
Aeromechanics Investigation of Tiltrotor Transition Maneuver

Hyeonsoo Yeo
US Army Combat Capabilities Development Command

Aviation & Missile Center
Aviation Development Directorate

Ames Research Center, Moffett Field, CA, USA

Hossein Saberi
Advanced Rotorcraft Technology, Inc.

Sunnyvale, CA, USA

Graham Bowen-Davies∗

Science and Technology Corporation
Ames Research Center, Moffett Field, CA, USA

ABSTRACT
Aeromechanics analysis is performed using the comprehensive analysis code RCAS (Rotorcraft Comprehensive Anal-
ysis System) to study the transient conversion maneuver of atiltrotor. The analytical model is based on the XV-15
research tiltrotor aircraft in size and dynamic characteristics. A generic (not representative of XV-15) tiltrotor control
system is developed to simulate conversion maneuver. The calculation begins with a trim analysis at hover, which is
followed by the conversion maneuver. During the maneuver analysis, the pilot control model is activated to fly the air-
craft following a desired airspeed profile and zero altitudechange. Time histories of vehicle dynamics, rotor controls,
rotor flapping, rotor performance and blade structural loads are investigated for various transient conversion maneuver
flight conditions. The aircraft longitudinal accelerationis larger for the faster conversion (shorter conversion time)
and for the higher cruise speed (conversion end speed). The aircraft acceleration during the transient maneuver has a
significant influence on the rotor performance and loads.

INTRODUCTION

There has been a growing need for significant increases in
cruise speed and range capabilities over what conventionalhe-
licopters can achieve for both civil and military applications.
Tiltrotor aircraft enable both helicopter-like hover capabili-
ties and fixed-wing-like high speed cruise capabilities that in-
crease range and endurance over traditional helicopters.

Tiltrotor aircraft are becoming increasingly common. A
very successful demonstration of tiltrotor technology with the
XV-15 in the 1980s prompted the development of the Bell-
Boeing V-22 Osprey tiltrotor, which was fielded in the late
2000s (Ref. 1). The Leonardo AW609 is currently undergoing
certification flight testing (Ref. 2). As part of the US Army’s
Joint Multi-Role Technology Demonstrator program, Bell is
developing the V-280 Valor (Ref. 3).
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The accurate computation of blade loads and airframe
loads during transient maneuver is one of the most important
aeromechanics tasks that must be accomplished in order to
define the flight envelope of a rotorcraft and size rotor dynam-
ics components and fixed systems controls (Refs. 4–7). De-
signs based on inaccurate loads often require a costly modifi-
cation, additional testing, weight penalties, and overallperfor-
mance degradation of an aircraft. Significant difficulty arises
for new configurations, where there are no previous flight test
data from rotorcraft which are dynamically and aerodynami-
cally similar to the configuration of interest. A risk mitigation
step in the design and development of tiltrotors is the use of
an analysis tool that can properly model the coupled rotor-
airframe-control system through transient maneuvers.

There has been much aeromechanics research on tiltrotor
aircraft (Refs. 8–15) through analyses. These analyses have
included various hub types, rotor geometries, analysis tools
and fidelity and they have considered rotor performance, loads
and aeroelastic stability.

The transition maneuver of the full vehicle, in which the
rotor experiences both edgewise flight in hover and low-
speeds and axial flow in cruise, creates a unique and interest-
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ing aeromechanics environment that has not been fully inves-
tigated with rotorcraft comprehensive analyses. Previousana-
lytical research on aspects of tiltrotor transition has mostly fo-
cused on rotor-only analyses of quasi-steady conditions inthe
transition region. Rotorcraft comprehensive analysis codes
have been used to analyze various transient maneuver flight
conditions (Refs. 5,7,16,17).

The present paper studies the aeromechanics of a tiltro-
tor that maneuvers (time marching transient analysis) through
transition from hover to high speed cruise using the com-
prehensive analysis code RCAS (Rotorcraft Comprehensive
Analysis System) (Ref. 18). The analytical model is based on
the XV-15 (Ref. 19) in size and dynamic characteristics, as
shown in Fig.1. The XV-15 is a tiltrotor research aircraft that
was developed by Bell. The aircraft was used to demonstrate
the flight envelope and capabilities of tiltrotor aircraft.The
present model has an accurate representation of gimballed ro-
tors of the XV-15. However, some assumptions were made to
simplify the model and analysis. A simple pilot model is de-
veloped in order to enable the model to perform a reasonable
conversion maneuver based on altitude and airspeed schedule
commands. Transient response time histories of vehicle dy-
namics, rotor controls, rotor flapping, rotor performance and
blade structural loads are investigated.

In summary, the purpose of this paper is two fold: 1) to
develop a generic tiltrotor configuration similar to the XV-15
with a control system to perform transient conversion maneu-
ver and 2) to investigate vehicle dynamics, rotor controls,ro-
tor flapping, rotor performance and blade structural loads dur-
ing conversion flight.

DESCRIPTION OF ANALYTICAL MODEL

The comprehensive rotorcraft analysis code RCAS is used for
modeling and analysis of tiltrotor conversion. Figure2 shows
the RCAS tiltrotor model used for the present study. This sec-
tion describes how the RCAS generic tiltrotor model based
on the XV-15 is developed to perform a conversion maneuver
analysis from hover to cruise in this study. Detailed dynamic
properties of the XV-15 gimballed rotor and fuselage and lim-
ited test data are available in Refs. 20 to 23.

The current RCAS tiltrotor configuration consists of struc-
tural, aerodynamic, and control system models. The overall
structural model is composed of three subsystems: fuselage,
left rotor, and right rotor. The fuselage subsystem consists of
several primitive structures that model the basic fuselage, left
and right wings, two nacelles, two vertical tails, and a hori-
zontal tail. Rigid body mass elements model the inertial and
gravitational loads of all the components of the fuselage sub-
system. The wings are modeled with rigid bar elements ori-
ented to provide dihedral and forward sweep. Control hinge
elements at the wing tips rotate the nacelles. A rigid bar ele-
ment for each nacelle connects the control hinge to its rotor.
Each rotor is composed of a gimbal and three blades. The
gimbal is modeled as a constant velocity joint. Each blade
is modeled with 12 elastic nonlinear beam elements and the
pitch bearing, pitch link and pitch horn are modeled with rigid

bar and spring elements. The RCAS dynamic model for the
rotor was obtained from a CAMRAD (Comprehensive Ana-
lytical Model of Rotorcraft Aerodynamics and Dynamics) II
model of the XV-15 (Ref. 21).

The aerodynamic model is composed of seven aerody-
namic supercomponents: right and left rotor, fuselage, main
wing, horizontal tail, and right and left vertical tails. The
fuselage is modeled with linear aerodynamic coefficients such
that lift, drag, and pitch moment are computed as functions of
dynamic pressure. The main wing is modeled with 25 aero-
dynamic segments. The 6 inboard and 8 outboard segments
model the flap and aileron, respectively, for control system
inputs. The horizontal tail is made up of 11 aerodynamic seg-
ments and the 8 inboard segments model the elevator for con-
trol system inputs. Each section of the vertical tail is modeled
with 10 aerodynamic segments and rudder is incorporated for
control system inputs. The wing and tails are modeled with
linear aerodynamic coefficients for lift and drag coefficients
(no pitching moment). Each blade is modeled with 18 aero-
dynamic segments. The lift, drag, and pitching moment on
each aerodynamic segments are calculated using airfoil char-
acteristics from C81 lookup tables provided in Appendix A
of Ref. 22. Linear unsteady airloads include classical quasi-
steady Theodorsen theory. Finite state dynamic inflow model
is used to calculate rotor wake flowfield. The model includes
time dependent characteristics for loading distribution defined
by multiple azimuthal harmonics and radial mode functions.
For the present analysis, 6 radial polynomials and 6 harmonic
functions (6 X 6) are used. No inflow model is used for the
wing and tails and no interference effects are included among
the aerodynamic supercomponents.

The present tiltrotor control system was modeled using the
Control System Graphical Editor (CSGE). CSGE is a graph-
ical user interface that contains an extensive library of linear
and nonlinear elements such as transfer functions, gains, sum-
ming junctions, saturations, limiters, table lookups, filters, etc.
It provides an intuitive graphical user interface (GUI) that al-
lows users to draw control system block diagrams graphically.
It also provides the capability for general, arbitrary arrange-
ment and connection of the control system elements and in-
terfaces with the rest of the model including couplings of the
control system and structural models.

The present control model includes only the longitudinal
dynamics of the aircraft due to symmetry. The longitudinal
pilot model consists of the two control paths for the altitude
and airspeed and a simple stability augmentation system. The
function of the pilot model is to follow the input commands
and fly the model through conversion in a simple manner. It
uses airspeed and altitude commands as well as sensed actual
values from the airframe dynamic response to reduce the dif-
ferences between them.

The nacelle angle is prescribed as a nonlinear function of
airspeed. Forward conversion from hover to airplane mode
flight ends when the prescribed cruise speed is reached. In
each case, the difference between the commanded and actual
variables along with their integrals and derivatives are mixed
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and gain scheduled and passed to the pilot longitudinal stick
controls. The mixing and gain schedule of the feedback sig-
nals are chosen to represent simple pilot behavior.

The pilot longitudinal cyclic controls the rotor swashplate
longitudinal cyclic and the elevators. In helicopter mode,the
gain from the pilot longitudinal cyclic to the swashplate lon-
gitudinal cyclic is high. As the nacelles are tilted forward, the
gain is reduced and at zero nacelle tilt in airplane mode there
is no input to the swashplate longitudinal cyclic. Elevatoref-
fectiveness increases with airspeed such that in the airplane
mode, pitch angle, and hence the aircraft vertical motion, are
controlled by the elevator.

Figure3 shows a simplified representation of the airspeed
control system. It uses airspeed (AS) command and sensed ac-
tual airspeed (calculated from the aircraft dynamic response)
and tries to reduce the differences between the two quantities.
At low speed, longitudinal cyclic is used and at high speed
collective is used to maintain the commanded airspeed.

Figure4 shows a simplified representation of altitude com-
mand and hold system. It used altitude (Alt) command and
sensed actual altitude calculated from the aircraft dynamic
response and try to reduce the differences between the two
quantities. It also uses sensed actual vertical speed. At low
speed, collective is used and at high speed elevator is used to
maintain the commanded altitude.

Figure5 shows that aircraft pitch (θ ) and pitch rate (q) are
used as a simple Stability Augmentation System (SAS).

The control system in this model does not represent the
XV-15 tiltrotor control system, but was designed for the
present purpose to simulate conversion maneuvers from hover
to cruise in a reasonable manner. There was no attempt to op-
timize the pilot model nor to optimize the control mixing of
helicopter and fixed-wing controls.

RESULTS AND DISCUSSION

Tiltrotor conversion maneuver analysis is conducted usingthe
comprehensive analysis RCAS and the calculated results are
presented here. This section shows transient response time
histories of vehicle dynamics, rotor controls, rotor flapping,
rotor performance and blade structural loads for various tran-
sient conversion maneuver flight conditions.

Analysis procedure

The transition maneuver analysis of the full vehicle is car-
ried out from hover (90◦ nacelle angle) to cruise (0◦ nacelle
angle). First, a trim analysis is performed to obtain control
variables to find the equilibrium solutions for a steady state
operating condition. During the trim analysis in hover, rotor
collective and longitudinal cyclic and aircraft pitch attitude
are used to trim aircraft vertical and longitudinal forces and
pitch moment. Next, the conversion maneuver is performed
as a nonlinear transient response in the time domain. During
the maneuver analysis, the pilot model is activated to fly the
aircraft attempting to follow a desired airspeed profile with

zero altitude change. The transient conversion is followedby
steady level flight cruise for several seconds. Figure6 shows
snapshots of the RCAS conversion maneuver for hover, con-
version, and cruise.

Operating conditions are sea level standard and 589 RPM
rotor speed. A 2.5◦ (144 steps per rotor revolution) azimuthal
step size is used for the trim calculations. The time step used
in the transient response calculation was 0.000707 second,
which corresponds to 2.5 deg azimuth angle. The current
RCAS analysis uses full finite element representation of the
rotor blades (no modal reduction) and rigid (no elastic) air-
frame motions.

In this study, four conversion maneuver scenarios are in-
vestigated; 1) hover to 180 knots in 30 seconds (0.31 g), 2)
hover to 210 knots in 30 seconds (0.37 g), 3) hover to 180
knots in 45 seconds (0.21 g), and 4) hover to 210 knots in 45
seconds (0.24 g).

The total simulation time, including the additional time af-
ter cruise was reached, is 37 and 54 seconds for the 30-second
and 45-second conversions, respectively. This correspondto
about 360 and 534 rotor revolutions.

Transient conversion maneuver analysis results

Representative results are presented in this subsection which
includes conversion maneuver variables and controls as well
as aeroelastic and dynamic response of the vehicle and rotor
blades.

Aircraft response Figure7 shows the time history of vehi-
cle commanded and actual airspeed for the four conversion
scenarios. The commanded airspeed increases linearly from
hover to cruise (180 and 210 knots) in 30 and 45 seconds.
Overall the actual aircraft airspeed follows the commanded
airspeed profile very well. In general, the biggest differences
occur at the beginning of the conversion maneuver when the
aircraft try to gain airspeed from hover and at the end of the
conversion maneuver when the aircraft transitions to cruise
mode.

Figure8 shows the time history of vehicle commanded and
actual altitude change. Altitude command was zero through-
out the entire maneuver. The results show that the altitude
was very well maintained initially, especially for the slower
maneuver (45 seconds) cases. As the aircraft pitch increases
(will be shown later), the altitude also increases. About 70ft
altitude increase is observed toward the end of the conversion
maneuver.

Figure9 shows the aircraft acceleration in longitudinal and
vertical directions. The longitudinal acceleration is thetime
derivative of the actual airspeed shown in Fig.7. The vertical
acceleration is the second derivative of the actual aircraft alti-
tude change shown in Fig.8. Although the airspeed and alti-
tude appear to vary smoothly, the acceleration fluctuates. The
vertical acceleration increases from zero in hover to around
0.3 g at the beginning of the conversion and decreases from
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around 0.3 g to zero at the end of the conversion. One inter-
esting observation is the increase in acceleration between22
and 30 seconds for the 30-second conversion cases and be-
tween 35 and 45 seconds for the 45-second conversion cases.
The increase in acceleration has a significant influence in rotor
performance and loads, shown later.

Figure10(a)shows the nacelle angles. The present con-
trol system uses airspeed error (difference between actualand
commanded values) and its integral to tilt the nacelle in addi-
tion to the scheduled angle (also shown in the figure). This
feedback helps to reduce the airspeed error beyond the re-
sponse to longitudinal cyclic. The sharp drop in the nacelle
angle around the beginning of the maneuver is due to this
feedback. Because the actual speed is lower than the com-
manded airspeed at the beginning of conversion (Fig.7), the
aircraft tried to accelerate by tilting nacelle forward quickly.
In addition, an actuator model with the bandwidth of 2 Hz
was included in the control system to prevent unrealistic na-
celle tilt rate.

Figure10(b)shows the aircraft pitch attitude. Initially the
aircraft pitch is reduced to accelerate from hover to catch up
with the commanded airspeed. And then aircraft pitches up to
reduce airspeed overshoot. As the aircraft altitude increases,
the control system reduces the aircraft pitch.

Rotor controls Figure 11 shows the controls used for the
present conversion maneuver flight. The high collective pitch
at the end of the conversion is required as the rotors encounter
high axial flow. At all airspeeds during the conversion the
pilot collective control is higher than the hover collective. For
steady level flight conditions, collective at low speeds is lower
than that in hover. However, collective increases in the present
conversion maneuver flight due to forward acceleration.

The longitudinal cyclic is more effective at low airspeed
and behaves as in a conventional helicopter. At the beginning
of the conversion, the longitudinal cyclic is used to control the
airspeed. Near the end of the conversion, it is reduced to zero.

Rotor performance Figures12(a)and12(b)show the rotor
thrust and power, respectively. For steady level flight condi-
tions, rotor thrust is the highest in hover and decreases with
airspeed as the wing generates more lift as airspeed increases.
For the present maneuver analysis, rotor thrust increases at the
initial conversion states to provide energy for forward accel-
eration shown in Fig.9. As the acceleration is higher for the
30-second conversion cases than for the 45-second cases, ro-
tor thrust increase is also higher for the 30-second conversion
cases. The rotor thrust increase between 22 and 30 seconds
for the 30-second conversion cases and between 35 and 45
seconds for the 45-second conversion cases follows the trends
in acceleration. The biggest increase occurs for the 210 knot,
30 second case as the biggest acceleration change occurred.
More power is also required for forward acceleration as shown
in Fig.12(b). The trend is very much in agreement with that of
acceleration. As the aircraft longitudinal acceleration is larger
for the faster conversion (shorter conversion time) and forthe

higher cruise speed (conversion end speed), the rotor poweris
also higher for the faster conversion and for the higher cruise
speed.

Gimbal flap response Figure13 shows the gimbal flapping
responses during the conversion maneuver. The calculated
coning angles do not vary much during the transient maneu-
ver. However, it generally follows the rotor thrust variation,
as expected. The longitudinal flapping angle variation is simi-
lar to the longitudinal cyclic angle variation. Although lateral
cyclic angle is zero during the maneuver, the lateral flapping
angle is not because of cross-coupling.

Blade structural loads Figure14shows the blade flap bend-
ing moments at the 9.1% radial location (just outboard of pitch
bearing). The mean flap bending moment variation is similar
to the vertical acceleration variation. The maximum oscilla-
tory (peak-to-peak) flap bending moment occurs near the end
of the conversion flight, which is also consistent with the ve-
hicle acceleration.

Figure15 shows the chord bending moments at the 9.1%
radial location. The magnitude of the mean chord bending
moment increases with time. The magnitude of oscillatory
chord bending moment is much smaller than that of flap bend-
ing moment.

Blade torsion moments are not shown as they are much
smaller than the bending moments shown here.

Alternative conversion strategy

The conversion strategies investigated in the present study
show that the maximum rotor power occurs towards the end of
the conversion where the acceleration jump up and the maxi-
mum power values are about 2 - 3 times of the hover power. In
order to address this issue, an alternative conversion strategy
is examined briefly in this subsection.

Instead of the conversion maneuver based on altitude and
airspeed schedule commands, the alternative conversion strat-
egy uses collective and elevator angle to achieve desired en-
gine power (thus rotor power) and aircraft pitch. The new
strategy shifts high acceleration to lower speed to reduce the
rotor power increase.

Figure16 shows aircraft dynamics and rotor performance
results for the 210-knot in 30-second conversion case with the
alternative conversion strategy. The nacelle is prescribed to
tilt forward linearly. The airspeed increases very slowly at the
beginning of the conversion and then increases almost linearly
from 18 seconds into the conversion to the end. Although the
altitude command and hold system is not used, the altitude
change is less than 50 ft. The aircraft acceleration is higher
at lower speed, but lower at higher speed than the baseline
case shown in Fig.9(b). And thus the rotor thrust increases
at around 10 seconds into the conversion, but the rotor thrust
increase between 22 and 30 seconds (Fig.12(a)) is eliminated.
The maximum rotor power is reduced about 400 HP (16 %)
compared to the baseline case (Fig.12(b)).
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Various conversion flight strategies will be systematically
investigated and better pilot control models will be developed
in the future.

CONCLUSIONS

This paper investigates the aeromechanics of tiltrotor conver-
sion maneuver using the comprehensive analysis code RCAS
(Rotorcraft Comprehensive Analysis System). The analytical
model is based on the XV-15 in size and dynamic characteris-
tics. A generic (not representative of XV-15) tiltrotor control
system is developed to simulate conversion maneuver. Time
histories of vehicle dynamics, rotor controls, rotor flapping,
rotor performance and blade structural loads are investigated
for various transient conversion maneuver flight conditions.

From this study the following conclusions are obtained:

1) A generic tiltrotor control system is developed to sim-
ulate transient conversion maneuver using airspeed and alti-
tude commands. Overall, the actual aircraft airspeed follows
the commanded airspeed profile very well and the altitude is
well maintained at the beginning of the conversion and within
75-ft variation at the end of the conversion.

2) The aircraft acceleration in longitudinal and vertical di-
rections is larger for the faster conversion (shorter conversion
time) and for the higher cruise speed (conversion end speed).
The acceleration profile has a significant influence in the rotor
performance and loads during the conversion maneuver.

3) The rotor thrust increases at the initial conversion stage
in order to provide energy for forward acceleration and the
rotor thrust increase is larger for the faster conversion (shorter
conversion time).

4) The rotor power is higher throughout the conversion ma-
neuver than that in hover. As the aircraft longitudinal accel-
eration is larger for the faster conversion (shorter conversion
time) and for the higher cruise speed (conversion end speed),
the rotor power is also higher for the faster conversion and for
the higher cruise speed.

5) The mean flap bending moment variation is similar to
the vertical acceleration variation. The maximum oscillatory
(peak-to-peak) flap bending moment occurs near the end of
the conversion flight, which is also consistent with the vehicle
acceleration.

6) An alternative conversion strategy is briefly examined
to address the significant rotor power increase. About 400 HP
(16 %) reduction in the maximum rotor power is achieved for
the 210-knot in 30-second conversion case.
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(a) XV-15 Tilt Rotor Research Aircraft. (b) Sketch plan view of XV-15 showing aircraft di-
mensions.

Fig. 1. XV-15 tiltrotor.

Fig. 2. RCAS tiltrotor model, based on the XV-15.
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Fig. 3. Airspeed command and hold.

Fig. 4. Altitude command and hold.

Fig. 5. Stability augmentation system.
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(a) Hover

(b) Conversion

(c) Cruise

Fig. 6. Snapshots of RCAS conversion maneuver.
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Fig. 9. Acceleration.
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Fig. 10. Nacelle angle and aircraft pitch.
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Fig. 11. Pilot control.
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Fig. 12. Rotor thrust and power.
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Fig. 13. Flap angles at the gimbal.
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Fig. 14. Flap bending moment (FBM) at 9.1%R.
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Fig. 15. Chord bending moment (CBM) at 9.1%R.
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Fig. 16. Aircraft dynamics and rotor performance with alter native conversion strategy.
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