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ABSTRACT

Aeromechanics analysis is performed using the compreleasalysis code RCAS (Rotorcraft Comprehensive Anal-
ysis System) to study the transient conversion maneuvettitif@or. The analytical model is based on the XV-15
research tiltrotor aircraft in size and dynamic charast®s. A generic (not representative of XV-15) tiltrotomtl
system is developed to simulate conversion maneuver. TihalaBon begins with a trim analysis at hover, which is
followed by the conversion maneuver. During the maneuvalyais, the pilot control model is activated to fly the air-
craft following a desired airspeed profile and zero altitadange. Time histories of vehicle dynamics, rotor controls
rotor flapping, rotor performance and blade structural $o@m@ investigated for various transient conversion magreuv
flight conditions. The aircraft longitudinal acceleratisnlarger for the faster conversion (shorter conversiorejim
and for the higher cruise speed (conversion end speed). ifdrafaacceleration during the transient maneuver has a
significant influence on the rotor performance and loads.

INTRODUCTION The accurate computation of blade loads and airframe
loads during transient maneuver is one of the most important
There has been a growing need for significant increases #&romechanics tasks that must be accomplished in order to
cruise speed and range capabilities over what conventienal define the flight envelope of a rotorcraft and size rotor dynam
licopters can achieve for both civil and military applicats.  jcs components and fixed systems controls (Refs. 4-7). De-
Tiltrotor aircraft enable both helicopter-like hover caia  signs based on inaccurate loads often require a costly modifi
ties and fixed-wing-like high speed cruise capabilities ha  cation, additional testing, weight penalties, and overaifor-
crease range and endurance over traditional helicopters.  mance degradation of an aircraft. Significant difficultyses
Tiltrotor aircraft are becoming increasingly common. Afor new configurations, where there are no previous flight tes
very successful demonstration of tiltrotor technologyhiite ~ data from rotorcraft which are dynamically and aerodynami-
XV-15 in the 1980s prompted the development of the Bellcally similar to the configuration of interest. A risk mitigan
Boeing V-22 Osprey tiltrotor, which was fielded in the latestep in the design and development of tiltrotors is the use of
2000s (Ref. 1). The Leonardo AW609 is currently undergoingn analysis tool that can properly model the coupled rotor-
certification flight testing (Ref. 2). As part of the US Army’s airframe-control system through transient maneuvers.
Joint Multi-Role Technology Demonstrator program, Bell is  There has been much aeromechanics research on tiltrotor
developing the V-280 Valor (Ref. 3). aircraft (Refs. 8—15) through analyses. These analyses hav
*Currently at Kitty Hawk Corporation included_ various hub types, rqtor geometries, analysistoo
Presented at the 45th European Rotorcraft Forum, Warsa@d fidelity and they have considered rotor performancelsoa
Poland, September 17—20, 2019. This is a work of the U.gnd aeroelastic stability.
Government and is not subject to copyright protection in the The transition maneuver of the full vehicle, in which the
U.S. DISTRIBUTION STATEMENT A. Approved for public rotor experiences both edgewise flight in hover and low-
release; distribution is unlimited. PR20190395. speeds and axial flow in cruise, creates a unique and interest




ing aeromechanics environment that has not been fully invelsar and spring elements. The RCAS dynamic model for the
tigated with rotorcraft comprehensive analyses. Prevémas rotor was obtained from a CAMRAD (Comprehensive Ana-
lytical research on aspects of tiltrotor transition hastiyde-  lytical Model of Rotorcraft Aerodynamics and Dynamics) Il
cused on rotor-only analyses of quasi-steady conditiotteen model of the XV-15 (Ref. 21).

transition region. Rotorcraft comprehensive analysisesod

have_peen used to analyze various transient maneuver ﬂ'qmmic supercomponents: right and left rotor, fuselagenmai
conditions (Refs. 5, 7,16, 17). wing, horizontal tail, and right and left vertical tails. &h
The present paper studies the aeromechanics of a tiltrfyselage is modeled with linear aerodynamic coefficientd su
tor that maneuvers (time marching transient analysis)ino - that lift, drag, and pitch moment are computed as functiéns o
transition from hover to high speed cruise using the comdynamic pressure. The main wing is modeled with 25 aero-
prehensive analysis code RCAS (Rotorcraft Comprehensiggnamic segments. The 6 inboard and 8 outboard segments
Analysis System) (Ref. 18). The analytical model is based amodel the flap and aileron, respectively, for control system
the XV-15 (Ref. 19) in size and dynamic characteristics, agputs. The horizontal tail is made up of 11 aerodynamic seg-
shown in Fig.1. The XV-15 is a tiltrotor research aircraft that ments and the 8 inboard segments model the elevator for con-
was developed by Bell. The aircraft was used to demonstrai®| system inputs. Each section of the vertical tail is mlede
the flight envelope and capabilities of tiltrotor aircrafthe  with 10 aerodynamic segments and rudder is incorporated for
present model has an accurate representation of gimbaled tontrol system inputs. The wing and tails are modeled with
tors of the XV-15. However, some assumptions were made fidear aerodynamic coefficients for lift and drag coeffi¢gen
simplify the model and analysis. A simple pilot model is de{no pitching moment). Each blade is modeled with 18 aero-
veloped in order to enable the model to perform a reasonaldgnamic segments. The lift, drag, and pitching moment on
conversion maneuver based on altitude and airspeed sehedsdch aerodynamic segments are calculated using airfail cha
commands. Transient response time histories of vehicle dycteristics from C81 lookup tables provided in Appendix A
namics, rotor controls, rotor flapping, rotor performanod a of Ref. 22. Linear unsteady airloads include classical guas
blade structural loads are investigated. steady Theodorsen theory. Finite state dynamic inflow model
In summary, the purpose of this paper is two fold: 1) tdS used to calculate rotor wake flowfield. The model includes

develop a generic tiltrotor configuration similar to the Xg- time dependent characteristics for loading distributiefired

with a control system to perform transient conversion manefy multiple azimuthal harmonics and radial mode functions.
ver and 2) to investigate vehicle dynamics, rotor contmals, For the present analysis, 6 radial polynomials and 6 harenoni
tor flapping, rotor performance and blade structural loads d functions (6 X 6) are used. No inflow model is used for the

The aerodynamic model is composed of seven aerody-

ing conversion flight. wing and tails and no interference effects are included gmon
the aerodynamic supercomponents.
DESCRIPTION OF ANALYTICAL MODEL The present tiltrotor control system was modeled using the

The comprehensive rotorcraft analysis code RCAS is used fgrontrol System Graphical Editor (CSGE). CSGE s a graph-

: : i . . iIcal user interface that contains an extensive library reédir
modeling and analysis of tiltrotor conversion. Figarshows 4

and nonlinear elements such as transfer functions, gains, s

the RCAS tiltrotor model used for the present study. This se?ningjunctions, saturations, limiters, table lookupsefi, etc.

tion describes how the RCAS generic tiltrotor model baseﬁi provides an intuitive graphical user interface (GUI)tthh

on the _XV-15 IS developed_ to perfo_rm a conversion Maneuvel, o sers to draw control system block diagrams graplyicall
analysis from hover to cruise in this study. Detailed dyrcamllt also provides the capability for general, arbitrary age-

properties of the XV-15 gimballed rotor and fuselage and IImment and connection of the control system elements and in-

ited test data are available in Refs. 20 to 23. terfaces with the rest of the model including couplings @f th
The current RCAS tiltrotor configuration consists of structontrol system and structural models.

tural, aerodynamic, and control system models. The overall
structural model is composed of three subsystems: fusela%l()e/

left rotor, and right rotor. The fuselage subsystem cossift . .
several primitive structures that model the basic fuselkde pilot r_nodel consists 9f the two .clontrol paths f_or the altitud
and right wings, two nacelles, two vertical tails, and a Jnoriand e_urspeed anq asimple _stab|I|ty augmer_1tat|on system. Th
zontal tail. Rigid body mass elements model the inertial anf('idetf'lorlhOf thedp':othOdﬁl Is to fol!ow_the m_putlcommandslt
gravitational loads of all the components of the fuselade su and tly the modet fnrough Conversion in a simple manner.
Hses airspeed and altitude commands as well as sensed actual

system. The wings are modeled with rigid bar elements or I ¢ the airf q . o red the dif
ented to provide dihedral and forward sweep. Control hing glues from the airirame dynamic response to reduce the aif-
erences between them.

elements at the wing tips rotate the nacelles. A rigid bar el
ment for each nacelle connects the control hinge to its rotor The nacelle angle is prescribed as a nonlinear function of
Each rotor is composed of a gimbal and three blades. Tlaérspeed. Forward conversion from hover to airplane mode
gimbal is modeled as a constant velocity joint. Each bladiight ends when the prescribed cruise speed is reached. In
is modeled with 12 elastic nonlinear beam elements and tieach case, the difference between the commanded and actual
pitch bearing, pitch link and pitch horn are modeled withdig variables along with their integrals and derivatives argedi
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The present control model includes only the longitudinal
namics of the aircraft due to symmetry. The longitudinal



and gain scheduled and passed to the pilot longitudind stizero altitude change. The transient conversion is follotyed
controls. The mixing and gain schedule of the feedback sigteady level flight cruise for several seconds. Figushows
nals are chosen to represent simple pilot behavior. shapshots of the RCAS conversion maneuver for hover, con-

The pilot longitudinal cyclic controls the rotor swashglat VErsion, and cruise.

longitudinal cyclic and the elevators. In helicopter motte, Operating conditions are sea level standard and 589 RPM
gain from the pilot longitudinal cyclic to the swashplat@do rotor speed. A 2.5(144 steps per rotor revolution) azimuthal
gitudinal cyclic is high. As the nacelles are tilted forwattte  step size is used for the trim calculations. The time step use
gain is reduced and at zero nacelle tilt in airplane modeethein the transient response calculation was 0.000707 second,
is no input to the swashplate longitudinal cyclic. Elevatbr which corresponds to 2.5 deg azimuth angle. The current
fectiveness increases with airspeed such that in the agplaRCAS analysis uses full finite element representation of the
mode, pitch angle, and hence the aircraft vertical motios, arotor blades (no modal reduction) and rigid (no elastic) air
controlled by the elevator. frame motions.

Figure3 shows a simplified representation of the airspeed |n this study, four conversion maneuver scenarios are in-
control system. Ituses airspeed (AS) command and sensed @éstigated; 1) hover to 180 knots in 30 seconds (0.31 g), 2)
tual airspeed (calculated from the aircraft dynamic resppn hover to 210 knots in 30 seconds (0.37 g), 3) hover to 180

and tries to reduce the differences between the two quasititi knots in 45 seconds (0.21 g), and 4) hover to 210 knots in 45
At low speed, longitudinal cyclic is used and at high speedeconds (0.24 g).

collective is used to maintain the commanded airspeed. . o . . . .
P The total simulation time, including the additional time af

Figure4 shows a simplified representation of altitude comter cruise was reached, is 37 and 54 seconds for the 30-second

mand and hold system. It used altitude (Alt) command anghd 45-second conversions, respectively. This corresfiond
sensed actual altitude calculated from the aircraft dynamgpout 360 and 534 rotor revolutions.

response and try to reduce the differences between the two
guantities. It also uses sensed actual vertical speed. wAt |Q|_ ansient conversion maneuver analvsis results
speed, collective is used and at high speed elevator is ased fansi Vers| uv ysl u

maintain the commanded altitude. . S .
Representative results are presented in this subsectimi wh

Figure5 shows that aircraft pitchel) and pitch rate (q) are jncludes conversion maneuver variables and controls ds wel
used as a simple Stability Augmentation System (SAS). a5 aeroelastic and dynamic response of the vehicle and rotor
The control system in this model does not represent tHyades.
XV-15 tiltrotor control system, but was designed for the
present purpose to simulate conversion maneuvers front hoy@rcraft response Figure7 shows the time history of vehi-
to cruise in a reasonable manner. There was no attempt to ¢ffe commanded and actual airspeed for the four conversion
timize the pilot model nor to optimize the control mixing ofscenarios. The commanded airspeed increases linearly from

helicopter and fixed-wing controls. hover to cruise (180 and 210 knots) in 30 and 45 seconds.
Overall the actual aircraft airspeed follows the commanded
RESULTS AND DISCUSSION airspeed profile very well. In general, the biggest diffees

_ ) o _ occur at the beginning of the conversion maneuver when the
Tiltrotor conversion maneuver analysis is conducted uieg  jrcraft try to gain airspeed from hover and at the end of the

comprehensive analysis RCAS and the calculated results &@hversion maneuver when the aircraft transitions to eruis
presented here. This section shows transient response tifigde.

histories of vehicle dynamics, rotor controls, rotor flappi
rotor performance and blade structural loads for varioas-tr
sient conversion maneuver flight conditions.

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 slkew
maneuver (45 seconds) cases. As the aircraft pitch insease
[{will be shown later), the altitude also increases. Abouft70
altitude increase is observed toward the end of the cororersi

Analysis procedure

The transition maneuver analysis of the full vehicle is ca
ried out from hover (90 nacelle angle) to cruise {(hacelle
angle). First, a trim analysis is performed to obtain cdntrg"aneuver.

variables to find the equilibrium solutions for a steadyestat  Figure9 shows the aircraft acceleration in longitudinal and
operating condition. During the trim analysis in hoverorot vertical directions. The longitudinal acceleration is time
collective and longitudinal cyclic and aircraft pitch aitle derivative of the actual airspeed shown in FigThe vertical

are used to trim aircraft vertical and longitudinal forcesla acceleration is the second derivative of the actual airattf

pitch moment. Next, the conversion maneuver is performedde change shown in Fi§. Although the airspeed and alti-

as a nonlinear transient response in the time domain. Duritigde appear to vary smoothly, the acceleration fluctuates. T
the maneuver analysis, the pilot model is activated to fly theertical acceleration increases from zero in hover to adoun
aircraft attempting to follow a desired airspeed profilehwit 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 intdrigher cruise speed (conversion end speed), the rotor gewer
esting observation is the increase in acceleration bet®2en also higher for the faster conversion and for the higherserui
and 30 seconds for the 30-second conversion cases and $geed.

tween 35 and 45 seconds for the 45-second conversion cases.

The increase in acceleration has a significantinfluencetan ro Gimbal flap response Figure13 shows the gimbal flapping
performance and loads, shown later. responses during the conversion maneuver. The calculated

Figure 10(a)shows the nacelle angles. The present corf:0ning angles do not vary much during the transient maneu-
trol system uses airspeed error (difference between aatanl Ver- However, it generally follows the rotor thrust varat]
commanded values) and its integral to tilt the nacelle iri-add@s €xpected. The longitudinal flapping angle variations-si
tion to the scheduled angle (also shown in the figure). Thigr to the longitudinal cyclic angle variation. Althougltdaal
feedback helps to reduce the airspeed error beyond the F¥clic angle is zero during the maneuver, the lateral flagpin
sponse to longitudinal cyclic. The sharp drop in the naceli@ngle is not because of cross-coupling.
angle around the beginning of the maneuver is due to this
feedback. Because the actual speed is lower than the coBlade structural loads Figurel4shows the blade flap bend-
manded airspeed at the beginning of conversion (Bigthe ing moments at the 9.1% radial location (just outboard aipit
aircraft tried to accelerate by tilting nacelle forwardckly.  bearing). The mean flap bending moment variation is similar
In addition, an actuator model with the bandwidth of 2 HZo the vertical acceleration variation. The maximum oaeill
was included in the control system to prevent unrealistic ndory (peak-to-peak) flap bending moment occurs near the end
celle tilt rate. of the conversion flight, which is also consistent with the ve

Figure10(b)shows the aircraft pitch attitude. Initially the hicle acceleration.

aircraft pitch is reduced to accelerate from hover to cajch u  Figure 15 shows the chord bending moments at the 9.1%

with the commanded airspeed. And then aircraft pitches up tadial location. The magnitude of the mean chord bending

reduce airspeed overshoot. As the aircraft altitude irsgga moment increases with time. The magnitude of oscillatory

the control system reduces the aircraft pitch. chord bending moment is much smaller than that of flap bend-
ing moment.

Rotor controls Figure 11 shows the controls used for the  Blade torsion moments are not shown as they are much
present conversion maneuver flight. The high collectiverpit smaller than the bending moments shown here.

at the end of the conversion is required as the rotors enepunt

high axial flow. At all airspeeds during the conversion the\lternative conversion strategy

pilot collective control is higher than the hover colleetivFor

steady level flight conditions, collective at low speedsigdr The conversion strategies investigated in the presenty stud
than that in hover. However, collective increases in thegmé show that the maximum rotor power occurs towards the end of
conversion maneuver flight due to forward acceleration.  the conversion where the acceleration jump up and the maxi-

The longitudinal cyclic is more effective at low airspeed”Y™ power values are about2-3 t|mes_of the hove.r power. In
and behaves as in a conventional helicopter. At the beg;ipnir,(?rder to addregs th!s ISSU€, an aIt_ernatlve conversiotegira
of the conversion, the longitudinal cyclic is used to cohine is examined briefly in this subsection.
airspeed. Near the end of the conversion, it is reduced to zer Instead of the conversion maneuver based on altitude and
airspeed schedule commands, the alternative conversain st

Rotor performance Figures12(a)and12(b)show the rotor €9y Uses collective and elevator angl_e to ach_ieve desired en
thrust and power, respectively. For steady level flight ¢ond9iN€ POwer (thus rotor power) and aircraft pitch. The new
tions, rotor thrust is the highest in hover and decreases wittrategy shifts high acceleration to lower speed to redoee t
airspeed as the wing generates more lift as airspeed irgeadOtor POWer increase.

For the present maneuver analysis, rotor thrustincreagies a  Figure 16 shows aircraft dynamics and rotor performance
initial conversion states to provide energy for forwardedec results for the 210-knotin 30-second conversion case Wwéh t
eration shown in Fig9. As the acceleration is higher for the alternative conversion strategy. The nacelle is presdribe
30-second conversion cases than for the 45-second cases titbforward linearly. The airspeed increases very slovilyhe

tor thrust increase is also higher for the 30-second coiorers beginning of the conversion and then increases almostlinea
cases. The rotor thrust increase between 22 and 30 secofrdsn 18 seconds into the conversion to the end. Although the
for the 30-second conversion cases and between 35 andaltude command and hold system is not used, the altitude
seconds for the 45-second conversion cases follows theégrerchange is less than 50 ft. The aircraft acceleration is ighe
in acceleration. The biggest increase occurs for the 210 knat lower speed, but lower at higher speed than the baseline
30 second case as the biggest acceleration change occurpage shown in Figd(b). And thus the rotor thrust increases
More power is also required for forward acceleration as showat around 10 seconds into the conversion, but the rotortthrus
in Fig.12(b) The trend is very much in agreement with that ofincrease between 22 and 30 seconds (F2ga) is eliminated.
acceleration. As the aircraft longitudinal accelerat®targer The maximum rotor power is reduced about 400 HP (16 %)
for the faster conversion (shorter conversion time) andifer compared to the baseline case (Hig(b)).
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Various conversion flight strategies will be systematicall 3ghinger, R., Gehler, C., and Allen, S., “Bell V-280 Valor:
@nvestigated and better pilot control models will be depeld A JMR-TD Program Update,” American Helicopter Society
in the future. 73rd Annual Forum Proceedings, Fort Worth, TX, May 9-11,

2017.
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“Popelka, D. A., and Agnihotri, A., “Prediction and Alle-
This paper investigates the aeromechanics of tiltrotovesn viation of V-22 Rotor Dynamic Loads,” American Helicopter
sion maneuver using the comprehensive analysis code RCASciety National Specialists’ Meeting on Rotorcraft Dynam
(Rotorcraft Comprehensive Analysis System). The analjticics, Arlington, TX, November 13-14, 1989.
model is based on the XV-15 in size and dynamic characteris-
tics. A generic (not representative of XV-15) tiltrotor ¢si ~ “Schillings, J., Roberts, B. J., Wood, T. L., and Wernicke,
system is developed to simulate conversion maneuver. Tinffe G., “Maneuver Performance Comparison between the XV-
histories of vehicle dynamics, rotor controls, rotor flappi 15 and an Advanced Tiltrotor Desigrjournal of the Ameri-
rotor performance and blade structural loads are investiga can Helicopter Society, May 1990.

for various transient conversion maneuver flight condgion sAgnihotri. A.. Idler, W., Milliken, R., and Singh. S., “V

From this study the following conclusions are obtained: 5 enmD Design Loads Development Using V-22 FSD Flight
1) A generic tiltrotor control system is developed to sim-Test Data,” American Helicopter Society 50th Annual Forum
ulate transient conversion maneuver using airspeed aRd aRroceedings, Washington, D.C., May 11-13, 1994
tude commands. Overall, the actual aircraft airspeedvsilo _ _ _
the commanded airspeed profile very well and the altitude _iS7Corr|gan, J. C., “Computation of Loads during Maneuver-

well maintained at the beginning of the conversion and withiing Flight Using a Comprehensive Rotorcraft Code,” Amer-
75-ft variation at the end of the conversion. ican Helicopter Society National Specialists’ MeetingijrFa

2) The aircraft acceleration in longitudinal and vertical d field Country, CT, October 4-5, 1995.

rections is larger for the faster conversion (shorter cesive 8Johnson, W., “Airloads and Wake Geometry Calculations
time) and for the higher cruise speed (conversion end speeg)y an Isolated Tiltrotor Model in a Wind Tunnel,” 27th
The acceleration profile has a significant influence in therrot gy ropean Rotorcraft Forum Proceedings, Moscow, Russia,
performance and loads during the conversion maneuver.  geptember 2001.

3) The rotor thrust increases at the initial conversionestag 9 . )
in order to provide energy for forward acceleration and the ~Potsdam, M. A, and Strawn, R. C., “CFD Simulations of

rotor thrust increase is larger for the faster conversiborger ~ 111trotor Configurations in Hover,Journal of the American
conversion time). Helicopter Society, Vol. 50, (1), January 2005, pp. 82-94.

4) The rotor power is higher throughoutthe conversion ma0Hg, J. and Yeo, H., “Assessing Calculated Blade Loads of

neuver than that in hover. As the aircraft longitudinal &cce the Tilt Rotor Aeroacoustic ModelJournal of Aircraft, Vol.
eration is larger for the faster conversion (shorter cosieer 55 No. 3, May-June 2018.

time) and for the higher cruise speed (conversion end speed)

the rotor power is also higher for the faster conversion and f 1'Yeo, H., Bosworth, J., Acree, C. W. Jr., and Kreshock,

the higher cruise speed. A.R., “Comparison of CAMRAD Il and RCAS Predictions of
5) The mean flap bending moment variation is similar t(;I'iltrotorA_eroelastic Stability,'Journal of the American Heli-

the vertical acceleration variation. The maximum osaiipt COPter Society, 63, 022001 (2018).

(peak-to-peak) flap bending moment occurs near the end quJohnson W

the conversion flight, which is also consistent with the ekhi o

acceleration.

6) An alternative conversion strategy is briefly examined'3Shen, J., Singleton, J. D., Piatak, D. J., Bauchau, Q. A.,
to address the significant rotor power increase. About 400 Hed Masarati, P., “Multibody Dynamics Simulation and Ex-
(16 %) reduction in the maximum rotor power is achieved foperimental Investigation of a Model-Scale Tiltrotodgurnal
the 210-knot in 30-second conversion case. of the American Helicopter Society, 61, 022010 (2016).

“Dynamics of Tilting Proprotor Aircraft in
Cruise Flight,” NASA TN D-7677, May 1974.

14Bowen-Davies, G., “Comparison of Vortex Wake, VVPM
REFERENCES and CFD Aeromechanics Computations of the Boeing 222
14/.22 Osprey 2010 Guidebook,” NAVAIR PMA-275 Con- Proprotor,” American Helicopter Society 74th Annual Forum
trol Number 11-607, NAVAIR, 2011/2012. Proceedings, Phoenix, AZ, May 14-17, 2018.

2Dubois, T., “Leonardo presses ahead with AW609 cer5Tran, S., Lim, J., Nunez, G., Wissink, A., and Bowen-
tification program,” https://www.verticalmag.com/news/Davies, G., “CFD Calculations of the XV-15 Tiltrotor During
leonardo-presses-ahead-aw609-certification-programfg-  Transition,” Vertical Flight Society 75th Annual Forum Pro
trieved on February 2019, published December 2016. ceedings, Philadelphia, PA, May 13-16, 2019.

5



®Hwang, S., Lee, M. K., Kim, Y, and Kim, J. M., “Propro-
tor Load Evaluation in Collision Avoidance Maneuver of Tilt
Rotor Unmanned Aerial Vehicle,” American Helicopter Soci-
ety Vertical Lift Aircraft Design Conference Proceedin§an
Francisco, CA, January 18-20, 2006.

saberi, H. A., Khoshlahjeh, M., Ormiston, R. A., and
Rutkowski, M. J., “RCAS Overview and Application to Ad-
vanced Rotorcraft Problems,” AHS Fourth Decennial Special
ists’ Conference on Aeromechanics Proceedings, San Fran-
cisco, CA, January 21-23, 2004.

18saberi, H., Hasbun, M., Hong, J. Y., Yeo, H., and Ormis-
ton, R. A., “Overview of RCAS Capabilities, Validations,can
Rotorcraft Applications,” American Helicopter Societyst1
Annual Forum Proceedings, Virginia Beach, VA, May 5-7,
2015.

PMaisel, M. D., Giulianetti, D. J., and Dugan, D. C., “The
History of the XV-15 Tilt Rotor Research Aircraft: From Con-
cept to Flight,” The NASA History Series, NASA SP-2000-
4517, 2000.

2OFerguson, S. W., “A Mathematical Model for Real Time
Flight Simulation of a Generic Tilt-Rotor Aircraft,” NASA
CR-166536, September 1988.

2Iacree, C. W. Jr., “An Improved CAMRAD Model for
Aeroelastic Stability Analysis of the XV-15 with Advanced
Technology Blades,” NASA TM 4448, 1993.

22pcree, C. W., Jr., Peyran, R. J., and Johnson, W., “Rotor
Design Options for Improving XV-15 Whirl-Flutter Stabiit
Margins,” NASA/TP-2004-212262, March 2004.

23Arrington, L., Kumpel, M., Marr, R., and McEntire, K.,
“XV-15 Tiltrotor Research Aircraft Flight Test Data Rep®rt
NASA CR 177406, June 1985.



l =
42 FT 11
4]/ 128 FT
— — =
322 FT eIV E 228 FT o
l- 2.5»-‘ |
W
(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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(a) Hover

(b) Conversion

(c) Cruise

Fig. 6. Snapshots of RCAS conversion maneuver.



240 240~
—Airspeed, commanded —
200- == Airspeed, actual 200
S 160 S 160
c c
X x
T 120 T 120
) ]
% o
2 80 2 80
< by ! —— Airspeed, commanded
== Airspeed, actual
40 40
0 T T T 1 0 T T T
0 10 20 30 40 50 0 10 20 30 40 50
Time, sec Time, sec
(a) 180 knot, 30 second (b) 210 knot, 30 second
240 240
— Airspeed, commanded — Airspeed, commanded
200 — — Airspeed, actual 200 | == Airspeed, actual
’
o 160
c
X
T 120
)
%
n
= 80
<
40
0 T T T 1 0 T T T
0 10 20 30 40 50 0 10 20 30 40 50
Time, sec Time, sec
(c) 180 knot, 45 second (d) 210 knot, 45 second

Fig. 7. Airspeed.

10



150,

Altitude change, ft
z S

o

— Altitude, commanded
= = Altitude, actual

150

-
o
o

10 20 30 40 50
Time, sec

(a) 180 knot, 30 second

— Altitude, commanded
= = Altitude, actual

Altitude change, ft
n
o

o

10 20 30 40 50
Time, sec

(c) 180 knot, 45 second

Altitude change, ft

Altitude change, ft

150,

— Altitude, commanded
== Altitude, actual

100
l"\
50 .
] ]
’ \
I' '
—" “
0 —m==—"" 5
L]
1
\
p -
-50 i i \
0 10 20 30 40 50
Time, sec
(b) 210 knot, 30 second
150
— Altitude, commanded
== Altitude, actual
100
:"' “\
50- J v
] v
’ 1
"” “
0 o
-50 i i \
0 10 20 30 40 50

Time, sec
(d) 210 knot, 45 second

Fig. 8. Altitude change



0.9+

— Longitudinal
== Vertical
0.6
0.3
0
-03 T T T 1
0 10 20 30 40 50
Time, sec
(a) 180 knot, 30 second
0.9,
— Longitudinal
== Vertical
0.6
0.3
0 R~
-03 T T T 1
0 10 20 30 40 50
Time, sec

(c) 180 knot, 45 second

12

0.9+

0.6

0.3

—Longitudinal
== Vertical

-0.3 ‘ ; ‘
0 10 20 30 40 50
Time, sec
(b) 210 knot, 30 second
0.9-
—Longitudinal
== Vertical
0.6
0.3
0 My
-0.3 ‘ ; ‘
0 10 20 30 40 50
Time, sec

Fig. 9. Acceleration.

(d) 210 knot, 45 second



100

nacelle schedule
— 180 kt, 30 sec
o ==210 kt, 30 sec

Aircraft pitch, deg

154 ——180 kt, 30 sec

==210 kt, 30 sec
— 180 kt, 45 sec

10 ==210 kt, 45 sec

5*‘

0

5

L4
'10 T T I
0 10 20 30 40 50
Time, sec

(b) Aircrft pitch

Fig. 10. Nacelle angle and aircraft pitch.

80 —180 kt, 45 sec
o ==210 kt, 45 sec
[7)
T
9 60
(=]
c
©
2 40
[}
o
©
P4
20
0 T T T 1
0 10 20 30 40 50
Time, sec
(a) Nacelle
45
—Collective
= = Longitudinal cyclic
30
& 15
T
0 n_
" N -
! ““- - I"
- s
'15 T I T i
0 10 20 30 40 50
Time, sec
(a) 180 knot, 30 second
45
—Collective
= = Longitudinal cyclic
30
o]
o 15
T
(AL
0y ~.\‘ R -
S ——— g \\\‘ "l
-15 T T T 1
0 10 20 30 40 50
Time, sec

(c) 180 knot, 45 second

deg

45,
——Collective
== Longitudinal cyclic
30
15
04 N -
. N ’l
Seenmy ]
. J
'15 T T - T
0 10 20 30 40 50
Time, sec
(b) 210 knot, 30 second
45
—Collective
== Longitudinal cyclic
30
15
r-
LY ——
0 1’ \““ "—
e - ,'
\\ "
\‘-‘
'15 T T I
0 10 20 30 40 50
Time, sec

(d) 210 knot, 45 second

Fig. 11. Pilot control.



10000
‘ —180 kt, 30 sec
| = =210 kt, 30 sec

8000 | —— 180 kt, 45 sec
| = =210 kt, 45 sec

4000

—180 kt, 30 sec

==210 kt, 30 sec
3200 ——180 kt, 45 sec
==210 kt, 45 sec

N
N
o
o

Rotor power, HP
>
8
Y

800

(b) Rotor power

Fig. 12. Rotor thrust and power.

2 ;
% 6000 |
=] s
= |
< |
- |
1Y |
O 4000
- |
[e] |
€
2000
o S I
0
Time, sec
(a) Rotor thrust
10
—Coning
= = Longitudinal flapping
— Lateral flapping
o
)
©

'10 T f T i
0 10 20 30 40 50
Time, sec
(a) 180 knot, 30 second
10

——Coning
== Longitudinal flapping
— Lateral flapping

-1 0 T U T !
0 10 20 30 40 50

Time, sec
(c) 180 knot, 45 second

10+ .
——Coning
= = Longitudinal flapping
—Lateral flapping

'10 T T T
0 10 20 30 40 50
Time, sec
(b) 210 knot, 30 second
10

—Coning
== Longitudinal flapping
— Lateral flapping

-10 :

0 10 20 30 40 50
Time, sec

(d) 210 knot, 45 second

Fig. 13. Flap angles at the gimbal.



6000

2 :
= o
14
X
-
(<]
® ;
= -6000-
m |
|18
42000 : EE—
0 10 20 30 40 50
Time, sec
(a) 180 knot, 30 second
6000
2 :
= o
14
2
-
(<]
® ;
= -6000-
m |
|18
42000 : EE—
0 10 20 30 40 50
Time, sec

(c) 180 knot, 45 second
Fig. 14. Flap bending moment (FBM) at 9.1%R.

15

6000 -

-6000

FBM @ 9.1%R, ft-lb

112000 S - —
0 10 20 30 40 50
Time, sec
(b) 210 knot, 30 second

6000 -

-6000

FBM @ 9.1%R, ft-lb

-12000 | -
0 50

20 30
Time, sec
(d) 210 knot, 45 second

10



, ft-lb

1%R

CBM @9

, ft-lb

1%R

CBM @9

4000

0
: -4000
-8000 -
-12000 S S N
0 10 20 30 40 50
Time, sec
(a) 180 knot, 30 second
4000
0
. -4000
-8000 -
-12000 B A S N
0 10 20 30 40 50
Time, sec

(c) 180 knot, 45 second

16

4000

]
£
= ?
¥ -4000 |
e 5
®
= 3
O -8000-
12000 | I EE R
0 10 20 30 40 50
Time, sec
(b) 210 knot, 30 second

4000
2 o
é |
£
= ?
¥ -4000 |
e 5
®
= 3
O -8000-

12000 | I EE R
0 10 20 30 40 50
Time, sec

(d) 210 knot, 45 second
Fig. 15. Chord bending moment (CBM) at 9.1%R.



100, 240,

80 200-
(o]
d’ A
'Un o 160
9 60 £
@ -
S § 120
2 40 Q
@ 4
8 3z 80
-4
20 40
0 T T 1 0 T T T
0 10 20 30 40 50 0 10 20 30 40
Time, sec Time, sec
(a) Nacelle angle (b) Airspeed
150 0.9+
—Longitudinal
== Vertical
& 100 0.6
[
o
c
2
o 50 0.3
(2]
°
=}
=
=
< o0 0p=-"
-50 f T i ‘03 T T T
0 10 20 30 40 50 0 10 20 30 40
Time, sec Time, sec
(c) Altitude change (d) Acceleration
4000+
3200
o
2 I
- — 4
@ 5 2400
I~ 3
S o
- o
8 5 1600
S °
x @
800
L 0
0 10 20 30 40 50 0 10 20 30 40
Time, sec Time, sec
(e) Rotor thrust (f) Rotor power

Fig. 16. Aircraft dynamics and rotor performance with alter native conversion strategy.
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