more perfect
mathematical model of the tilt rotor aircraft is established.

In the MATLAB/Simulink simulation environment, a non-linear tiltrotor simulation
model is built, Trim command is applied to trim the tiltrotor and an XV-15 tiltrotor is taken
as an example to validate accuracy and rationality of the model developed. Due to the lack
of complete XV-15 data, there will inevitably be some differences in the results. The results
show that the trend of the model is completely consistent with the actual data and GTRS
model, which validate the accuracy and rationality of the model developed.

In the end, the non-linear simulation model is linearized to get State-space matrix,
the stability derivative and eigenvalue of the tiltrotor are analyzed, and furthermore
the tiltrotor’s stability in each flight mode is studied. The stability of the aircraft in the
helicopter mode is poor, which must be improved through the control system. The vertical
and horizontal coupling of the flight mode is not as serious as that of the helicopter mode,
and the stability is much better than that of the helicopter mode. It therefore provides a
theoretical basis for the subsequent controller setting.
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Nomenclature

myac  mass of the nacelle system

Bum nacelle angle

Ry rotor’s height against the wing

m gross weight of the airframe

I moment of inertia

Iy moment of inertia in helicopter mode
KI moment of inertia coefficient

blade mass moment of inertia

angular velocity of blade

sideslip angle

blade flapping aerodynamic moment
mass moment of the blade to the swinging hinge
gravitational acceleration

radius of blade

hub center height

roll angle

pitch angle

yaw angle

linear velocity of the aircraft’s x-axis
linear velocity of the aircraft’s y-axis
linear velocity of the aircraft’s z-axis
angular velocity of the aircraft’s x-axis
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Oele
Subscript

x
y
z
h
R
144
B

NAC

angular velocity of the aircraft’s y-axis
angular velocity of the aircraft’s z-axis
inflow angle

lift coefficient of blade airfoil

drag coefficient of blade airfoil

absolute velocity of air

air density

elemental thrust

elemental backward force

elemental side force

elemental moment

lift coefficient

resistance coefficient

moment coefficient

stress area

lift force

resistance force

elemental thrust

elemental backward force

elemental side force

elemental moment

maximum area of slipstream zone
advance ratio in helicopter mode

result of wing area deducting slipstream zone area
wing’s aerodynamic center position
rotational speed in the international system of units
propeller’s aerodynamic efficiency
manipulation quantity

rotor collective pitch

longitudinal cyclic pitch control amount
aileron control amount

rudder control amount

collective differential control amount
longitudinal period variable pitch differential
elevator control amount

vector component corresponding to the x-axis of the coordinate system
vector component corresponding to the y-axis of the coordinate system
vector component corresponding to the z-axis of the coordinate system
parameter at the rotor hub center

parameter of the right rotor

wing

body shafting

nacelle shafting

hub shafting

hub wind shaft system

parameter in left wing free flow

parameter in aileron

parameter in left wing slipstream zone

parameter in free flow zone

parameter in slipstream zone

parameter at fuselage aerodynamic center

parameter of a horizontal tail

parameter at vertical fin aerodynamic center
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