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PREFACE

During the last decade, hingeless rotorcraft have been the subject of substantial research, devalopment, and testing, because of their
potential for reduced maintenance, impruved performance, and better flying quaiities. Production of hingeless rotorcraft is now under
way. Experience has shown that, compared to articulated rotors, hingeless rotors are more demanding with respect to tne dynamic
design, Structural integrity, good handhing quahities, and fiight stability depund on a proper assessment of the dynamics problems, much
more so than for articulated rotorcraft.

This report reviews recent work on the flight dynamics of hingeless rotorcraft, with emphasis on concepts rather than on details
The usual divisior; of arcraft dynamics into rigid body flight dynamics and structural dynamics that include vibrations and aero-
elasticity, 1s not applicable for rotorcraft, especially hingeless rotorcraft. Elastic blade deformations greatly affect handling qualities
and must be included in a discusston of hingeless rotorcraft flight dynamics. Here, a somewhat arbitrary line is drawn between flight
dynamics and structural dynamics. Fhenomena that involve blade torsional modes leading to potential classical flutter and phenomena
that involve the higher blade bending modes and elastic fuselage modes essential for the vibration characteristics of the rotorcraft are
relegated to structural dynamics. Phenomena that involve the lower blade flap and lag bending modes - including blade torsional etastic
deflections, but excluding torsion dynamics — and the rigid-body modes are relegated to flight dynamics. This division assumes that
blade torsional natural frequencies are sever.' times greater than the rotor rotational frequency, which is true of current lifting rotors
According to the dividing line drawn here, . - resonance phenomena and other low frequency instabilities in flight belong to flight
dynamics and are included here,

Although of great importance for the overall design, material selection and their properties are not considered here Only hfting
rotors are considered, omitting the special problems of hingeless tilting prop/rotor aircraft. Of the various feedback control systems,
only those for the inner loop are considered since they can strongly couple with the elastic rotor modes. This survey report is not
directed primanily to the dynamics specialist but rather to the rotorcraft design engineer who wishes to be introduced to the
flight-dynamics problems of hingeless rotorcraft and to the methods for their solutions known to date.

Chapters 1 to 6 are almost purely descriptive with a few simple equations in chapter 4 that define several blade coupling parameters
and, 1n chapter 6, that define several feedback parameters. Chapters 7 and 8, 1n addition to descriptive material, also contain mathemat
cal formulations of the basic methods discussed. Most of the literature is cited in chapter 2, on the history of hingeless rotorcraft,
in inverse chronological order within each section. The reference list has an appendix containing relevant recent publications not cited

in the text.
SYMBOLS
Mast symbols used are defined in the text. A few often recurring symbols are listed here.
a airfoil lift slope
¢ blade chord
Cm M/mR3p(S2R)?; hub moment ccefficient in rotating reference system, positive down
Iy blade flapping moment of inertia about rotor center or about equivalent flapping hinge where noted
N blade number per rotor
P dimensionless blade flapping frequency
R rotor radius or hub rigidity parameter
a angle of attack
B blade flapping angle, defined as slope of line from rotor center to blade tip, positive up

By ==-a; forward cyclic flapping
By =-b, leftcyclic flapping

¥ acpR* /1y, blade Lock number {a = 5.6), or glide-path angle
¢ blade lead angle
w» g 9 blade pitch angle, positive nose-up
0, =-0, forward cyclic pitch
- 6y = 0. leftcyclic pitch
] € fecdbeck system phase angle; aiso azimuth angle that defines mixed-flow region
, A dimensiontess inflow velocity, positive up, also real part of eigenvaiue
R u rotor advance ratio
“’°A( p air density
to . 0 cN/=R, rotor sohdity ratio
P ¢ phase angle of contro! system
s o Vi blade azimuth angle from aft position
Q angular speed of rotur

wp blade flap natural frequency
wg blade lead-lag natural frequency
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SUMMARY

The state of hingeless rotorcraft research and development in the NATO countries as of 1973 is described. The scope of this report
is limited to flight dynamics (as defined n the Preface) since most of the hingeless rotorcraft i oblems have occurred in this area. In the
introduction, the speciw place of the hingeless rotoicraft within the family of rotorcraft is considered. The chapter on the tustory of
hungeless ruturcraft desunibes the hingeless rutor research and development uf the various rotoruaft manufacturers and the hingeiess
rotor research at guverniment laboraturies and universities. A hiesarchy of dynamic concepts frum isolated blade dynamics tu coimplete
sotur,body dynamics is stioduced. The effects of tlie basic rotur design parameters on flight dynamics are traced ana certau hingeless
rotorcraft prublems are treated s sumie detail. A special chapter 1s devoted to the alleviation of hingeless rotor flight dynainics problems
by teedback control systems. Finally, analyticai modeling technigues, mathematical andlysis echniques, and model and flight testing
techniques for hingeless rotorcraft are discussed.

1 INTRODUCTION

To view the various hingeless rotorcraft types within the entire family of roturcraft, the rotors are first classified according to
hunge arrangements and then according to fiapwise and inplane bending stiffness. Some comments on the flight hardcteristics of
different rotorcraft types conclude the Introduction.

1.1 Rotor Classification According to Hinge Arrangement

There are many different rotor blade hinge arrangements and many names for each arrangement. The hingeless rotor has been called
rigid rotor, nonarliculated rotor, or semingid rotor, the latter term having also been applied to the Bell teetering rotor. Actually, the
tungeless rotor (as presently used) is noi really hingeless, since only flapping and lead lag ninges have beei. removed but not the
feathering hunges. Truly hingeless rotors are presently being developed and these may be called bearingiess rotors.

Agan, tor the floating or gimbaled hub configurations where the blades are all ngid!y interconnected without individual flap or
lead-lay innges, but where the hub can tilt with respect to the rotor shaft eiter freely or subject to elastic restraints, there is a problem
of definition. Such types have been called "semingid’ or ‘semihingeless,” but a better tzrm would be “hingeless floating.” When trere
are two blades per rotor, this configuration is identical to the teetering rotor. Another .otor configuretion widely used for tail rotors is
one where flapping hinges are retaned but lead ldag hinges are omitted. It seems logical to call this type semihingeless. Such an arrange
ment has also been used with o fluating hub, as in the McDonnell rotor, which would then be termed “semuhingeless floating.” In maiiy
rotor configurations, the thrust bearings that absorb the blade centrifugal force are replaced by internal torsion packs or external straps.
in this .ase, the feathering hinges cuntain cnly radial bearings. The preceding terminology will remain the same also for configurations
where the metal bearings in any ot the hinges are replaced by elastomeric bearings. The terminology used for the seven hinge arrange
menis is presented in table 1.

TABLE | HINGE ARRANGEMENTS

Term Definition
Articulated One flap, lead-tag, and feathering hinge per blade
Sernihingeless One flap and feathering hinge per blace
Semihingeless floating  Same as before with floating hub
Hingeless Oune feathering hinge per blade
Hingeless floating Same as before with floating hub
Teetering Same as hefore with two blades per rotor
Bearingless Truly hingeless

1.. Rotor Classification According to Blade and Hub Flexibility

The ettect ot biade bendir.g flexibility on articulated rutoicraft flight dynamics s noticeable but not substant.al and an analysis
that assumes the blades are rigid 1a bending is often adequate. However, this is rot true fur hingeless rotors. For hingeless rotor
contigurations, flapwise soft blades mith flapwise natural trequencies {at normal rotor speed) of 1.05 to 1,158 are distinguished from
tiapwise stitt uiades with such frequenuies at 1.4§0 or more. As discussed later, the roter dervatives of flapwise soft and flapwise stff
hingeless rotors are quite different.

The ciassitication with respect (0 snplane blade vending stiffness of semitungeless or hingeless rotors s related to the problem of
multiblade lead iag dynamic instability, which i .alied (not very logeally} ground or awr resonance, depending on whether the
instabiity occurs on the ground or in the air, Ground resonance has always been one of the main uynamic probiems ot rotarcraft. This
type ot dyndamit instabihty vccuis when a budy vibration mude with horizontal rotor hub monwn has a natural frequency equa to the
rutor rotation trequenicy minus the blade lead lag natural fiequency, unless the body mude and the lead lag blade mode are both
suthiciently damped Without aervdynamie forces on the blades, giound resonance cannot occur «f the blade lead lag natural frequency
s hugh o than the rotor rotationdl frequency. Articuldted blades cannot satisfy this condition and require friction or hydraulic
dampers lur the blew iead-ag mution in additiun to adequate damping of thuse body mudes fo1 which frequency coalescence is
possible The moust viteeal Mude s usually the roll mode on the ground where the stiffness of the main landing gear determines the
natural trequency of the budy. The theory of gruund resonance was uriginally developed by Coleman {ref. 1.1} and improved in
reference 1.2.

Fur semhingeless or huwgeless roturs, the blade lead lag natural frequency can be raised above the normal rotor rotational
trequency 0 \tus case, ground resonance of the Culeman type (e, the blade aerodynamic forces are not considered) cannot occur.
Nesther the bidade iead-lag motions nor the landing gear requ re dampers to prevent the instability un the ground. Such blades are
considered sttt inpiane.  Semuhingeless or hangeless ruturs desiyned with the blade lead lag natural frequency below the normal rotor
rotatiundl trequency dre called  sofusaplane  Such Liades have a crassover rotor speed at which the blade lead lag natural frequency
equals the rutur rutational frequency. Below this crossover rotor speed, ground resonance of the Coleman type cannot occui. Above
this crossover trequency, the same precsutions must be taken as for articulated biades, If the rotur rotational frequency minus the blade
lead 1ag naturdi trequency equals the frequency of o body mode having horizontal rotur motiuns, the i both the blade lead lag motion
and the body motion must be sufficiently damped

The Cuietnan gandlytical mudel for ground resonance, which neglects blade aerodynamic furces, s approximately valid for
articuiated ruturs uperating un the ground. For hingeless rotors on the ground ana for any type of iotor in flight, aerodynam.c effects
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become important and must be included in a stability analysis. The differcnce between “‘soft inp‘ane’ and “stiff inplane’’ configurations
1s then not as straightforvvard as indicated by he Colemadn analytical ..wdei. When aerodynamic coupling witn flapping and feathering
motions 1s included, astiff inplane configuration > no guarantee against i.ultiblade lead lag instability. For a soft inplane configuration,
these aerodynamic couplings can be used in such a way that, despite frequency coalescence, mechanical damping of the lead lag blade
motion and of the body mode on the ground may not be necessary.

All these phenomena are discussed in more detail later since they are intimately related to the flight dynamic aspects of hingeless
rotorcraft design. These introductory comments are intended to give the rationale for the adopted categorization of rotor systems and,
at the same time, dispe} the long-heid notion that stiff inplane rotors are inhcrently more stable than soft inplane rotors. Both types have
their special problems, and a careful flight dynamics analysis that goes far beyond the Coleman analytical model 1s needed.

In histing the 12 rotor types of table i, one must consider that stiff flapwise rotors occur only In hingeless rotors and are stiff
inplane. The bearingless rotor with a flap-torsion flex beam is not listed. It could be designed either stiff inplane (ref 1 3) or soft
inplane (ref. 2.53). Since the truly hingeless rotor is still in the initial stages of development, it will not be discussed here.

TABLE Il ROTOR TYPES

Rotor Flown during Manufacturer
Articulated 1920's Cierva {Autogiro)
" soft inplane , Fairey (Rotodyne)
Semihingeless . suffnplane 1950’ McDonnell {Convertaplane n cruising) and tail rotors

3

Semvihingeless floating soft inplane

stiff inplane 19?)0'5 McDonnell {Convertaplane before conversion)
oft Ifr']?’l‘:r::e 1960's Bolkow, Westland

Hingeless :?l‘ftf fr&:ri‘ze’ 1960's Bell, Lockheed
s .frlf:ﬁ:vr::e 1970's Sikorsky (ABC)

Hingeless floating :(t)lfftf ::‘;))II::Z :ggg: g;T(é;qlt prop/rotor)

Teetering :?ufftf '.:‘:;22 194C's Bell, Hiller B

Among the 12 rotor types hsted in table i, only the 3 “hingeless’ types are considered here. As shown later, there are essential
dynamic differences between rotor types with the feathering hinges rigidly attached to the hub, and for which almost all Lending
deformations occur outboard of the feathering hinges in the blades proper, and rotor types for which part of the bending deflections
occur inboard of the feathering hinges. The ratio of inplena/out-of-plane flexib:lity of the inboard flex elements does not change with
blade pitch changes, whiie this ratio does vary with blade pitch setting for the flex elements outboard of the feathering hinges
Accordingly, the soft flapwise rotors are divided into subclasses with soft flapwise and stiff flapwise hubs For stiff flapwise rotors, this
difference does not occur since the bub must also be stiff flapwise. The gyro-controlled Lockheed rotor is unigu @ Thus six hingeless
rotor types are indicated in table |U1l; in all cases, the hub is stiff inplane.

TABLE il HINGELESS ROTOR TYPES

Suff flapwise, suff inplane

Stuff flapwise

Blades Hub Manufacturer
Soft flapwise, soft inplane | Soft flapwise Westland
Soft flapwise, soft inplane | Stff flapwise Bolkow, Vertol
Soft flapwise, stiff inplane | Soft flapwise Bell
Soft flapwise, stff inplane | Stuff flapwise Bel!
Soft flapwise, stiff inplane | Soft flapwise, gyro-controlled | Lockheed

Sikorsky (ABC)

*.3 Comments on Differences in Flight Characteristics

Tie present discussion 1s imited to the effects of fiapping configuration on fiying qualities There are four flapping Lonfigurations

@ F1 Hingeless floating (for two blades equivalent to teetering)

®  F2 Arucutated with flapping hinge offset

®  F3 Hingeless soft flapwise

®  F4 Hingeless suff flapwise
In the sequence given, the hub momemt per unit cyclic pitch jput s zero for F1, moderate for F2, substantial for F3, and large for F4
Configuration F1 uses only tne moment of the rotor thrust vector with respect to the aircraft center of gravity to vontrul pitch and roll
One advantage of this configuration s the ease with which the fuselage attitude can be trimmed in cruising flight where minimum drag
fuselage attstude 15 important The rotor attitude for a given speed 15 determined only by the parasite drag The fuselage attitude can be
changed by positioning the horizontal tail without causing hub moments or dynamic blade stresses The hovering attitude of this con
figuration 1s sensitive to fore and aft ¢.g. shifts The instability with angle of attack that increases with inc.easiny forward speed and 1s
typical of many rotorcraft, can easily be overcompensated by a smail horizontal tail or by a nose up fuselage trim moment which re
quires that the center of gravity be forward of the rotor thrust vector.

For configuration &1, the pitch and roil control power ner unit cyciic pitch input depends on the g load factor Control power 1s
reduced for pushovers or downward gusts and increased for pullups, coordinated turns, or upward gusts Since at a zero y load facrur
the control power 1s almost zera, a L.mit 1s imposed on maneuverability If the hub tilting motiuns are elastically restrained, some
control power s available even at a zero gicad factor. Pitch and roll damping depend on the g load factor in the some way as the
control power and are zero at zero 9. For adequate control power and damping in normal flight, the rotor must be sutficiently above
the fuselage that an adequate distance between rotor and aircraft ¢.g 1s achieved
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Configurat.on F2, with offset flapping hunges, uses both the moment of thz rotor thrust vector with respect tu the aircralt c.y. and
the hub tiiting moment for pitch and oll control and damping. The hub moment contribution is typically 20 to 40% of the total rutu
moment about the awrcraft c.g. Control power and damping are not zero at a zero g load factor. Fore and aft ¢.g. slufts have less eftect
on hovering atutude. However, both c.g. shifts and fuselage attitude trim cause alternating hub bending moments. Anyle of attack
instability at forward speed 1s more difficuit to compensate. The rotor can be moved closer to the fuselage, which iuakes for a more
compact configuration, but rotor/fuselage interference drag can become a problem.

Configuration F3 generates substantial blade root bending moments. The hub tilting moment and, to a lesser degre., the th.ust
moment with respect to the aircraft «.g., provide pitch and roll control as well as pitch and rull dampiny, which are now aftected very
littie by the g-load factor, The c.g. can be shifted fu e or aft with a relatively small effect on hovering attitude. The ruiui wan be placed
closer to the fuselage. Because of the increased control power and pitch and roll damping, the time constants of the controls are much
shorter than for articulated rotors. Step control inputs produce a constant angular rate response within a fractiun uof a second Lompared
to 1 to 2 seconds for articulatea rotorcrait. A disadvantage is that the fuselage attitude with respect to the rotor cannot be changed
without producing high oscillatory moments in the biades ard rotor hub and high horizontal tail ioads. Changes .n .y, position have less
influence on flight characteristics but produce oscillatory blade and hub moments and thus are himited by stiuctural fatyue
considerations. The angle-of-attack instability in forward fhyht s increased compared to articulated jotorcraft and must be
compensated with a larger horizontal tail. If the tail incidence is incorrect, additional alteinating biade and hub moments are generated.,
Substantial cross-conitrol effecis may exist. including roll with pitch control, pitch with roli control, and pitch with collective control.
Pitch-roll cross-damping effects may also ve substantial. Methods to alleviate these problems, such as blade structural cuupling or
control feedback, are discussed later.

in conf:guration F4, all the features listed for F3 are more pronounced. Since attitude differences between rotor and fuselage are
practically impossible, large arcraft attitude changes between hovering and forward flight are unavoidable. A large horizontal tail is
required to cuompensate the rotor angie-of-attack instabil.ty. Since the cross-control and cross dampiny effects are also much greater
than for F3, this configuration has been considered only for counterrotating rotors where some of the cross-coutrol eifects are
compensated. However, the pitch with collective cortrol change remains. One problem typical of configuration F4, and to a lesser
extent F3, is the mismatch between the larye vychic pitch necessary for trim and the small cychic pitch input required for maneuvering,
which leads to longitudinal contro! oversensitivity that worsens in the upper flight-speed range.

A few comments will be made concerning high advance ratio operation when an auxiliary fixed wing and auxiliary propulsion are
used. Because the rotor is unioaded by the fixed wing, configuration F1 requires airplane type controls at high furward speeds. Rotor
attitude can be adjusted independently of the fuselage and wing to obtain low rotor dynamic loads. Cunfiguration F2 loses control
power with increasing fixed-wing iift sharing and needs a large hinge offset .f airplane-type contiols are not provided. Configuration F3
does not require airplane-type controls even fur low rotor lift. However, maneuvering with the rotor controls produces considerable
oscillatory blade and hub loads. Also, reducing the rotor speed to relieve blade tip Mach number reduces controi power. If
counterrotating rotors are used for configuration F4, high rotor Iift can be retained at high advance ratio so that a f xed wing is not
required. However, auxiliary propulsion is still needed to reach high advance ratios. With auxiliary piop.i..un, large attitude changes
between hovering and forward flight can be alleviated.

2 HISTORY OF HINGELESS ROTORCRAFT

The history of hingeless rotorcraft is first presented within the general history of rotorcraft, covering all types listed in table li, A
brief histury of the hingeless types is then given in the order of table ili, followed by a section on hingeless rotor research outside the
aircraft industry. The history of the U.S. rotorcraft development up to 1955 i1s summarized in reference 2.1. The first rotorcraft to
reach substanual forward velocities was built in the early 1920’s by Cierva. it had an autorotating Lifting rutor. Cierva first tried a
semihingeless rotor, probably soft inplane, but this was not satisfactory. From what 1s now known, this was a difficult configuration.
The blades had very low lead-lag damping and, because of the flapping hinges, there was no way to obtain effective derodynamic body
damping at zerc thrust. The semihingeless, soft inplane configuraticn was later used by Fairey in the tip jet driven Rotodyne, waich
experienced ground resonance problems. The hingeless fioating, soft inplane configuration is dynamically similar to the semihingeless
type and it 15 also deficient in aerodynamic body damping. it was developed in the 1840's and 1950's by Doman, who also expenenced
problems with both ground and air resonance.

Beginning with the semihingeless, soft inplane rotor, there are three methods by which the design can be imjnoved with respect to
ground resonance. Cierva's solution was to adopt the damped lead-lag bunge. The Cierva C 8 was introduved in 1928 from England to the
U.S. by Pitcairn, and fully articulated blades with lag hinge uampers have beei. widely used ever since. A sevond method, later used n
the McDonnell and Bell convertaplanes and in many tail rotors, is to stiffen the biades in the chordwse direction su that they are stiff
inplane, which prevents ground resonance. The third method s to retain the soft inplane biades but oimit the 1lapping hinges. This
hinge'ess rotor configuration was adooted by Wesdand in England and by Bolkow in Germany in the 1960 s aithough nut specifically to
alleviate ground resonance. As mentioned before, the Coleman ground resonance analysis is consetvative tor hingeless roturcraft since
aerodynamic effects are important even when the rotor is operatea on the ground Experience has snuwn that suft iptane, hingeless
rotorcraft can be designed without mechanical blade damping if frequency positioning and aerodynamic cuuphing effects are properly
used. Otherwise, they require only relatively small blade damping devices that can be of the elastomeric type.

The stiff inpiane biade was used not only in conjunction with flapping hinges, as in the McDonnell and Bell convertaplanes and in
many tail rotors, but it was also edopted for hingeless rotorcraft developed by Bell and Lockheed in the 1960's. Althougli the
Coleman-type instability 1s not possible with these rotors, multiblade lead lag instabilities involving aerodynamic blade fu ves did oceur.
The onginal McDonnell design as tested in dynamic models had such an instability even without vouphing with a budy n.ode. The
instabtlity was removed for the full-scale arcraft before flight testing by reversing pitch lag coupling in the sense of pitch up aith lag
{ref. 2.2). The Lockheed design aiso had a variety ot lead-lag instabilities involving coupled flapwise, featt wiing, aind budy motiuns (ref.
2.50). The invtabilities were discovered in flight testing. The oniginal Bell hingeless floating prop.rotor design was a.su sul .ect tu lvad lao
instability and had to be modhfied (ref. 2.30). Historically, it appears that the stiff inpiane coniigurations were more treublesuriie wilh
respect to instabilities than the soft inplane hingeless configurations, despite the fact that these cunfiguiatiuns are tree uf the
Coleman-type instability.

The hingeless rotorcraft listed in table 11l are not the first to be flo.vn, Before Cierva, many helicopter experiment. w.re
conducted with hingeless rotors, for example, those by Breguet, Dorand, and others. In the 1950's, after Cierva introduced the
articulated rotor, Wiitord deveioped the cyclic-pitch-controlled, hingeless gyroplane and contributed to the development uf the cyciic
and collective pitch contivlled hingeless wwaxial helicopter built by Rieseler. (This was an early predecesscr of the stuff flaywise
Sikorsky ABC helicopter.)

Ot the 10 configurauons in table il that have flown, only two have been widely produced the articulated rotor developed in the
1920 s and the teetering rotw developed in the 1940 s, These two configurations have been continuously improved since thair incept.on
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to obtain better peformauce, better flying qualities, lower mainteuance, and lower vibration levels. Nevertheless, with historical
perspective, 1t Is surprising how littie planned development work went into Lifting rotors compared to engines or fixed wing airframes.
Tests with dynamically simitar Mach or Froude scaled rotor models were nonexistent for most prototypes or inadequate in their
parameter variations. Essential enalytical tools to support hfting rotor design have only recently been developed. For this reason, after
more than 50 vears of rotorcreft technological development, 1t s not known which of the various rotor corfigurations is best for a
certain task and how to optimize the rotor not only with respect to performance but also with respect to flying qualities, weight,
maintenance, vibrations, and life-cycle cost. The hingeless rotorcraft have begun to compete with the articutated and the teetering
contigurations; possibly this competitton will involve a much closer look at the lifting rator development problem as a whole.

2.1 Westland Hingeless Rotorcraft

Westland Aircraft Limited in Yeowvil, Somerset, U.K., began the development of the Westlund W.G. 13, & 1sequently named the
Lynx, in 1967. The soft flapwise, soft inplane, soft flapwise hub configuration was selected mainly for its simplicity and ease of
mainteriar ce, For flying quahities, an effort was made to depart as little as possible from the characteristics of the offset hinge
articulated rotor. The rotor design goals were to minimize the hub moment per unit cyclic pitch input. For hing less blades, torsional
deflections from combined flap and lead-lag bending are an important factor (treated in more detail later). The Westland design
philosophy was to minimize this bending torsion coupling as much as possible.

The Lynx rotor head (fig. 2.1) has tapered inboard titanium flex beams of eliiptical cross section, conventional feathering hinges
with needle rolier bearings and tension-torsion bars to transmit centrifugal loads, and a circular outboard titanium flex element. The flat
hub with the four flex beamis and feati.ering hinge housings 1s made from a single titanium forging, Outboard of the feathei ing hinge,
the inplanc and out-of-plane suffnesses are approximately equal because of the circular flex element. This feature together witn a
relatively high blade torsional and controi stiffness alieviates structural feathering feedback. The blade inplane natural frequenc, at
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Fig. 2.1 Rotorhead and blade attachment of Westland W.G. 13 Lynx helicopter

norma* rotor speed 1s 0.6482, the crossover rotor speed is about 0,452, and the blade out of plane natural frequency 1s 1.0952. The lag
damper s provided may produce more damping than necessary. The blade Lock number is 8.2. The Lynx variants have gross weights from
8300 to $000 Ib and are powered by two Rolis Royce BS 360 engines that have a maximum contingency rating of 900 shp The
four-bladed rotor 15 42 ft in chameter with 15.5-inch blace chord. The cruising speed aepends on the gross weight of the variant and
ranges from 140 knots at 3500 Ib to 160 knots at 8300 ib. As of rmid 1973, 600 flight hours have been accumulated, about 200 flight
hours on one flight-test aircraft. Production delwery is planned for mid-1975.

To improve high-speed flying qualities, a vertical acceleration feedback into coliective pitch 1s provided, which 1> independent of
the automatic stabilization equipment {ASE), and is considered an integral part of the basic flight controls The dynamic stability
analytical effort concentrated an the probiem of avoiding ground and air resonance since the soft inplane configuration i1s vulnerable in
this respect. No dynamic models were used in the development. However, a Scout helicopter was medified to carry a 32.3 ft hingeless
rotor that was dynamically ssmilar except for lower blade torsional frequency. The Scout first flew in August 1970, and had
accumu'ated about 40 fhight hours when flight testing of the Lynx hegen in March 1971 Both the Scout and the Lynx are equipped
with blade lead-lag dampers, Apparently no major fiight dynamics problems have been encountered Pilots were able to adapt quite well
to the higher control sensitivity compared 0 articulated rotorcraft, the small amount of control cross coupling proved to be
unobtrusive. Development of the ASE has led to acceptable aircraft handhing characteristics in turbulence.

In publications and sales brochures, the rotor system is called "'seminigid” — not a very good charasterization of the system since,
according to table 111, 1t 15 the most tlexible of all hingeless rotors. The term ""semirigid”’ appatently stems from the earhier usage of the
word “rigid rotor” apphed to the Lockheed, Bolkow, and Be!l types, which are nearly as flexible as the Westland rotor, at least in flap
bending. According to table !11, the Westland hingeless rotor has a "soft flapwise hub” while the Bolkow hingeless rotor has a "suff
flapwise hub.”’ Publications on the development of the Westiand hingeless rotorcraft are listed as references 2.3 102 8

2.2 Bolkow/Vertol Hingeless Rotorcraft

Bolkow GmbH n Ottobrunn, F R Germany, began its fiberglass hingeless blade development in 1961 After whirl stand and
wind-tunnel testing, the development of the BO-105 began in 1964, Aimost all bending flexibility .35 allocated to the blades The rotor
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head (fig. 2.2) 1s a twantum forging that includes integral housings for the feathering bearings. Tensicn torsion straps carry the centri
tugal load. The blades are tuneu to provide a flap-bending naturai frequency of about 1.1282 and a lag bending frequency of aL.out .A5.
The low nplane natural frequency s achieved by a relatively large trailing edge cutout at the blade root. The BO 105 helicopter has a
skid gear and no blade iead-lag dampers. Because of the relatively high damping of the fiberglass blades with fibers wrapped around a

ROTOR STAR

Fig. 2.2 Rotorhead and blade attachment of MBB BO-105 helicopter.

single retention bolt, freedom from ground and air resonance is achieved wi'h a precone angle of 2.5° and a chordwise c.g. of 24.5%,
Lead lag damping ts increased or decreased when the blade coning angle is respectively greater or less than the precone angle.

The BO-105 helicopter with a maximum gross weight of 5070 Ib, is powered oy two Allison 250 C20 turbines each having a maxi
mum raung of 400 ho. The four-bladed rotor is 32,2 ft in diameter with 10 6-in. blade chord. The blade Lock number referred to
the virtuat flapping hinge 1s 7.9. As of mid-1973, 20,000 flight hours have been accumulated on 101 aircraft with a maximum of 1200
flight hours on one aircraft. The cruising speed at sea level is 125 knots. A dive speed of 170 knots has been reached. The maximum
load factor at 100 knots was 2.4 based on a gross weigh. +f 5070 Ib. Production began 1n January 1971,

According to a license and cooperation agreement with Sud Awviation, a three-bladed, 33-ft diam rotoi ci the Bolkow type was
instalied on an Alouette 11 and was extensively flight tested beginning in eaily 1966. Flight testing of the EC 105 he'icopter began
somewhat lativ 1n February 1967. The Sud Awviation tests with the Bulkow three bladed hingeless rotor were continued with the more
modern SA-340, which began flight tests with the Bolkow rotor system in April 1967. The flap bending frequency was 1.1582 and the
precone angle was increased from 2" to 4", Ground resonance was observed at low collective pitch settings. Other problems were also
encountered, including a reversai of the maneuvering stick force gradient and igh blade oads in autorotation at reduced rotor speed
These problems were solved 1n part by modifications (ref. 2.17). However, for the follow up production version of the SA 341 Gazelle,
the htngeless rotor design was abandoned and an articuldted rotor 'was used. The blade lead lag natural frequency was unusually high be
cause elastomeric lead-lag dampers were used. Through mergers, the oniginal Sud Aviation is now Aerospatiale Helicontéres and the
oniginal Bolkow GrnbH 1s now Messerschritt-Bolkow-Biohm GmbH {MBB8).

In earner pubtications on the Botkow rotor, this type was called “rigid rotor.” Later the term “hingeless rotor” was used.
According to table I, this type 1s a stiff hub hingeless rotor versus the soft hub rotors developed by Lockheed, Bell, and Westland
Boeing-Vertol has adopted the stff hub rotor type for 1ts Model 179 UTTAS helicopter presently in ger elopment. Publications on the
Bolkow: Vertol hingeless rotorcraft development are hsted as references 2.10 to 2.23. The flight mechanical effects of the hingeless retor
are emphasized, in particular the use of the potential structura’ coupling inherent in the suff flapwise hub hingeless rotor design to
avoid ground and air resonance and to obtain good handiing qualities despite the substantial angle of attack instability of the hingeless
rotor at high forward speed In addition to whe work related to the Model 179 UTTAS helicopter, Boeing Vertol also performed
substantial design, analysis, and experimental studies toward a tilt prop/rotorcraft with the stiff hub type of rotor Full scale tests of
this rotor were conducted in the Ames 40-by 80-ft Wind Tunnel. References 2.14 and 2.21 pertain to this work, reference 2.9 1s a useful
review of VTOL dynamics.

2.3 Bell Hingeless Rotorcraft

Beli Helicopter Company, Fort Worth, Texas, began experimenting with hingeless rotors in the late 1950's A Model 47 J was first
mochfied to teplace the teeter.ng retor with a three bladed hingeless rotor, 33 ft in diameter, which had flap bending flexures between
the hub and teathering hinges The flexures were subsequently removed and the diameter of the rotc was reduced to 31 6 ft, resulting
in a “sutf inplane, stift hub” configuration This rutorcraft was flight tested by NASA in 1962, and Huston and Tapscott reported (ref,
2.34) substantiaily increased control power and damping Although the test rotor was fabricated from standard teetering rotor
components, the thight loads remained within the design fatigue loads. About 50 flight hours were logged on the various three bladed
hingeless rotor contigurations of the Model 47 and XH 13H. In 1962, Bell built a larger three-bladed hingeless rotor (42 ft in diameter)
from standard UH 1B hub components and moditied 21 in. chord blades This rotor had flap bending flex elements between hub and
feathering hinges and falis in the category “stiff inplane, soft fiapwise hub "' The modified UH 1B helicopter was flown (0 151 knots
The same rotor was fitted in 1963 to a commercial Model 204B fuselage, and blade root cuffs were added to reduce rotor power.

In 1964, a four-bladed hirgeless rotor, 44 ft in diamete., again featuring the soft flapwise hub, was fitted to the commercial M del
204B helicopter and flown to 150 knots 1n a shight dive In 1965, this rotor was evaluated on the Army Bell b 4 performance
compound vehicle with fixed wing and auxiliary jet propuiation The vehicle was flown to 198 knots but .xhibited a high 4'rev
vibration level at that speed In 1966, the diameter of the four bladed rotor was extended by an inboard non.eathering housing to In
crease the litting capabihty of the rotor Both 10 twist and 6 twist blades were available A flight speed of 130 knots was achieved.
Hovering maneuvers gave the cnitical loads in the mast, limiting the offset .. capabihty |n 1968, the same rotor was installed on the

e




T
e .

e

ke

—~—a

7-55 powered Model 583 test vehicle and flown to 147 knots at 9,000 {b and to 138 knots at 12,000 il, gross weight. The standard Bell
electronic stabiity and control augmentation system {SCAS} was also found to work well with the hingeless rotor by reducing gust
response and improving phugoid-mude stability. in 1969, an improved version of the four bladed, 44 ft diam rotor with 8° twist and
thin blade tips was installed on the high-performance compound helicopter and used in the High Mach Number,/High Advarice Ratio
Flight-Test Program. Flight speeds up to 220 knuts were achieved with the hingeless rotor and a teetering rotur was tested to 274 knots.
Maneuvers of 1.8 g were performeu with the testering rutor at 226 knots and maneuvers of 2.3 g were perfurmed with the hingeless
rotor at 200 knots. About 70 flight hours were accumulated on the various four bladed hingeless rotor configurations up to 196€.

1n 196971, a four-bladed hingeless rotor, 48.3 ft in diameter, was designed and built. It featured o forged titanium rotor hub with
integral fiexures, stainiess steel biades, and automatic electrical scissors folding of the two blade pairs for yround storage. Thus rotor had
flown for 127 thight hours as of July 1, 1973, reaching speeds of 150 knots. The gross weight of the test vehicle is 14,000 Ib, and it is
powered by a T-55-L78/-7C engine of 2250-hp normal rated power. The blades have 21 in. chord and 9° twist. The mast is installed
with 3° torward and 2" left tit. Flight-test results with this latest Bell soft flapwise hub, stitf inplane Medel 609 rotor are reported in
reference 2.24. Other publications related to the Bell hingeless rotor developments aie references 2.25 to 2.36. Figure 2.3 shows the
rotor hub and biade attachment of the Model 609 rotor system. The biade flap frequency at normal rutor speed is 1,058, the first biade
inplane frequency for cyclic modes is 1.482, and the blade Lock number 1s 5.5.

¥19. 2.3 Rotorhead and blade attachment of Bell Model 609 rotor.

2.4 Lockheed Hingeless Rotorcraft

Lockheed-Califorma Company, Burbank, Celiforrua, began the development of hingeless rotorcraft in the late 1250’s with Model
CL-475, which was flown with two- and tour-bladed wuoden roturs and a three biaded meta, rotor. All research veiucles and prototypes
teatured a mechanical cyciic pitch feedback system — usuaily referred to as the Lockheed gyro control system. A more descriptive term
would be ''fioating gyro-swashplate control. ' The swashplatz acts as a gyroscope of substantial inertia and is floating in tilt under the
influence of restraining springs, dampers, pilot-imposed spring moments, gysu inertias moments, and blade feedback momenits. in all but
the latest configura..on {called ' Agvanced Mechanical Control System’ or AMCS), the entire blade feathering moments were
transmitted to the floating gyro-swashpiate. The largest purtion of the feathering moment was normally propoitional to the Llade
flapping moment because tae blades were swept forward outboard of the feathering hinge. However, the feedback signa’ was

corrupted by the biade pitching moments, which could become large in partial blade stall conditiunis, anu by lead lag moments, which
{because of flap-bending defiections outboard of the feathering hinge} could produce a substantial and not always peneficial ieedback
into the cyclic controls. in the AMCS, rreversible actuaturs between the floating gyro swashplate and the blade cyclic pitch control
were used 10 prevent the blade teathening momerts from acting on the floating gyro-swashplate. The furward sweep of the blades was
eliminated and tae biade root tiap bending defiections were transmitteu by s:parate linkage and springs tu the gyro-swashplate su that
blade t.apping feedbach would not be corrupted by lead-lag and biade fea.nering moments. Figure 2.4 is a schematic of the AMCS
(taken from ref. 2.37). The rotor head and blade attachment of tha AH 56A AMCS are shown in figure 2,5

After Model CL-475 was flight tested, wne development of a larger research helicopter, the XH S1A, began in 1962. It had a
thre ~bladed, 35-ft-cham rotor, retractable skids, and was powered by a P&W PT , 500-1.c turt nshaft engine. Its design gross weight was
3500 ib. It reached 152 knots and 2.4 2 lozd factur in the three-biaded version, and 17 knots and 2.5 g load factor in a four bladed
version, The latter version was then testvt as a compound helicopter with an additional wing and a J 60 jet engine for auxiliary
propulston. 1t reached 263 knots — with . advance ratio of 0.72 — and a high speed load factor fram O to 2.89 at the desian gross
weight of 4500 ', Derwvatives of the XH 51A include.

1. The XH-51N with provistons for varying the control gyro inertia and control spring rate for NASA flight research,

2. A 'matched stiftness biade root f'exure version, where the feathering bearinys were replaced by toisiunal flexutes with equal
inplane and flapping stiffness. Air resonance occurred below 89% normal rotor speed and the inplane stresses at nurmal rotur speed
were higher than tor the stff inpiane rotor. Consequently, this cenfiguration was abanduned. The Westland Lynx helicoptes, althuugh
somevshat similar dynamicatly, cvoided these problems since 1t had a much hugher blade feathering natural frequency in the absence of
the floating gyro-swashplate and since it had lead lag dampers.

3. The commercial Model L 286 of which two were built and certified by the FAA One, used as a corporate aircraft, has
accurnulated over 1500 flight hours.
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Fig. 2.4 Lockheed AMCS gyro-controi system.

Fig 2.5 Rotorhead of the AH-56A/AMCS

The development of the AH-56A Cheyenne compound h.licopter began in late 1968 Tl.. first tiight was 1 Septeriber 1967.
During the flight-test development, the design gross weight increased from 17,060 to 18,300 b, the diameter of the four bladed rotor
wncreased from 50.4 to 51.2 ft, the fixed wing area increased from 130 to 195 ft?, and the rating of the single GE T 64 engine increased
from 3425 to 3925 hp. Blade forward sweep and droop angies were increased. The direction of antitorque rotor rotatiu was changed
to clockwise from the left side of the aircraft. The last change was to replace the feathering feedback gyro controi system with the
flapping feedback system or AMCS (described before). The blade Lock number in this configuration 15 6.4. in 1972 and early 1973, the
AH-56A/AMCS was flown tc 220 KTAS and 1o load factors from 0.2 to +2.6 g at 150 to 180 KEAS without reaching limits un speed,
load factor, loads, vibration, or controllabiity. No SAS was used for the flight tests

Publications related to the Lockheed hingeless retorcraft develupments are re*erences 2.37 to 2 62 The first quantitatuve th. agh
approximate anaiysis of the floating gyro-swashpldte system was given in reference 2.59 A sigruficant contribution tu the problem of
around and air resonance of soft inplane hin 2less rotors was made in reference 2.54 The question of replacing the floating gyro
swashplate wath a more conventional electromechanical control system is analyzed in reference 2.44 & new dynamiw protuen: ol
reactionicss blade mode stability was analyzed in refereace 2.38 ir addition tou the work related tu the hingeless roturcralt protulypes,
Lockheed, in cooperation with USAAMRDL, Ames Di ectordte, wonducted several wiad tunnel tests with hingeless rotor models tu
determine derivatives and freauercv response data for the basic rotor and for the rotor with flapping feedback (refs 2 43, 2.45, 2 46,
and 2.48). Full scale hinoziezs rotor tests were conducted in cooneration withh NASA Ames (refs. 242, 2.49 and 2 60)

2.5 Sikorsky ABC Hingeless Rotorcraft

Sikorsky Aircraft in Stratford, Connecticut, began the research and Jevelopment of the Advancing Blade Concept (ABC) cuaxial
mingeless rotor system in 1968 The blades are stiff flapwise, stiff irplane with a stff hub, and the blade natural frequencies both
‘lapwise and inplane are about 15§, in a coaxial cunfigurate,n, each rotor can be operated with a nonz. u rolling moment since the
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two opposite rolling moments of the two rotors can be balanced. Thus the advancing blade can produce a larger flap bending moment
than the rewveauing blade. in single-rotor configurations, whether articulated or hingeless, the advancing blade lift must be keut
sufficiently fow that, despite the iow hft of the retreating blade, the rolling moment .s baianced. This requirement limits the total thrust
severely with increasing rotor advance ratio. For coaxal rigid rotors, these limitations can be overcome if structural constraints are not
violated. Theory and tests have shown that at the same blade tip Mach number at a flight speud of 180 knots, the hingeless coaxial rotor
can have a ratio of aerodynamic blade lift coefficient over solidity twice the average for the single rotor (C /o = 0.18 vs. 0.09). This
fact, together with the compactness of the configuration, was the main stimulus for the development of the ABC hingeless rotorcraft.

After preliminary design and analytical studies, a full-scale 40-ft-diam rotor system was built for testing in the Ames 40-by 80-Foot
Wind Tunnei. An important development item was the tapered titanium blade spar. In 1970, the rotor system was first whirl tested and
then wind-tunnel tested to 180 knots, to an advance ratio of 0.91, and to 23,000 Ib of lift for 62 hours. In 1973, a 1/5 Froude scale
modet was tested on the Princeton Dynamic Model Track at velocities equivaient to 38 knots. Two demonstrator rotorcraft with
35-ft-diam rotors and about 10,000-ib gross weight are being readied for flight tests as of mid 1973, The blade Lock number referred to
a virtual flapping tunge 1s 6.5. Publications on the Sikorsky ABC hingeless rotor development are references 2.63 to 2.67. Figure 2.6 isa
sketch cf the ABC rotor system.
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Fig. 2.6 Sikorsky ABC rotor system.

2.6 Hingeless Rotor Research Qutside the Aircraft Industry

Since the advent of modern hingeiess rotorcraft in the iate 1950’s, hingeless rotor research has also been conducted at government
research laboratories and at universities. Some of the NASA Langley contributions in flight and model testing and in evaluating hingeless
rotors have siready been mentioned (refs. 2.31 to 2.34}). Contnibutions of NASA Ames in fuli scale hingeless iotor testing have also been
mentioned (refs, 2.42, 2.49 and 2.60}. Concurrent with the hingeless rotor development at Westland, RAE Farnborough conducted
theoretical and experimental research on hingeless rotors (refs. 2.68 t2 2.70). L. ng the last few years, USAAMRDL, Ames Director
ate, has imtiated a vigorous hingeless rotor research program. The extensive model test prograin in cooperation with Lockheed
was mentioned previousty (refs, 2,43, 2.45, 2.46 and 2.48). The prohlem of single canitilever blade uynamics, including both elastic and
inertial coupling between fiap-bending, ieg-bending, and torsion and the aerodynamic loads, has been systematically attacked, and
correlations with test resulic have been achieved (refs. 2.71 tc 2.76).

Usually, university research is not directed toward such a specific subject as hingeless rotor technology Exceptions are the MIT
work on single cantilever biades {refs. 2.77 and 2.78}, the Princeton University work on hingeless 1otor control theory (refs. 2.79 and
2.80), the Unwversity ot Detaware work again on singie cantilever blades {ref. 2.81), thc Washington University work on hingeless rotor
dynamics including unsteady rotor wake effects, random gust responses, and tilting moment feedback effects (refs. 2.82 to 2.88), and the
City University, London, work {refs. 2.89 and 2.90}. A number of hingeiess rotor models were tested on the Princeton Dynamic Model
Track (refs. 2.63 and 2.91).

3 CLASSIFICATION OF HINGELESS ROTORCRAFT FLIGHT DYNAMICS

As mentioned in the Preface, those phenomena that invoive the coupling of the rigid body mores with the lower frequency blade
fiap and iead-tag benaing modes are considered within the field of flight dynamics, whereby blade torsion is considered to be elastic
defiection but not a separate mode. One way to wreat ali problems o: flight dynamics is wath the help of a single global analytical model
that includes all kinematic, structural, aeradynamic, and control dynami aspects. Reseaich on several global models has been con
ducted for many years, for example the Lockheed Rexor model and the Bell C81 model. Such global modeis require the integration
of a large number of non-iinear ditferential equations and provide time nistories of the rotorcraft system after a ..;*utbance from trim,

Establishing a trim condition and the subsequent time history require a substantial computer effort. Because o the large number
ot terms and parameters invoived i a global anaiytical model, it is usually pussible tu adapt the model to an ubserved phenomenon and
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thus to gradually improve the validity of the model. Because of the numerous approximations involved, ar: a prion substantiation of a
global model is a dubious enterprise. However, in the course of time, such a global model becomes a depository of past hardware
experience and increases in value. Even under the best of circumstances, after the credibility of a global analytical model has been
reasonahly we!l established, such a model, when used in its complete form, is not a very good design tool. It imits the visibility ot the
effects of the separate parameters, and the usual restraints on computer time and costs prevent systematic studies of parameter
variations.

For this reason, tha use of several much simpler and specialized working analytical models becomes important. They usually
represent linear approximations and describe only certain aspects of flight dynamics. The complete global models — at least in their
present state of development — shouid not be used directly as a design tool kut rather should be used to determine the hmitations of
the much simpler working models, Suboptions of Rexor and C 81 ore available which permit locking out certain degrees of freedom,
thereby reverting to simpler working models. From the point of view of a single global analy tical model, there would be no reason tor a
class'fication of hingeless rotorcraft flight dynamics. However, if simplified models are used, there 1s a hierarchy of dynamics concepts,
beginning with iso'sted blade dynamics, each of which .an give valuabie insights into certain aspects of hingeiess rotor flight dynamics.

3.1 Isolated Blade Dynamics

According to the dynamic concept of the isolated blade, the root attachment of the olade i, assumed to be uniformly rotating with
the rotor anguiar speed, without horizontal or vertical motions and without angular roll or pitching motions. There s no coupling be-
tween the individual blades. For steady flight, the motions of all blades are assumed to be the same if time s counted from the instant
when a blade is located aft at zero azimuth angle. Summing the forces and moments transferred by each blade to the hub yields the effect
of the rotor on the body in steady flight. This concept can be extended slightly if one also assumes a steady angular roll or pstch rate of
the rotor to determine the rotor forces and moments on the hub for these conditions. Many phenomena of flight dynamics can be treated
with the conceot of the isolated blade. This is true of some types of instability, see, for example, the extensive work by Niebanck ann as-
sociates (ref. 3.1), which applies a normal mode analysis {ref. 3.2} for isolated blades to problems cf classical flutter, stail flutter, tor-
sional divergence, and flapping and flap lag instabilities. Most problems of articulated rotorcraft flight dynamics can be solved oy use of
the dynamics of isolated blades {ref. 3.3). An exception i1s the problem of ground resonance of the Coleman type.

In hingeless rotor flight dynamics, a wide field can be covered by considering only the isolated blade. The simpie it type of blad=
modeling is a rigid straight blade elastically hinged at the roto. center. A reasonable approximation is often obtained «f 0 ily the flapping
hinge is retained and if the blade is assumed to be rigid inplane and in torsion. Reference 2.55 develops this blade m sdel with hinear
quasisteady aerodynamics, but with reversed flow eifects. At low Lift and high advance ratio, the analytical results coripare redsonauy
well with wind tunnel tests, not only for steady state conditions but also for frequency responses {refs, 2.43, 2.46, and 2.48}. Fiapping
instability limits can also be obtained with this blade model, though they are unconservative {see ref. 2.82}. The rigid blade model has
oeen extended to include elastic torsion in reference 2.52. Elastic torsion becomes important at hugh advance ratio with lerge regions of
reversed flow. When inplane modes are considered in the low advance ratio region, the straight biade approximation can again be used
with appropriate lozations of elastically restrained flapp.ng and lead lag hinges. As the blade pitch setting 1s increased, chordwise and
flapwise modes become elastically coupled and are no longer normal modes. For soft inplane blades, this eiastic coupling 1s of hittle
concern. For stiff inplane blades, the elastic coupling can either stabilize or destabilize the lead lag motiun, depending on the fiexibility
of the hub. These coupling effects are discusced in detail later.

The blade torsional mode including vontrol system flexibiuty has also been approximated by a rigid blade with a torsion fiexure at
the root. Usually, the torsional natural frequency is several times the rotor iotational frequency and blade torsional inertia can therefore
be neglected far low frequency phenomena important in flight dynamics. Structural or kinematic couphing can change the blade pitch
with flapping (8§, coupling) or shange the pitch with lag (a, coupling), both of which are very important in flight dynamics {discussed
in detail later). When proceeding from the approximate rigid blade with spring-restrained hinges for flapping, lead-lag, and pitching
motions to the actual blade with radially distributed flexibility, the problem becomes exceedingly compiex. It has been treated without
elastic flap lag coupling and without elastic torsion in reference 2.77 and with these elastic effects in reference 2.72, Without droop,
sweep, turque offset, control flexibility, and kinematic couplings of any kind and for uniform blades, it was found (ref. 2.72) that, in
hover and without precone angles, all practical configurations were stable. A positive precune angle was destabilizing excepl tor
matched stiffness configurations.

3.2 Isotuted Hub Multiblade Dynamics

The next step in the study of dynamic concepts is to analyze interblade coupling. The hub is assumed to again remain fixed with
respect to botl, horizontal and vertical linecr motions and to angular pitching and rolling motions of the aircraft. Interblade coupling
can occur because (1) control flexibility allows pitching moments from one blade to affect the control position for the other blades and
{2} in rotor feedback systems, for example, rotor coning is fed into the coliective control or rotor tilting ss fed into the cyclic control
The coupled blade equations in the rotating reference system can be solved for natural mudes and natural frequencies ur for the
response to control or gust inputs, '« N blades, N coupled rotor modes are obtained for each isolated blade mode. This type ot
analysis was performed n references 2 59 and 2.86.

Another more desirable meth .1 uses multiblade coordinates defined in the stationary refereuce system. This approach 1s more
efficient computationally and provides results that are easier to interpret. Coleman {ref, 1.2} introduced this concept in his analysis of
ground resonance, and distinguished between progressiny and regressing multiblade inplane modes. The resultant blade center ot yravity
rotates with respect to the rotor either in the direction of rotation (progressing mode} or opposite the direction of rotation (regressing
mode). Without aerodyna..uc forces, only the latter multiblade inplane mude can become unstable. Another analysis of thws type using
progressing and regress:ng multiblade flapping rmodes s given in reference 2.21 Collective modes are added in reference 2.15. A tull
complement of multiblade flapping modes was used in reference 2.85. In addition tu the progressing and regressing tiling modes, the
coning mode (where all blades move in the same direction simultaneously}, the differential coming or reactionless fiapping modes tor
rotors with four, six, or more tlades, and the progressing and reqgressing warping modes were included

Any rotor with three or more blades has a coning mode, a progressing tilting mode, and a regressing tilting mode A four bladed
rotor has, in addition, a reactionless flapping mode - blades 1 and 3 move up while blades 2 and 4 move down A five bladed rotor has
instead a progressing warping mode and a regressing warping mode which dre olso reactionle . These multiblade modes become gerody
namically coupled in forward flight For inplane blade motions, 'n addition to the progressing and regressing modes of reterence 1 2,
there 15 also the collective or drive train mode where all blades move simultaneously in lead lag and, for tour bladed rotors, the reaction
less or scissors n.'e where subsequent biades move in gpposite directions The stabibity of this mode was analyzed in reterence 2 38
For rotors with more than four blades, there are inplane equivalents to the progressing and regressing warping modes

In hover, the isolated blade analysis can be used with little modification to determine the stabuity of sume of the muitiblade
modes. However, the proper blade root boundary conditions must be used Four example a colievtive tiap lay coupled mode danalysis
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must inciude shaft torsional flexibility and engine and transmission rotational inertia, For the reactionless coupled flap lag mode, the
isolated blade root conditions are appropnate. If there s hittle coupling betweer blades, progressing and regressing tilting anid coupled
inplane modes may be approximately represented by the isolaied blade analysis. {nterblade coupling destabilizes some isolated blade
modes while it stabilizes others. Coupling for tilting feedback is treated later.

3.3 Body Dynamics with Rotor Derivatives

! Rotorcrait hinear flight dynamics can be formulated machematically in the same way as is customary for linear airplane flight
dynamics. A body-fixed reference system is used. The longitudinal axis through the airciaft center of gravity is either aligned with the
principal inertis axts of the body, whereby the off-diagonal terms of the inertia tensor are zero, or the longitudinal axis is aligned with
the direction of flight, which sows wind-tunnel data to be used directly. Often these two axes are sufficiently close to each other that
thewr ditference can be neglected. The nonlinear eguations of motion can be linearized about a suitable trim condition. The
aerodynamic forces end moments are represunted by 2 6 X 3 matrix of derivatives with respect to the three linear and three angular
velocity increments, The rotor contribuuons to these 36 derivatives can be computed with the isolated blade analysis if interblade
coupling is neglected. I interblade coupling is included, the derivatives can be obtained with an isclated hub type of analysis by
determining the hub forces and moments per unit linear and angular velocity increment from trim. The rotor derivatives can also be
determined from wind-tunnel tests by measuring the etfects of pitch and yaw attitude increments from trim and the effects of steady
pitch, yaw, and roli rates. In the latter case, the rotor derivatives include nut only the effects of aerodynamic forces and moments but
also gyroscopic reactions. Rotor mass, rotor prtch, and roll and yaw inertia are added to those of the body. This is equivalent to
assuming that the changes n rotor attitude relative to the body are small compared to changes in the body attitude.

The validity of the rotor derivative concept depends on the frequency separation between the flight dynamic modes — phugoid,
short-period pitching mode, dutch roll mode — and tue lowest rmultiblade rotor modes such as the regressing tifting mode or regressing
nplane mode. For articulated rotors, this frequency separation is riot large and there is considerable coupling between some flight
dynamic modes and the rotor regressing flapping mode (see ref, 3.4, which is based on the analysis of ref. 3.5). If there is a gust input,
the rotor derivative voncept requires that th= entire rotor disk become simultaneously embedded in the gust. As shown in reference
2.28, this assumguon ieads to a substantial overestimation of the gust response compared to an analysis that includes the effects of
gradual penetration of the rotor disk into a gust region.

So far as hingeless rotors are concerned, reference 2.44 states that the derivative approach was inadequate for a flight dynamics
analysis of the Lockheed AH-56A helicopter and gave the impression cf greater aircraft stability. Only long-period modes such as the
phugotd can be approximated by the derwvative analysis since their frequency is widely separated from that of the lowest rotor mode,
which 1s the regressing flapping mode. For stiff flapwise blades, the frequency of the regressing flapping mode is 0.4 or higher and
couphing with the body modes is less important. The derivative approach should be adequate for all flight dynamics modes, although al.
resonance may remain a problem.

3.4 Flapping Rotor-Body Dynamics

Next in the study of flight dynamics concepts 1s to add to the six body degrees of freedom the rotor flapping degrees of freedom.
In terms of the multibiade rator modes discussed previously, these are the conuig mode, the regressing mode, and the progressing tilting
mode. Thus a nine-degree-ot-freedom flight dynamics system is obtained. Control flexibility, kinematic or structural feedback between
biade fiapping and blade pitch, the feedback of blade flapping into the control system, or conventional SAS can be included In
comparison with the rotor dernative cuncept, substantial differences in short period flight dynamics are obtained. As for the isolated
hub (hub fixed} aynamics, the stability of some rotor modes is also affected by the coupling with the body.

There 15 good ewiderice that the nine-degree-of-freedon. flight dynamics model is adequate for most purposes, both for articulated
and hingeless rotorcratt, Reference 2.44 compares this nine-degree-of-freedom with a 13-degree-of freedom analytical model including
inplane dynamics. The addition of the inpiane modes had Lttle effect on the fuight dynamics as determined for various feedbacks from
body motions and from rotor tilting. Also the stability of the inplane modes was littie affected by the variations in flapping dynamics
caused by the feedback systems. The studies of reference 2.44 extended from hover to flight speeds above 200 knots. Similar
observations were made for hover in reference 2,88.

3.5 Cocmplete Rotor-Body Dynamics

Since inplane mode instabilities are »otential problems for hingcless rotors, careful analysis is needed for both stiff inplane and soft
inplane types. The obvious first step 1 to ensure that the 1solated blade shows good margins with respect to these instabilities. Since
interblade coupling and coupling with body modes can reduce some of these margins — while increasing others — a complete rotor body
analysis 1s required to prevent ground or air resonance in hingeless rotorcraft. The results of such an analysis for hover are described in
reference 2.15. Here 18 degrees of freedom were used, 5 for the ngid body motions except yaw, 4 for rotor pylon and tail boom
flexibility, and 6 for the blades in flapping and in lead-lag. Ttus analysis 1s extended to include a torsional degree of freedom and
forward tiight conditions 1n reference 2.10. Rotor dynamics are described by the progressing, regressing, and collective f!3; ,ing and
inplane modes. Kinematic or structural coupling of blade flapping and lead lug motiotis with blade feathering are included without a
separate consideration of the feathering degrees of freedom. The collective lead-lag mode, which is a drive train mode, 15 neglecter.

i The linear analysis of reference 2.15 (outhined in Sec. 7.1} is useful not only for verifying air resonance stability but can also be
K used, with some modification, for other problems of flight dynamucs. It is practical for this purpose to use a body fixed reference
4 system rather than an inertial reference system as in reterence 2 15, In its linear form, such a model 1s not much more complex than the
3 nine-degree-of-freedom analytical model discussed previously. As stated iri reference 2.37, such a model was very flexible and efficient

for the solution of all flight dynamics problems. In a hybrid computer, nonlinear control systems can be evaluated and real time
# pilot-in-loop simulator studies can be performed. If reactionless mode instability is suspected as a potential problem, the scissor inplane
- mode and the differential coming mode for a four-bladed rotor must be included (ief. 2.38). For all flight dynamics models discussed,
- linear perturbations from trim were studied Such linear models can be generated from a nonlinear "'master’’ model that may also have
additior:al degrees of treedom tor feathering, for hugher blade flapping modes, or for pylon or other fuselage elastic modes, and that is
also suitable for certan structural dynamics probie ns. The evolution of linear perturbation models from a nonlinear master model s
described in reference 2.37.
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4 BASIC ROTOR DESIGN PARAMEFERS THAT AFFECT FLIGHT DYNAMICS

Betore spectal hingeless rotoruraft problems are discussed, it 1s useful to consider some of the basic rotor design parameters and
thewr effects on thght dynamic charactenstics. Only the simplest flight dynamic concepts - isolated blade or isolated hub dynamics -
> are used to cuthine trends. Valid quantitctive data can be expected only from the more compiex treatments of rotor,'body dynamics
3
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4.1 Number of Blades per Rotor

To date, hingeless rotors have had only three or four blades. Flying qualities are not directiy affected by the aumber o: blades per
rotor, neither is the usua! regressing mode type of ground or air resonance influenced by the number of blades per se. For a given total
blade area and rotor radius, the higher number of rotor blades results in more slender uades with highe: aspect rauo wh.ch will be more
flexiole in bending, thereby indirectly affecting flying qualities.

For interblade coupling, the number of blades has a direct effect on potential multiblade instabilities. A four bladed rotor has
reactionless modes both inplane (scissors mode) and flapwise (differential coning mode). The stability of the scissors made has caused
some concern for the Lockheed hingeless four bladed rotor {ref. 2.38). A three-bladed hingeless rutor cuuinot have reactioniess modes.
Fiapping instability at high advance ratio is alsc strongi, affected by blade number {ref. 2.85). For example {see fig. 8.2, later), a
three-bladed rotor wiuh tilting moment feedback has a lower stability margin than a four-bladed rotor with identicai biades.

4.2 Fundamental Blade Flap Frequency

In section 1.2, hingeless rotors were classified as soft flapwise when the fundamental blade flap frequency was 1.05 to 1.152 and as
stiff flapwise if this frequency was 1.480 or more. In section 1.3, sume handling qualities differences were noted between the hingeless
floating or teetering rotor, the articulated rotor with flapping hinge offset, the hingeless soft fiapwise, and the hingeiess suff flapwise
rotors. The stiffer the blades are flapwise the more the attitude of the rotor is frozen wih respict to the fus:lage and the larger are the
fuselage attitude changes between hovering and cruising flight, uniess auxiliary propuision is used. increased flapwise blade stiffness
increases angle-of attack instability and the horizontal tail must be larger to compensate, Inureased flapwise hiade stiffness also increases
the effects of contro!l cross couplin, and damping cross-coupling. Finally, incieased flapwise blade stiftiiess increases the mismatch
between longitudinal cyclic pi h required for trim and that required for transient maneudvering, unless auxihary propulsion and a fixed
wing are used, both of which reduce the longitudinal cyclic pitch requirements for trimmed forward flight.

The main advantages of hingeless rotors — reduced maintenance, fewer hub parts, and improved control response — can be realized
viith soft flapwise blades, and the trends of many flight dynamic characteristics are unfavorable with increasing blade flap bending
stiftness. Therefore, it appears that the design goal should be to reduce the flapwisz stiffness (or the fundamental blade tiap frequency)
tc the minimum value consisterit with the structural requirements of adequate margins for the niost severe trim, gust, and maneuver
conditions. An uiteresting comparison provided by Bell Helicopter Campany shows that, for the earlier Beli hingeless rotors, the fiexure
fatigue stress endurance limit was reached for a flapping angle of 1.5” to 2°, while the latest Model 609 Flexbeam rotor has an allowable
flapping angle of 4° — about the same as for the Lockheed AH-56A helicopter.

Soft flapwise blades are not suitable for transfering large moments to the hub as s required for the Sikorsky advancing blade
concept (ABC) coaxial helicopter. Some of the disadvantages of flapwise stiff blades are avoided in a coaxial configuration. Other
disadvantages remain and are discussed later.

4.3 Fundamental Blade Lead-Lag Frequency

In section 1.2, a hingeless rotor is classified as sof inplane or s*iff inplane if the blade edgewise natural frequency is below or above
the rotational frequency, respectively. [f the rotor is soft inpldne, special precautions must be taken against the Coleman type of ground
resonance, .f the rotor is stiff inplaue, this type of dynamic instability 1s not possible. However, uther types of inplane mode instability
that result from coupling with flapping and feathering and with the body modes are possible both for soft inplane and stiff inplane
rotors.

The blade inplane mode i at best ¢nly weakly damped, and substantial resonan. amplification results from excitation by a
forcing frequency near the natural frequency. The first desian consideration is therefore to avoid a near coincidence of an operationul
rotor ratational frequency with the fundamental biade lead-lag frequency. This design requirement is ditficult for a helicopter whouse
rotor speed in cruise 15 reduced to obtain high forward speed with low biade tip Mach number. The McDonneli XV-1 convertaplane
operated in cruise with about half the hovering rotor speed. It had stiff inplane blades that pessed through the 2,rev inplane resonance
during transition to reduced rotor rpm in cruising flight. This was feasible, although high transient inplane moments occurred. Passing at
a h:jh advanue ratio through the 1,/rev inplane resunance ot a soft inpiane otor would probably be impractical, aithough it might be
possible with lag dampers. The soft inplane configuration 1s therefore more suitable for helicopters with a normal range of roter speeds
but less suitable for compound helicopters that reduce rotor rpm in cruise.

The inplane blade natural frequency must be selected carefully. For soft inplane blades, if it is too high, resonant response fiom
1/rev excitation becomes a problem and the range of operational rotor speeds becomes improcticaliy narrow. If it is too low, the inplane
blade damping required to avoid ground or air resunance inureases rapidly, as shown for the BO-105 in Fig. 4.1 (obtaned by
cross plotting Fig. 15 of ref. 2.11). For a pure helicopter without a fixed wing and auxiliary propuision, a reasonable compromise
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Fig. 4.1 Effect of lead-lag frequency on air resonance stability and or: blade stress.

betweer the two cor flicting trends is an inplane natural frequency of 0.65 to 0.708 at nurmal operating rotor speed. The edgewise
blade natural frequency for stff inplane rotors must also be selected to avoict near resonance operation. The inplane natural frequency
usually decreases with increasing blade pitch angie {Fig. 4.2}, so the natural frequency of a stff inplane rotor shouid not be too tow.
Another limitation concerns thz regressing inpiane mode {requency w¢—§2, which should be sufficiently high to avoid the posstuibity ot
pilut induced oscillations. An inplane natural frequency from 1.4 to 1.58 at nor.mal rotor speed and zero pitch setting appears to be a
reasonable choice.
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.50 4.4 Hub Flexibility
R=10 As mentioned previously, the Westland, Bell, and
1.48 Lockheed hingeless rotor design, provide part of the
flap-bending flexibility in the hub, These configurations are
Lagk STABLE =—1—= UNSTABLE “soft flapwise hub” as opposed to the Bolkow and Vertol

“stiff flapwise hub” configurations. The motivation for the
"'soft flapwise hub” in the stiff inplane Bell and Lockheed
L44 rotors is to combine high inplane and torsional stiffness with
:g;FOFR INPLANE low out-of-plane stiffness. The flex beam inboard of the
w;’ 1.4 N . A

feathering hinge does not soften the blade torsionally and
alleviates the reduction in inplane blade natural frequency
that usually occurs with increasing pitch settii 9. The inboard
flex beam also provides a means to contidl structural
pitch-flap and pitch-lag couplings which ca: have an
important effect on flight dynamics (as discussed later;.

.42

1.40 -
8, rad
012345
1,38 |- ———
For a soft inplane rotor, the reduction in inplane
.36 - frequency with pitch setting is of lesser concern, and all of
. . the floxibility can be outboard of the feathering hinge,
although at a penalty in blade torsional stiffness. The
motivation for the “soft flapwise hub” in the soft inplans
Westiand rotor was the need for an effectively matched
stiffness blade design. The blade root flex element hac the
same stiffness inplane and out of plane, and the flapping
softness must be achieved by the inboard flex beams that are
integral with the hub. This configuration also provides higher
blade torsional stiffness.

1.34
w/
.32

£.s shown In references 2.74 and 2.76, the soft hub in
comtb nation with stiff inplane blades can destabilize the
lead- g motion. For an isolated ngid blade with root
flexu res, various combinations of hub and blade stiffnesses
may be characterized by a parameter R defined as

1.08 - . / 0.l WiRy - wiR
A= (Sl B iy

oz T (4.1)
1.06 “s T B

1.10

-~ 0.6 04 - The terms w¢ and wp are the nonrotating blade inptane and

7 flap natural frequencizs .t zero pitch and Rg and Ry are the
ray o) N

SOFT INPLANE 0 2 ratios of total stiffness over . lade stiffness in flappirg and lead-

ROTOR ‘7’; =07 o,z'; lag, respectively, at zero pitch setting. A rigid hub with all the

J0r 0.6 flexibility in the blade (3olkoy /Veriol rotor) corresponds to

0.8 R = 1. A soft hub with a rigid b.ade, with all the flexibihty in

68 1 i ! l.p the hub, corresponds to R = 0. Combination: of a soft hub

-4 -10 -08 -.06 -.04 -.02 and flexible blades (as in the Westland, Bell and Lockheed

o/l

hingeless rotors) are characterized by values of R between 0

and 1.

Figure 4.2 (taken from ref. 2 74) gives the frequency
and damping (~0/82) of the lead-lag mode for various R values.
Fur soft inplane blades, an increase in pitch setting always increases the damping for any value of R. For stiti wplane blades thus is true
oniy for R .~ 0.4. The natural frequency of suff inplane Liades decreases with increasiny pitch except for ve y ligh R values. Figure 4.2 1s
valid {for blades ngid in torsion} for a Lock number of 5 and for a flapping frequency of 1.15Q n hover. Low vaiues of R in
combination with stiff inplane biades require special attentiun. The resuits in figure 4.2 show how a sir iple dynamic model can lead to
important insights. The model should not be used quantitatively since too many simphfications ar: invalved, such as rigid Liades,
quasisteady linear aerodynamics, zero advance ratio, absence of pitch flap and pitch lead coupling, et.. Nevertheless, it shows that, fur
soft inplane blades, the value of R is of little concern, while for stiff inplane blades low values cf R reyuire speuial attention,

4.5 Pitch-Lead Coupling

Pitch-iead coupling is a very important design parameter for both articulated and hunyeless rotors. Pitch lead cuupling occurs for ar
ticulated rotors if the rotating pitch hinks are not perpendicular to the plane through the pitch horn and feathering axis. For hingeless
blades, the iplane mode is usually coupled with the flapping mode and may involve some feathering motior: as well. [n particular, there

Fig. 4.2 Effect of blade pitch angle on blade inplane frequency and
damping for various hub rigidities 8.

%< 15 an elastic coupling from preflap setting which can best be visualized by assuming a nigid blade with root flexures. Genieral relations are

now introduced which are also applicable to elastic pitch flap coupling (discussed later}. Figure 4.3 (1aken from ref. 2 10) shows four
3 elastically restrained equivalent hinges used in the MBB fliyhit dynamucs analysis in conjunction with a nigud biede This model is useful
E n a discusstion of pitch-lead and pitch-fiap coupling. The lowest dash dot line in figure 4.3 1s perpendicular to the rctor shaft and

represents the hub plane. The feathering axis is elevated with respect to the hub plane by the precone aagle Jk. The blade axis s
elevated .urther with respect to the feathering axis by the flappiny angle 5 and s displaced frum the featheriny axis by lay angle §
Contrary to the sign of { i figure 4.3, § s positive for lead. In addition to the feathering, flapping, and lead lag hinge  all elastically
restrained — figure 4.3 shows a blade torsion hinge that is ignored here. Also, the featheri g, flapping and lead leg axes are assumed tou
intersect at one point.

The total iead angle, {+{p, consists of an elastic portion § and a prelead {p The elastic lead moment transferred to the hub s
proportional to §.

Mg = Cgg (42)
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Fig. 4.3 Representation of elastic blade by a rigid blade with four elastically restrained hinges.
while {p represents a prelead angle that exists for zero lead moment {¢p is an important design parameter — also called the forward

sweep angle). Similarly, the biade axis 1s elevated with respect to the feathering axis by f+fp. The elastic flap moment Mg transferred to
the hub is prog< tional to :

Mg = Cg8 (4.3)
while Bp represents a prefiap angle that exists for zero flap moment (ﬁp is an importart design parameter — 2lso called the negative
droop angle).

if the components of the elastic moments {4g and Mg are taken with respect to the feathering axis and if smal! angles are assumed,
the teathering monrent, positive for the direction cf increasing pitch angle 8, is:

Mg = Cg0 = Mp(§ + §p) ~ My(B + Bp) {4.4)
Inserting Eqs. (4.2) and (4.3) into Eq. (4.4) yields:
Cg0 = B3(Cpx~ Cy) + B8p Cp = §BpCt (4.5)
If 815 constant and if Eq. (4.5, is differentiated with respect to {, one obtains the elastic pitch-lead ratio:
0¢ = [B(Cg—C¢) - fpCti/Co {4.6)
It § 1s constant and if Eq. (4.5) is differentiated with respect to 8, one obtains the elastic pitch-flap ratio:
0= [§(Ca—C¢} + §p CRI/Ch {4.7)

Equation (4.7) 15 used 1n the following section. For matched stiffness rotors with C3 = C¢, the first terms in Eqs. (4.6) and (4.7) are zero
ana constant pitch-lead and pitch-fiap ratios are obtained, depending only on the prelead and preflap angles. For other rotors, usually
Cr >> Cg so that Cg can be neglected vs. Ct.

For blades with low chordwise frequency, the derodynamic lead-lag damping from pitch lead coupling is approximately
ng = —0¢y/8lwi/S2) {4.8)

an expression first established in somewhat different form in reference 4.1, 1t shows that such a rotor requires negative pitch tead
couphing {for positive §) to obtain aerodynamic damping of the lead-lag motion. Without matched stiffresses and vor C¢ >> Cg, Eq
{4.6) yieids

0p = -6 +B,)C¢/Cy (4.9)

So far as the elastic pitch-lead coupling 1s concerned, it does not matter which part of the total flapping angle with respect to the
feathering axis 1s elastic and which part s preflap. This has an important consequence if precone of the feathering axis is used Precone
angle has been used to relieve the blade root of the flapping mement from normal lift. However, precone angle reduces § + p, and if the
precone angle is made larger than the natural coning angle, § + 3 becomes negative and tae lead lag motion becomes unstable The use
of excessive precone In the Aerospatiate hingeless rotor experiments was the suspected reason for some of the difficulties experienced
From equation {4.9), 1t 1s clear that precone angle should be used with caution for a soft inplane rotor. The blade root flap bending
momunt can be relieved also by preflap which, unlike precone, does not affect the stability of the lead lag motion as much. However,
preflap relieves only the blade root bending moment, but not the moment on the feathering bearings.

Without prelead or preflap, Eq. (4.5} can be written in the form
0/8% = (Cg~Ct)/Cy (4.10)

For the BO-105 soft inplane hingeless rotor helicopter, the right-hand side of Eq. {4.10} has the value —0.1/dcg (ref. 2 10) so the
ptich-lead couphing ratio for ¢ = 2° would be ~0.2. For stuff inplane blades, Cg 1s much larger and higher absolute values of the elastic
pitch-lead couphing ratie occur, unless the control stiffness Cg 1s increased with Ct. The preceding equations should not be used
quantitatively. They are intended 1o illustrate very general trends for soft inplane hingeless rotors. A more accurate treatment of the
eftects of pitch-lead coupling for hover, also tiased on the concept of rigid blades with root flexures, 1s given in references ? 74 and
2.76. Figure 4.4 {.aken from tiiese references) shows, for a Lock number of 5 and a flapping frequency of 1 159, stability limits in
terms of pitch angle vs. pitch-fead coupling ratio 0;. The night-hand side refers to a soft inplane rotor with wy = 0.782 T ¢ narameter ]
defined 1n Eq. {4.1} Pas hittle influence. Positive pitch-lead coupling at positive 3 is destabilizing, as indicated by Eq (4.t he left hand
side rewers to a stiff inplane rotor with wg = 1.4, Without elastic flap-lag coupling and R = 0, negative pitch lead coupling is de
stabilizing, as would occur for a soft hub and a stiff biade. However, for larger values ot R, positive pitch lead coupling becomes
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Fig. 4.4 Stabihity boundanes of pitch setting versus pitch-lead coupling in hover.

destabilizing and, for R = 0.2, instability 3t high pitch seiting cannot be avoided, regardless of the pitch lead coupling ratio For the stiff
inplane rotor, a clear trend of the effects oi pitch-lead coupiing cannot be established. Within the Limitations of the analysis, Fig 4 4
shows that 1t 1s probably easior to avoid 1solated lead lag motion irstability for a soft inplane blade rather than a stiff .aplane blade
since, in the soft inpiane case, hub flexibility has little effect and a negative pitch lead coupling is always stabilizing

4.6 Pitch-Flap Coupling

Pitch-flap coupling 1s an important parameter for both articulated and hingeless rotors. For articulated rotors, it occurs if the
ttachment point between the rotating pitch link and the pitch horn is not on the flapping axis. The pitct flap coupling ratio 1s given by

0g=-tan §, {4.11

For hingeless rotars, this coupling can occur f the feathering axis participates in the flapping motion, that is, for soft flapwise hub
configurations. Because the hub can be highly flexible, this pitch flap coupling ratio can be substantial. For stiff hub configurations, an
efastic pitch-fiap coupling can exist it the fiapping mode shape involves some feathering motion. In addstion to this pitch flap coupling,
there 1s an elastw pitch-flap coupling for a rigid blade with root ilexures as expressed by Eq (4.7}, For a matched stiffness olade, C,, -
Ct, a negative pitch-flap coupling which is usually desirable) is obtained by prelag — {p. For other rotors and for C¢ >> Cp,

83 =-% Cx/Cg +§p Cp/Cy (4 12)

If ¢ and {p are of the same order of magnitude, the second term is smaller than the first one. For a desirable negative pitch flap
coupling, an elastic iead angle 1s needea which can be obtained with a prelag larger than the natural lag from the driving torque
Reference 2,11 shows that, for the BO-105 helicopter, 2.5° prelag would increase the equivalent 8, angle from about 5° to +10" The
-5 without prelag resu!ts from the elastic lag from the driving torque which, according 1o equation (4.12), produces positive pitch with
up flapping.

The effects of negative pitch-flap coupling on the flying aualities of hingeless rotorcr aft are numerous. Control and gust sens tivity
are reducea. The angle-of-attack instabiity s diminished. The control and damping cross coupling is changed For the 80 105
helicopter flying at 100 knots, even such a smali change as 15" in equivalent 8, angle reduces (according to refs 2 10 and 2 11) the
angle-of-attack instability by 40% and increases the time to doubie amplitude for the phugoid mode from 5.5 to 8 5 seconds

Pitch-flap coupling also influences the blade lead iag motion stability. For a stiff inplane hingeless floating proprotor in axial flight,
reference 2.30 shows that negatwve pitch-flap coupling is destabibizing and positive pitch flap coupling s stabalizing Because of the large
pitch setting required in proprotor fi.ght, the inpiane biade frequency is greatly reduced and nearly voincides with the flap frequency
Changing the pitch-fiap coupling trom negative to positive removes the frequency coalescence 'nd stabilizes the blade lead lag motion
A tead-lag blade instabiiity (ret 2 50) of the stff inplane Lockheed AH.56A helicopter tha occurred in high speed forward fhight
{denoter ‘half-P-hop’’) was ehminated n part by changing from a positive pitch-flap coupling ratio of 0 22 to about zero coupling But
for t* AH-56A reactionless mode lead-lag instabthity, reference 2 38 indicates that changiny from zero to a negative pitch flap ratio of
-0 38 was destaLizing. For stff inplane rotors, t appears desirable to himit negative pitch flap coupling ratios to values that wil not
result 1n near-frequency coalescence between inplane and out-of-plane blade modes.

Mote that pitch lead coupling mainly affects the damping of the blade lead-lag motion and is thus important for ground and awr
resonance. Once such instabilities are avoided, the effect of pitch lead coupling on the flying qualities is usuully not substantial In
contrast, pitch-{lap coupling always affects the flying quahities significantly

In addition to the pitch lead and pitch-fiap couplings, there are numerous other coupling terms between pitch, flap, and lead lag
displacements, the etfects of which have not yet been delineated For exampie, figure 4 3 indicates that a change in feathering angle
produces a change in fiapping angie because of {+{p and a change in lead angie because of S+, A pitch.rate of lead coupling also exists
since a changa n centrifugal force tends to twist the blade in proportion to its piteh angle The more elaborate types of analysis include
most of these terms, but their effects have not been isotated and studied in detail,

4.7 Cherdwise Blade Balance

1t has long been ecogmzed that chordwise blade balarce in comjunction with control flexibility is an important parameter in
rotorcraft flight dynamics (ref 4.2) The main parameter that influences elastic blade tursion i elastic feathering is the offset between
the aerodynamic center of the blade and its center of yravity |f the chordwise position of the blade center of gravity 1s ahead uf the
aerodynamic center, an elastic teathering feedback s introduced which tends to alleviate gerodynamuc disturbances For example, an
increase in the rotor angle of attack normally increases the lift on the advancing blade and decreases the Lift on the retreating blade,
resulting i an aft tit of the tip path piane The reaction to the hift increase is seen mainly in the inertial forces centered in the blade
chordwise center of gravity Thus the advancing blade, because of coutrol flexibility, is elastically featberea with the leading edge down
and the retreating blade s feathered with the leading edge up, which introduces an elastic forward cychic pitch that alleviates the att tilt
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of the up path plane. This process is the same for both articulaed and hingeless rotors. However, because of the flap bending stiffness
of the hingeless blade, the hub moment from the elastic feathering is much greater.

An att cycuc control input has the same effect on the blades as an increase in rotor angle of attack. The elast.c feathering opposes
the control input and thus reduces the control power. If the rotorcraft experiences a pitch up rate, the advancing blade is subjected to a
down gyroscopic moment and the retreatirg biade, to an up gyroscopic moment. The reaction is indicated by the increased lift of the
advancing blade and the reduced hft of the retreating blads. An elastic forward cyclic pitch that results increases the damping derwvative
of the rotor. Thus the man effects of center-of-gravity position forward of the aerodynamic venter e to reduce ~ontrol power (which
Is ample anyway in a hingeiss rotorcraft), to increase pitch and roll damping, to reduce anyle of attack instability, and to reduce gust
sensitivity — ali favorable effects obtainable with small weight penalty. According to reference 2.13 a 3% forward shift of the center of
gravity of the BO-105 biade would reduce the rotor angle-of-attack instability by 30% at 100 knots and would wicrease the time to
double ampisitude of the phugcid mode from 6 to 40 seconds. The BO 105 blade and control system is relatively soft with a blade
torsiondl trequency ratio of wys/Q = 3.4. For blades that are torsionally stiffer (such as those of the Westland Lynx hingeless
helicopter), the effects of elastic cyclic pitch feedback are smaller.

In the discussion of feedback systems in a subsequent chapter, the kind of feedback produced by chordwisz gverbalance is
classified as prooortional titing feedback with a phase angle near zero. This type of feedback destabilizes the flap, g motion and
shouid be used with caution at high advance ratio. In addition to tilting feedback, chordwise overbaiance also provides an elastic
negative pitch-cone coupling that is beneficial for all aspects of tlight dynamics.

For soft flapwise blades, the hft is transferred to the hub mainiy via centraugal forces centered in the chordwise c.g., for suff
flapwise blades, this transfer is mainly elastic and centered in the shear axis of the blade cross section. For suff flapwise blades, the
location of the shear axis 1s more important than that of the chordwise c.qg.

5 SPECIAL PROBLEMS OF HINGELESS ROTORCRAFT

The special flight dynamics probiems of hingeless rotorcraft refer to basic configurations without control feedback The use of
control feedback to improve hingeless rotor flight dynamics 1s treated later. The phenomena discussed here were mentioned In
connection with the classif:cation of fhight dynainics and with the discussion of basic rotor design parameters Those previous comments
are now discussed further.

5.1 Blade Lead-Lag Mction Instability

The problem of blade lead-lag motion instability, both for sof and stiff inplane rotors, has prubably attracted more at.e  .on than
any other hingeless rotor problem. According to the definition in the Preface, this problem belongs to flisht dynamics be 150 of ine
low frequency of the air resonance mode. Potentially unstabie blade lead lag modes have been observed either as regressir, .o, with
a body frequency of £ - wg or we = €2 tor soft or suff inplane blaaes, respectively, or as the reactic 1less scissors mode for four bladed
rotors. In addition, the Lockheed AH-56A heiicopter with the oniginal jea.hering feedback system with floating gyrnswashplate
exg 2rienced a so-called 1P x 2P blade flap lag instabihity {ref. 2.50;. The instability range was centered at ar. intermediate . ..or angular
spe :d for which the blade inplane natural frequency ratio w¢/il was 2.9 Tilting the rotor is equivalent to 1,rev flapping and resuiis 1n
lar @ 2/rev Coriolis inplane blade moments in the absence of lead-lag hii ges, These muments are in resonance with the inplane natural
frequency when 2 = w2, Because of the feedback of the inplane moments into the floating gyroswashplale, the 2/rev inplane
osciltations were actually self-excited and dynamically unstable. In the latest {AMCS) control system, feathering feedback into the
floating gyroswashplate has been replaced by pure flabping feedback, and the 1P x 2P mode cannot be self excited. E. ~erience with
this phenornenon, however, should show the need for caution when st ff innlane rotors are operated at angular speec . ar € = /2
with the rotor tilted. ’

To avoid inplane blade stability problems, the first requirement is to provide ihe lead lag motion of the isolated blade with
adequate dampirg at ali operational flight conditions. For stiff inplane vlades, mechanical damping 1s difficult to provide because of the
small deflections For soft inplane blades, mechanical dampers of the elastomeric type are quite effective. Aerodynamic damping
depends on numerous paramters. Figure 4.2 shows the eftect of hub flexibility in terms of the parameter R defined in Eq. (4 1), Figure
4.4 shows the combined effect of the parameter R and the pitch lead coupling ratio /¢ un the stability boundary in hover For soft
inplane rotors, a negative pitch-lead coupling ratio increases the lead-lag damping For stiff inplane rotors, there is no clear trend with
pitch-lead coupiing For the Lockheed stiff inplane rotor with a soft hub, posiuve pitch lead coupling 1s stabilizing {ref 2 38) For the
AMCS version, the pitch-lead coupling in the first lead-lag bending mode is 0 36 and theie is an additional positive pitch lead voupling
from 2 2 negative prefiap setting or droop (evident in Eq 4 6} Since positive pitch lead coupling 1s statnlizing for the Lockheed
stff inplane rotor, equation (4.6} shows that increasing lift, associated with increasing p, is destabilizing, which agrees with the
expe-ience described in reference 2.38. This 1s ooposite the soft inplane rotor characteristics where negative pitch lead couphing 1s
stabiizing and where equation (4.9) shows that increasing Iift, associated with increasing o+, yields o more favorable pitch lead
coupling

The effect of negative pitch-flap coupling on the lead lag damping of the suff ini;lane Luckheed rotor is unfavorable (ref 2 38) it
was mentioned previously that negative pitch flap coupling, which s very desirable for all handiing characteristics, shouid probably be
used with caution n stiff inplane rotors to prevent the flapwise and churdwise blade frequencies from becoming too Jlose Although no
corresponding studies are avaslable for soft inplane blades, such limitations should not exist since i this case negative pitch flap
couphing incrzases the difference between blade flap and lead lag natural frequencres

Very httle 1s known about the dam,. 19 of the isolated blade lead lag mode in forward flight Reference 2 10 shows that the Jhange
in damping of the .olated blade inplane mode and of the coupied blade inplaue budy mode of the BO 105 helicopter is shght between
0 and 110 knots. The first mode has a demping ratic of about 003 at the w¢ frequency and the second i.ode has a damying ratio of
008 at the §2-5¢ freGuency On the other hand, Lockheed experience with the so calied “half P hop' mode near the w¢ §! body
trequency indicates that the darmping diminishes at high speed Since the inplane mode was strongly coupled with vertical Lody motions
{because of a soft collective control system and positive pitch fiap coupling), the instability may have been atypical of suff inplane
rotors The stabihity hmit was moved from 180 to 250 knots by inureasing the collective cuntrol stiffness by 700, removing the positive
prich tiap couphing, increasing the blade prelead angle {torward sweep) by 60%, and adiing collective control system dampers

in contrast to the ‘hait P hop " instability at high forward speed, the reactionless mode instability subsequently encountered (ref
2 38) appears to be of more qgeneral significance This instabibity occurred at low speed and high Lift and probably could have been
approximately predicted trom an isolated blade analysis since coupling with body 1 udes was not invuived Thas instability appears tu
have resulted from the increased adverse pitch lead coupling due to the large coning angle at the hugh rotor hift conditiun In terms of
the hub stffness parameter R, the Lockheed rotor apparently has a rather soft hub associated with a low value of R and fiqure 4 4
shows that positive pitch lead couphing would be stabiizing According tu Eq (4.6} this can be provided by negative prefiap (droop) but
may become overcompensated by a high . at high hft For rotors with higher R values, fiqure 4 4 shows that negative pitch lead
couphing 1s stabihzing and this 1s improved at hugh hft conditiuns Note that results in figure 4 4 were obtained withuut distribu.ed blade
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bending flexibility and represent only general trends. Blade stail also has a large eflect on biade inpiane stability. For soft inpiane
blades, references 2.10 and 2.71 show that blade stali causes a deterioration in damping of the coupled flap lag blade mode. For the
BO-105 helicopter, aerodynamic damping of this mode goes to zero at 1€° pitch setting in hover.

Despite the fact that stiff inplane rotors cannot have ground resonance of the Coleman type, these rotors are more demanding of
the dynamic design than soft inplane rotors. A careful 1so.ated blade anaiysis including all elastic couphing effects is necessary for ail
operating conditions to assure adequate aerodynamic damping of the lead lag mode since mechanical damping is impractial. Negative
pitch flap couphing, otherwise very deswrable 1o alleviate hur geless rotorcraft flyir 3 qualities problems, shouid be provided with caution
to avoid near coalescence of blade flapping and inplane natural frequencies. The soft inplane rotor is soniewhat less demanding of the
dynamic design sinve some general rules are applicable. For example, negauve pitch lead coupling is nearly always beneficial, precon.ng
of the featheriny axis s detnimental except for matched stiffness rotors, and addtional lead-lag damping can be obtained readily by
simple mechanical 2lastomeric dampters. Special attent:on must be given to stall conditions.

After udequate damping ot the isolated blade lead-lag mode s assured, the stability of the coupled rotor,/body modes must be ex-
amuned. The critical regions are those near freguency coalescence of the regressing inplane mode with 2 body mode. Since the regressing
inplane mode tor both soft inplane and stiff inplane rotors has a frequency of 0.3 to 0.452, frequency coalescence can be expected with
the short period rolling mode, which is also in this frequency range for soft flapwise rotorcraft. The short perioa pitching mode is usuaily
much lower — near 0.1%2. Pylon oi empenndge modes are usually much higher, but they must be cnecked for possible frequency co
alescence with the regressing inplane mode. Figure 5.1 (taken frum ref. 2,15) shows the natural frequencies o« the short period roll mode,
short period pitch mode, and the coupled inplane regressing mode as a function of rotor speed for the BO 105 helicopter. Frequency
coalescence of the roli mode and inplane regressing mode falls in the normal operating rotor speed range typicdl of scft flapwise rotor
craft. All three modes are adequately damped with a dampiny ratio ot 0.5 for the roll mode, 0.8 for the pitch mode, and 0.07 for the
coupled regressing inplane mode.
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Fig. 5.1 Frequency of short-period ro!! mode, short-period pitch mode, and coupled inplane
regressing mode versus - otor speed for BO-105 nelicopter.

An interesting study (ref. 2.15) shows tnat ..thout aerodynamics the frequenu.c. of the three modes remain approximately
unchanged from figure 5.1, However, the roll mous would become unstable in the operating rotor speea range, while the regressing
mode — because of the assumeJ mecharnical blade dunping — would remain stable. The analysis depends critically on the value of the
assumed blade inplane struct ral damping ratio, w ach was 2% in this case. With zero structural damping, the coupled regressing
mode, even if ali aerodynainic terms are inclured, L ecomes unstable at the lower end of the operational rotor speed range. For the soft
inplane rotorcratt, some inplae damping must be . uvided either aerodynamically or by special elastomeric dampers if the blades have
inadequate structural dampinyg.

5.2 Rotor Angle-of-Attack Instability

In addition to blade lead lag instabilities, the rotor angle uf attack instability of hingeless rotors has also been a majui concern.
Figure 5.2 compares the hub ...omen. derivative with rotor angle of attack n the unstalled region for an articulated rotor witl 2% hinge
offset and a hingeless rotor with a flapping frequency of 1,152,

03, For stiffer blades, the increase in angle-of-attack instability
would' be still more pronounced. To minimize angle-of-attack
wnstapthty, 1t s therefore desirable to keep the flap-bending
stiffness of the blades, particularly in the root section, as low as
possible, consistent with structural considerations, This has
been done with several hingeless rctorcraft that have elastic
blade f'ap frequencies of 105 to 1 12§2. Although a negative
o1} pmitch £ .p coupling increases the fiap frequency, 1t reduces the
ARTICULATED ROTOR rotor angle of attack stability and should be included since 1t

/ 2% HINGE OFFSE™ also alleviates vertical gust sensitivity. As mentioned before, the

HINGELESS ROTOR
p:lIs

Q2

Cm0

e mitch flap coupling ratio of the Lockheed AH 56A belicopter
0 ] s 3 4 5 6 was changed from +40.22 to 0 and then to ~0 38 despite an
ADVANCE RATIO, p unfavorable thc gh acceptable effect of this change on the

damping of the blade tead lag mode, and despite the rotor
feedhack control system that alleviates most of the rotor
angle-of attack instabitity

Fig. 5.2 Rotor pitching moment with hub angle of attack
derivative versus advance ratio

Another means of reducing angle of-attack instability 1s chordwise overbalance (discussed in See 4 7} To be effective, the control
system must be relatively soft This can introduce other prublems in the reversed flow 1egion at high advance ratio, suuh as blade flutter
or blade torsional divergence, quite apart from the blade weight penaity Any rutor angle of attack instability that remains after all
design efforts to munimize it must be compensated erther by a sufficiently large horizuntal tail surface or by a contrul feedbiack system,
The latter solution 15 discussed in the next chapter. A relatively large tai surface, though it can be effective in removing or reversing the
rotor angie of-attack instabulity, must be adjusted carefully 10 avoid large oscillatury blade flap bending moments The ta surface must
also be used to compensate in part he large speed stability derivative of hingeless rotors, which, aceurding to figuie 59, can d. tabilize
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the phugoid mode. Because of the rotor downwash effects on the horizontal tall and on the fuselage, the design for acceptable
longitudinal flight dynamics should be supported by model testing that includes the rotor.

Considerable angle-of-attack instabiity and pitch divergence tendency will be tolerated by pilots so long as control power and
control sensitivity are sufficient. For example, hingeless rotor helicopters have been flown when the time to doubte amplitude of 3 pitch
disturbance was 1.5 seconds (ref. 2.20), However, care ..iust be taken to ensure that adequate control margins beyond trim arc available
for all possibie fhght attitudes. in the presence of angle-of-attack instability, an increasing pitch-up attitude requires increasing forward
control for trim. Once a pitch-up attitude 1s reached which requires full-forward control for trim, any further pitch-up disturbance
cannot be controlled and will lead to a temporary uncontrollable divergence until collective pitch or flight speed 1s reduced. For
helicopters with angle-of-attack instability, a tirim analysis is desirable not only for steady flight conditions but also for possible
transient conditions to ensure that control margins adequate for recovery are available.

5.3 Control Problems

Recommended V/STCOL handling qualities are discussed in references 5.1, 5 2, and 5.4. U.S. military requirements for V/STOL
flying qualities are gven in reference 5.3 and flying qualities requirements for U.S. Army helicopters are given in reference 55 None of
these documents considers the special flying qualities of hingeless rotorcraft. The first four references attempt to combine requirements
for rotorcraft with V/STOL type arplane flying qualities — a ditficult enterprise. Even basic terms such as contro! vower and control
sensitivity are used with entirely different meanings in the various documents. The fact 1s that very little data are available on basic
hingeless rotorcraft flying qualtties. All of the extensive Lockheed experiencc was gained with a hingeless rotor with an integrated
control feedback system that features a floating gyroswashplate. The basic characteristics without the feedback system are computed in
reference 2.44 but are not substantiated by flight tests, The longitudinal stability and contro! characteristics of the Bolkow BO 105
helicopter are well documented, but few other comparable data are available. The discussion of the contro! and stability quahties of
hingeless rotorcraft is therefore incomplete.

Hingeless rotor control s of the rate command type {refs. 5.1 and 5.2) in contrast to the attitude command type for longitudinal
airprane controls, The time constant, that is, the time to reach 63% of the asymptotic pitch or roll rate, 1s a fraction of a second
compared to severai seconds for articulated rotorcraft. Total control power is defined as the angulfar acceleration for the maximum step
pitch or roll control input, 1n agreement with references 5.1 and 5.2. Specific control power i1s termed the angulfar acceleration for a unit
step control input. This quantity s called “‘control sensitivity’ in references 5.1 and 5.2 and merely ‘‘contro} power” in other
references. Actually, a fraction of a second i1s required to develop the control power even if a step control input is assumed This time de
lay, almost yimperceptible to the piiot, can usually be ignored. Reference 5.2 recommends a time constant for the acceleration buildup
after a step contro! input of less than 0.2 second. However, arotor designer can do very little to substantially influence this time constant

Control sensitivity 15 defined as the asymptotic pitch or roll rate per unit step control input. In reference 5.6, stick deflactions of
14 10 20 deg/sec/in. are recommended for armed helicopters, these values are accepted as valid at least for roll control, despite
considerably lower requirements given in reference 5.5. For articulated rotors, the time constants for the build up of the pitch or roll
rate given in reference 5.5 can hardly be achieved without SAS. For hingeless rotors, these time constarts (1, ">/8 and 1, **/15 in pitch
for visual ano nstrument flight, respectively) can be achieved easily and are usually less. From this point of view, SAS for hingeless
rotorcraft is not necessary

While there are no inherent difficulties with specific control power ¢ad with the time constant for the pitch or roll rate buridun,
the total installed  ntrol power depends on the tnim requirements, Figure 5.3 (taken from ref. 2,20) shows longitudinal and latera!
cychc pitch requ red for tium for the BO 105 helicopter. Furward cychic pitch ¢f more than 6° and lateral cyclic pitch up to 2° ere
required for trim These values are about the same as required for an articulated rotor. Since the specific control power 1s much larger
than for articuiated rotors, the total control power Is also very much larger in flight, this large control power 1s balanced by a large
pitch and roll damping. On the ground this balance 1s not available and the pilot must use only small control excursions, Thus the
hingeless rotor does have a problem of high control sensitivity on the ground. This is significant for autorotational landings The
experience wi*h numerous autorotauional landings with the Westland Lynx and the Bolkow BO 105 has shown that this type of landing
can nevertheless be performed satisfactorily. The high control sensitivity on ground contact 1s also important fo stope or ship deck

2r ' . 4
N j ! J
S oo o v [xts] amseeeo
A\
'
-2 . \ . -
U5, deg A
o} . .
N
6. : B -

80 105 W : 3860 1bs
THEORETICAL RESULTS

A FLIGHT TEST RESULTS

4

'

, j
0 50 100 150

v {x1s] AIRSPEED




il b A giedvipfiatuiipnd e S —— R AT, Sy AL A LTS il Sl ool s ¢ 9y Y sR s T E gy e LIRSS ] S AL LS 54 JR R A et

landings and takeoffs and for taxiny. Siope landings up to 12° (left, right, and nose-up slope) have been carried sut with the Lynx as
well as operation from two shups, without siynificant handling problems or blade stresses Tdxiing trials of the naval versiv 1 of the Lynx
have also been completed without abnormal problems.

For longitutinal control requirements in maneuvers, figure 5.4 (taken from ref, 2.11) shows the BO-105 longitudinal control
required to attain load factors from 1.0 to 2.2 g at 110 knots. T..e 2riginal blades with a NACA 0012 airfoil were predicted to give a
control reversal at 1,6 g. The newer NACA 23012 cambered a foil postpones partial blade stall and avoids control reversal. However,
the stick deflection per g s very small — only a fraction of an i 1ch per g. While this s also not atypical for articulated roturs, hingeless
rotors are usually characterized by small stick deflecuions rar yload and control reversal in the high speed flight regime with partial
retreating blade stall. Associated with this are handling difficulties at high speed in turbulence which are also not atypical of articulated
rotorcraft without SAS,
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Fig. 5.4 Longitudinal control position versus load factor for BO-105 helicopter.

Another problem is that of control cross-coupling. Three
types of cross-coupling must be alleviated by proper design
methods. First, there are direct control cross couphng effects where
a longitudinal control input also prodtices a rolling moment, and a

C ROLL lateral control input also produces a pitching moment Second,
. changes in angle of attack produce both pitching and rolling
moments. Third, pitch rate produces not only pitch damping but
also a rollingmomrent, and roll rate produces not only roll damping
but also a pitching moment. All three types of cross coupling de-
pend on blade flapping frequency and advance ratio. Figure .5
shows the second type of coupling at ar advance ratio of 06 as a
function of blade flapping frequency. For the soft flapwise rotor
(1.05 1o 1.15Q flap frequency}, the ccuphing 1s moderate but be
comes large for the stiff flapwise rotor (= 1482 flap frequency)
The two major design parameters that can alleviate all three types of
cross-coupling are control phase angle and negative pitch-flap
coupling.
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Figures 56 and 5 7 (taken fr~:a ref. 2.79) gve the trend of
sitch and roll cross coupling weth .ncreasing t* de flap frequency
TYPICAL RANGE in hover. Figure 56 shows the hub rung and pitching moment

OF coeffictents pir urfmflateral cyche pn(t;h The7c;rcle rep(;;zsents the

upper himit of soft flapwise blades (P = 1,17 for y = 6), and the

FLAP FREQUENCY square represents a stiff flapwise bla? (P = 1.33 for 4 = 6), C s

the nght rolling mement <oefficient and Cpy 1s the nose-up

0 [ | [ | pitching moment coefficient. A nght cychic pitch control input

assumed 1n figure 5 6 provides a right rolling moment and nose-up

1.0 1.2 1.4 1.6 1.8 pitching moment. A nose up cychc pitch control input would

FLAP FREQUENCY, E) produce a nose up pitching moment and a left roliing moment To

compensate this coupling, soft flapwise rotors require 10° to 20°

Fig. 5.5 Rotor pitch and roil moment with hub angle of cttack control phase shift so that ar aft mation of the stick provides aft

derwative versus flap frequency, u= 06,9 =5 plus right cyclic pitch This is achieved by shifting the swashplate

axes for longitudinal and for lateral cyclic control in the direction

of rotor rotation by an amount equal to the control phase angle. | negative pitch flap coupling is used, this contrul phase shift must be
larger. For suff flapwise blades, the contro! phase shift must be 45° and more.

o
T

Figure 57 -hows hub rolling and pitching mument coefficient per umit pitchiny unguiar velocity, again for y 6 {Circles and
squares have the same meaning as before) For P - 117, there 1s moderate cross coupling in the sense that a nose down pitching
velocity produces a rniyht rolling moment In a turn, the anyle uf attack of the rotor will increase with an assouiated roll hub moment to
the left, which will partially compensate for the damping cross-coupling i a portion of the damping cross-couphing effect s
uncompensated, the same lateral control input will be required in both left and right coordinated turns, siace both types of turns
involve a nose-up pitch rate. This asymmetry for left and 11ght turns is well known in many helicopters and can be olleviated by negative
pitch-flap coupling.

The cross-coupling effects change with forward flight, so thal a woimpruinise control phasing between hover and cruising flight
must be selected. The compromise becomes more difficult as the blade flapwise stiffness increases. With increasing advance ratio,
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Fig. 5.6 Hub moment response to uni* fateral cyclic control in hover {cross-conirol coupling).

collective pitch changes increase the pitching and rolling moments 5
which also are more pronounced for stiffer flapwise biades. As for
dynamic cross-coupling effects, figure 5.8 (taken from ref 2.20) shows
(for hover) the combined cross-control and cross-damping effects after
a pitch control input. These results were computed for the BO-105
helicopter. 1t is seen that, with a control phase angle of 75° (15° shift
compared to the usual 90° phase angle arrangement for hinged rotors),
the cross-coupling effects on attitude are quite small up to 4 seconds
after the control step nput. In forwasd flight, the cross coupling
becomes larger. Note that in computing the control power of hingeless
rotors the asymmetnic downwash effectively reduces the control pover
(ref. 5.7). The asymmetric downwash effect can be approximated )y
reducing the Lock number of the blade (as shown in refs. 2.79 «1d
2.80). This and other methods are compared with experimental o

hinge* *ss rotor response: measurements in reference 2.75. 3

Thus, for soft flapwise rotors, the various cross-coupling effects
require special design consideration, but at low advance ratio they do

not present a serious problem,
velogity 1

5.4 Dynamic Stability Problems

Dynamic stability problems of hingelecs rotorcraft are mamnly caused by the larger
angle-of-attack 'nstability compared to articulated rotorcraft. This may result in unstable
phugoid oscilations ot a pitch divergence at high fhight speeds As mentioned previoasty, the
derwative approach for dynamic stability analysis cannot be used for those modes that couple
appreciably with the rotor modes. The rotor coning mode with a frequency wy > Q and the
rotor aavancing fiapping mode with frequency 2 + w3 are affected very little by coupling with
the body and can be predicted with a fixed hub analysis However, the rotor regressing
flapping mode with frequancy w3 ~ §2 couples with at least some of the body modes and also
with the other rotor modes; therefore, the rotor flapping modes must be included for a valid
analysis of rotorcraft flight dynamics.

Fust consider the phugoid mode, as determined from the derwatwe approach, since the
effect of the rotor flanping modes on the phugoid can be neglected. The three dernvatives that
determine the phugo. “haractenstics are the ~utch damping dervative M, angle-of attack
derivative Mg (which is o srtione hevertical - apirr My, and the speed derivative My,
For positive pitch da=:oing, Mg 1s negauwve, for positive nqle of attack stabihity, Mg s
negative; and for positive speed stability, My 1s positive. Figure & takets from an unpubhished
note by Mr. Livingston of Bell Helicopter Co.) shows the stable pi.  1d range in terms of My,
= Mg boundaries for a hingeless helicopter with rather soft flapwise L ies flying at 160 knots
Below the lower line, the divergence is static, above the upper e, the dive.gence 13
oscillatory, A certain amount of angle of-attack instability can be « rated if the speed
stabtlity 1s positive and not too large. In forward fhight, the speed stabulity s determined
matnly by the horizontal tad incidence, which must be adjusted carefulty to obtan a stable
phugoid mode.

Reference 2.11 shows phugoid charactenistics obtamned with the derivative approach for
the BO-105 helicopter, where the period 15 15 seconds at 100 knots an  the ume to double
amphitude 15 6 seconds With various rotor modifications, the unistab:  hugoid ¢an be made
nearly stable. Reference 2.44 presents the dynamic stabihity results ¢ an analysic with three
rotor flapping modes {called a 9 X 9 mode!) for the Lockheed AH 56A without the control
feedback system. The longitudinal and latcra! directional motions are coupled because of the
regressing rotor flapping mode. The inplane regressing mode with a frequency of about 0 €12
was found to have a negligiblie effect on the flight stabifity

With the regressing rotor flapping mode, there are five eigenvalues f~r longitudinal metion
and five for lateral directional motion instead of the usual four No mode shapes arc given in

Fig 6.7 Hub moment response to umt pitch up angular

n hover {cross damping coupling)

ROLL ATTITUDE v [degrees)
f42 02468

1

t=1[sec]

284
3 7 ; )5;
coviroL \‘, i M

PHASE El'85 degr | T5degrees
ANGLE

65degrees

i

40,
PITCH ATHIUDE % [deqgrees]

Fig 58 Attitudes following a umt
pitch centrol input for the
BO 105 helicopter
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reference 2.44 so the degree of modal couphing 1s not known.
Longitudinally, two complex conjugate eigenvalues correspond to a
stable phugoid which, between 50 and 150 knots, has a period of 22
seconds and a damping ratio of 0.5, and a stable short-period pitch
mode with a period of 1.5 seconds and a damping ratio of 0.9. (The
regressing rotor flapping mode with fixed hub has a period of about
2 seconds.) Furthermore, the pitch dwergence 1s small a. 50 knots
My but 1ts time to double amphtude 15 3 seconds at 150 knots.
Laterally, the regressing rotor flapping mode couples with the roll

STABLE convergence to produce a stable short-period roll mode with a perniod
of 1 second and a damping ratio of 0.5. In addition, thore was a

weakly damped dut.h roll mode with a period of 4 seconds and a

damping ratio of 0.2 and a spiral mode with a real eigenvalue near

) 1 A,,_.,}-—-—--—"",I zero. Why the AH-56A without conirol feedback has a stable
phugoid and a pitch divergence while the BO-105 has an unstable

phugod s not clear. From figure 5.9, a stable phugoid n the
i presence of angle-of-attack nstability 15 possible only for a narrow

range of speed stability M,,.

1

-100 | L 1 .
200 100 0 -100 -200 From referemfe 2.44, 1t appears that the AH 56A helicopter can
M be fiown up to 150 knots without a control feedback system The
a aircraft with a time to double amphitude of 3 secends for the
Fig. 5.9 Phugoud stability boundaries of a soft flapwise i-itch-up divergence at 150 knots would probably not be harder to
hingeless helicopter at flight speed of handie than current articulated rotorcraft without SAS at that speed.
160 knots Only i the upper speed range from 150 to 220 knots, where the
time to double amphtude for the pitch divergence goes to 1.5
seconds and less, would 1t be questionable whether tne pilot, after feilure of the SAS, could reduce the speed to an acceptable evel
without risking an upset. Because of the crisp coptrol response, high speed flight without SAS may be feasible for such a short period of
ume Untortunately, tois basic question was not resolved Note that, because of the large unloading of rutor itt to the fixed wing in the
high-speed flight regime, the angle-of-attack instability of the AH 58A helicopter is considerably less than for a comparable wingless
helicopter because partial blade stall substantially aggravates totui angle of-attack instability An aft position for the wing was also used

to provide improved angle of attack stabihity

300 T

200 T+

100

¥
4
N\

5.5 Winged and Compound Hingeless Rotorcraft

1t 15 by now well understood that the cruise speed of tne pure heliccpter is hinited to about 150 xnots Even this speed can be
obtainea only with penalties in hover performance and with a deteniuration of handling ualities because of partial retreating blade ctall
effects in maneuvering, This detenioratton may he somewhat greater for hingeless rotorcraft than for articulated rotorcraft One wav to
overcome the speed limitation of pure helicopiers 1 o univad the rotor in high speed flight by a fixed wing Although a fixed wing
clearly wmproves the maneuvering capabiiity at high speed, it mvolves considerabie penalties in we.ght, hove. download, chmb
performance, and autorotational performance. The forward tit of the unluaded rotor is greater than that of the fully loaded rotor To
achieve the desired hift sharing between rotor and wing, the fuselage attitude with respect 1o rotor attitude must be properly adjusted
As mentioned previous'y, such an adjustment s more difficult for hingeiess rotors because ot the large hub moments involved 1t 4+,
likely that the design problems of a hingeiess winged ratorcraft are greater than for an articulated winved rotoreraft

For a compound helicopter where auxihiary propuision is provided in addition to a fixed wing, hugh speed flight can be achievea
with the fuselage and rotor attitude approximately horizontal o this case the huingeless rotor 1s not at a disadvantage with respect 1o
the articulated rotor. Several compound hingcless rotorcraft have been tlown the Lockhiced XH 51A compound helicopter (ref 2 56),
the Bell UH.1 compound helicopter with four bladed hingeless rotor (ref 2 26), and the Lockheed AH 56A helicopter (refs 2 50 und
2.39). The first two compound rotorcraft had auxihary jet engines, the latter had a tail mounted pusher propeller The XH 51A
compound reached a flight speed of 263 knots, the UH 1 tingeless rotor compound rewched 220 knots, and the AH 56A AMCS w s
fhght tested to 210 knots All three compound ingeless rotorcraft had suff inplane blades

Two man interrelated questions shoutd be answered for o compound helicopter Should the rotor speed be substantially roduced
in cruise, and should convendonal airplane type controls be provideq for cruise? The McDonuell Xv 1 compound used airplane type
controls in ¢cruise and the rotor autorotated at 50%e normal rotor speed with a constant rotur angie of attack controlled by a rotur speed
governor In cruising fiight, the rotor had very hittie effect on handhing qualities since it was articulated and carned only 1010 15 of
the total hft. The penalties for true airplane type handhing quahities in cruising flight were the weight and additional complexity of
airplane type controls and the necessity tor a 30-second transition peniod between the two thght mades (ref 9 8) This solution would
probably be smpractical for a hingeless rotor since substantial hub moments would have 10 bre overcome by the aiplane type controls

As demonstrated by the three flight tested hingeless compound hehcopters mentioned previously  rotor controls of soft flapwise
hingeless rotors can be adequate in hugh speed flight with the rotor unloaded Some ditficulties were exprornienced with the Sel UH 1
hingeless compound because of inadequate tongitudinal contral power to overcome the angle of attack stability from the two horizontal
tals  This difficulty s typical and ndicates that compensating tor the rotor angle of attack instabihity with horizontal tails s not o
good sotution The rotor angle of atiack instability should be mimmized by optimizing the rotor design paramieters rather than resorting
to a large honzontal tad For the Lockheed compound rotorcraft, this was accomplished by the control feedback system with floatag
gyroswashplate, so the problem of inadequate control power at high speed was not encountered The Bell UH 1 compound needed
conventional airplane type controds for the flight tests with g teetensng rotor These controls were retained for the tests wath the
four blaged hingeless rotor, but only the alerons were actually used

Whether the crinse speed of the rotor can be substantally reduced without g 10ss in rotor control effectiveness remains to be
determuned Modern turbine powerplants are quite flexable with respect to operational speed  For sttf inplane hingeless rotors the
< /rev inplane resonance 15 a barrier to reduced rotor speed For soft inplane hingeless rotors the 1 rev inplane resonance s an even more
formudable barrier to reduced rotor speed To provide adequate rotor control moments at reduced rotor speed s also d structural
problem since the centnifugal relief of the flap bending momants at the biade roct is reduced Tests vath the Bell UH 1T compound have
shown that, with thin biade tips, ¢n advancing blade Mach number of 0 94 can be reachied without excessive biade and contro! foads H
a somewhat reduced rotor speed in crunse of about §00 ft sec blade tp speed 15 assumed, a cruse speed of 250 knots (advance ratio of
0 7) appears fessible for o well designed hingeless compound helicopter using on'y rator cortrols throughout the flight soecd range
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5.6 Coaxial Hingeless Rotorcraft

Aithough severai cuexial rotorcraft have been developed, this configuration - at least in the West — has never reached production.
When articulated or soft fiapwise ro.wrs are used, the separation between the two coaxial rotors must be quite large. A compact coaxial
configuration s possible only with stuff flapwise hingeless rotors. In addition to its compactness, this configuration also offers the
possibility of substanually increasing the it capability of the rotor system at high speed (as explained in Sec. 2.5). Figure 5.10 (taken
trom ret 2.65) compares the achievable hft coefficients versus rotor advance ratio of art lated rotors and the Sikorsky ABC
{advancing biade concept) rotcr system. At an advance ratio of 0.6, the ABC rotor system can carry twice the lift of an articulated
rotor, with a shightly better hit:drag ratio {neglecting shaft and hub drag). The coaxal stff flapwise hingeless rotorcraft is an alternative
solution to the winged helicopter. With auxiiary propulsion, it s an alternative solution to the coinpound helicopter. Although
aerodynamically more etficient {except for the hugher hub and shaft drag), the question is whether the coaxial hingeless rotorcraft is
compettive with the winged or compound helicopter because o1 the greater weight, complexity, and the flight dynamics problems
inherent \n the coaxial system,

24 - ABC ROTOR
. (PREDICTED)
\
. AMES
& TesT
MAX LIFT .16 j=T PONTS
COEFFICIENT, S~
CL /o" B ~—
—
.08} CONVENTIONAL / T~
ARTICULATED =
- ROTOR
] L L] 1 ]
0 2 4 6 8 1.0

ADVANCE ~ RATIO, p

Fig. 5.10 Maximum aerodynamic blade loading for a single rotor and for a stiff flapwise
coaxial rotor system.

Because 1 the huyh flapwise and edgewise blade aatural frequencies, the regressing modes may not substantially couple with the
flight dynamics modes. The dervative approach to flight dynamics discussed in section 3,3 may be adequate 1n this case. The most
outstanding characteristics ot the stitf tlapwise hingeless rotor are the large specitic control power, the large angle of attack instability,
and the large cross-coupling effects, Figures 5.6 and 5.7 show how specific cutiol power, control .ross-coupling, damping, and
cress-damping in hover increase with flapwise blade stiffress. Figure 5.5 shows he hub moment derivatives with ar.gle of attack without
stall effects versus blade fiap frequency for an advance ratio of 0.6. The angle of-attack instability at a flap frequency of 1.5§2 1s not
much greater than at 1,122, but the associated rulling moment is substantially hugher than the pitching moment. For coaxial rotors, the
rolling moments cancel but the shaft moments will increase and the clearance between the rotors will be reduced. The rolling momert
e to angle of attack is preduced by the large increase in Lift on the advancing blade (negative Cyg). In trimmed flight, the advancing
blade, 1n keeping with the ABC concept, is more highly loaded than the retreating blade so the tip path planes are tilted toward each
other — a tilt that increases with increasing rotor angle of attach.

A prelead of —1.5" is used for the ABC rotor=, the elastic blade axis 's at 25% chord, and the blade center of gravity is at 25%
chord for the outer quarter of the blade and at 29% inboard. Because of he high blade bending stiffness, much of the seroaynamic
blade force i1s reacted elastically without producing a tursional moment. The reduction in rotor clearance resulting from gyroscopic
action 1s cancelled i part by a suitable coupling between cyci¢ pitch controls, Precone is used to relieve blade root bending stresses.
Because of the nearly matched stiffness design and the high blade vendiny stiffness, the precone sould have little effect on pitch lead
coupling, unless the control system s unusually soft. When the 40 ft 1 >tors were operated in the Ames 40-ny 80 foot Wind Tunnel over
a wide range of conditions, no dynamic instabilities of any kind wer: encountered (ref. 2.66). Since there is no substantial pitch flap
couping and no blade mass overbalance that might relieve the angle-of-attack instability, a large horizontal tail is required At higher
thght speeds, the calculated rotor derivatives are in good syreement with those measured for the full scale rotors in the 40 bv 80 foot
Wind Tunnei (ret 2.65) At low speeds, there are substanuar discrepancies betw . en e o..culated derivatives and those measured with a
1'5 scale Froude tnodel in the Princevon Dynamic Model Track (ref 2 63).

From the mode! data available thus far, the main fhaht dynamics problems appear to be

{a) A large angle-ot-attack instability, not alieviated by structural or other pitch flap coupling effects, requiring a large horizontal
tail, Even at 38 knots and including tail eftects, this instability 15 substantial, requiring 1.4" forward cyclic pitch to compensate a 10°
pitch up attitude

(bi A mismatch between large longitucinal cyclic pntch required for trim and small maneuvering cyclic pitch values. At 38 knots,
a 20" level fhight flare requires 9 forward cyclic pitch for trim

{c) A large prtching response from collective pitch input

(d} A reductions ..» yaw control power from ditferential collective pitch during low speed descent conditions This type of yaw
control s replaced at higher speed by rudder controt

te) Large changes in a1 craft attitude between hover and tugh sueed fhght since the rotor tip path plane attitude with respect to
the fuselage 1s atmost constant

Some ot these problems can be solved or alieviated by a rotor feedback s 'stem, as shuwn in the folluwing section Other probiems are
inherent in the suff flapwise coavial rotor configuration

6 FEEDBACK SYSTEMS FOR HINGELESS ROTORCRAFT

Whather hungeless rotorcraft require control feedback systems and if so, of what type, depends on the design and (e operationg!

sope For moderate speeds, low blade tapwise stffness, structural pitch flap counhing, and adeguate horizontal tail size, feedback
systems are unnecessary  For hingeless rotorcratt with tugher speed capabslities, the increased qust sensitivity and increased
angle of attack statwhity become increawngly more difficult to counteract without a feedback control system The present distussion 1s
limited to nner loop teedbac~ systems designed to aimprove helicopter handling characteristics The desyn philosophy has been to
tmprove control dynamics by use of ‘_edback svstems without changing the basic piteh or roli rate command type of control re-ponse
In contrast to the pitch attitude con mand type for airplanes Electromic or fluidic feedback systems are presently considered less

Ag - i -
- B . " N h
< A4 ' ° () O ’ A O v - ~
. P [e] > L PN L . o - €

-




e L RTE A VSR A S S T ST A VIR T G el TR T WL TR, r e RS ann T G e v S ERISTA 0 mR YT Y T Rt TNTRE Ve om e

50

O;lll
o A
ae
N

22

reliable than the basic mechanical sontrols, and failure of the feedback systems should not degrade flying qualities to a puiin wiiere
pilot effort becomes excessive. When “fly by wire” systems are accepted, the feedback loops become integral components of the
control systems and the requirement of flight worthiness with failed feedback loops will no longer be justified. Then a type of control
system entirely dii‘erent from the “natural” unaugmented helicopter controls can be selected. TAGS is an example of such a
fly by wire system with integral feedback loops, whereby the sidearm controller commands aititude rate, heading rate, lateral and
forward velocities (ref. 6.1). It has also been suggested (ref. 6.2) tha. an onboard Kalman filter, contioller be used which would allow all
state variables to be fed back into the controls while only a few vanables are actuaily being measured.

Since helicopter fly by wire technology s stll in the experimental stage, only feedback systems are examined here which retain the
natural pitch or roll rate command but improve the response cheracteristics of the helicopter. An.ong these systems, a distinction must
be made between the integrated feedback systems designed to be operative at all times and the auxihary feedback systems that permit
operation with only the basic controls. Articulated and teetering rotorcraft presently have auxihiary feedback systems, so that flights
can be made with or without the stability augmentation system {SAS). The control authority is limited to about 25% to ensure that o
“hardover”’ signal will not endanger the aircraft. If the SAS malfunctions, the servos are often automatically centered and lucxed,

Without SAS, the helicopter usually has marginal handling qualities in the upper flight speed regime. With a dua: SAS that
indicates a failure of one system, the pilot can avoid flight regimes with inarginal unaugmented handling qualities so that, if a second
system fails, he can revert without risk to the basic controis. Many such articulated rotorcraft are in operation. From the discussion in
section 5.4, 1t appears that the same principle could most likely be applied to some hingeless rotorcraft types. The Lockheed design
philosophy was different and led to an integrated mechanicar feedback system (previously noted). The latest form, the AMCS, is
discusced 1n more dJetail in section 6.1. In subseyuent sections, lagyed and proportional rotor tilting moment feedback, coning and
normal acceleration feedback, and conventional hingeless rotor stability augmentation are treated.

6.1 Lockheed Gyro-Controlled Rotor

The system in 1ts latest AMCS form can best be described as a full authority attitude gyro positioned in space by the pitch or roll
rate command of the pilot. Figure 8.1 (taken from ref. 2.39) {except for the dashed feedback loop explained later} is a ssimplified block

Kgr

-

6 .
PR K/ +/T) QST SR Brly|ruseLace

Fig. 6.1 Simplified block diagram for Lockheed AMCS.

diagram of the system for one axis. The pilot input moment M combines with the feedback mornent from cyclic flapping KRp} to
produce the input moment to the floating gyroswashplate M.

M=MD—KR5| (6.1,
where KR 1s the rotor feedback gain. The nyro acts as a first order system with a lag 7. Its space-referenced attitude 1s given by
0= K (6 2)
TS+ ()

The small term 1,7 originates from the asymptotic alignment mecharusm between gyroswashplate and fuselige, which can vonsist ot
either dumping of the rotating yimbal axes o1 wedk non rotating centering springs The difference between the yyroswashpiate attitude
and fuselage attitude is proportiondl to the cychu pitch input v gs indicated n figuie 6 1 by the fuselage feedhack loop and where K
15 about 0 7

)= KEWO — OF) (63)

The cyclic pitch input U} 1s modulated by actuator and rotor dynamics tu obtain the cycl flapping i, For low frequency response, une
can set | proportional to 1|
B = A0 (6 4}

Cyulic flapping o) is fed back as a gyiuswashplate moment {eq 6 1) and aiso produces (via fuselage dynamics, the tuselage attitude
change 0. OF is subtracied from the gyro attitude, (eq. 6.3) so that the fuselage follows the attitude of the gyro which, i turn, s
positioned by the pilot with the help of an atutude rate command (eq 6.2) For ze.v fuselage serodynamic damping, the asymptotic
pitch or roll iate per urut stick deflection - that 15, the control sensitivity - s determined only by the gyro dynamics and 15
independent of rotul dynamics. Becduse the serodynamic damping of the fuselage increases with increasing flight speed, the control
sensitivity decieases with flight speed since the pilot moment Mp must uvercome both the gyro moment M and the feedback moment
from cyche flapping KRy, which asymptutically 15 propurtionel tu the fuselage damping moment Within the validity of equation (6 4),
the rotur has no nifluence oo stability and control Lharacteristics and these are exclusively determined by gyru and tuselage dynamics
This statement refers to the hub tlting moments that are the main source of hingeless rotorcraft attitude instabnlity, Since rotor hitt and
drag forces contribute to handhing quahities, they must be determined.

The rotor characteristics are also of no consequence with respect to the effects of gusts on the pitch or roll attitude since the rotor
gust moments are alleviated by the gyroswashplate, at least for the lower frequency range. Simee the gyroswashplate dcts as a luw pass
filter, the higher frequenty components of the gust spectrun are not alleviated An analysis of the higher frequency response requires
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the use of rotor dynamics instead of equation (6.4). However, the low-frequency behavior is well represented by this equation. A
necessary addition to the floating gyroswashplate system is a negative spring system applied to the swashplate to partially compensate
the positive springs through which the pilot inputs are transferred to the swashplate. Without these negative springs, the gyro lag 7
would be undesirable,

The effect of rotor characteristics can be eliminated not only with respect to the low-frequency dynamic control responses but
also with respect to trim, which deperds only on 7 and the body trim moments. Trim values for the AH-56 AMCS are less than 1 .inch
of stick deflection between 0 and 200 knots, both for lateral and longitudinal control. Stick sensitivities in pitch decrease trom
9°/sec/in. to 6°/sec/in. between 0 and 200 kniots and are ronstant at 13°/sec/in. in roll. in wind-up turns, even at 200 knots, the stick
deflection is oniy 1 in./g. There was no stick gradient rever.ai 2ven up to the highest level tested — 2 . The p‘tch-roll cross coupling 1s
zero.

No values for frequency and damping of the various flight dvnamics modes have been publ.shed. Presumably, all moues are stakle
or almost stable. None ot the numerous dynamic difficulties of the previou, feathering feedback systein were encountered, which must
be attributed, in part, to the advantages of the flapping feedbacl system and to the experience gained in the development process. Since
the AMCS has not been placed in production, the reliability of a floating swashplate pesitioned merely by the balance ot various spring
moments is questionable. However, the principle of emasculating the Lifting rotor with respect to low-frequency pitching and roliing
moments has been successfully demonstrated. This emasculation removes the flight dynamics problems of hingeless rotors associated
with angle of attack instability, control oversensitivity, pitch-roll coupling, gust sensitivity, stick reversal, and pitch-up divergence and
allows the designer to achieve desirable fligh. dynamics characteristics without knowledge of the rotor tilting dynamics. The equality ot
pitsh and roll damping in hover, combined with a usually small roll/pitch inertia ratio, provides a shorter response time constant in roil
than in pitch, which is desirable. Control power is substantial on the ground where the fuselage attitude i1s controlied more by ground
contact than by the rotor, so that careful taxiing is required, as is the case with all hingeless rotorcratt. Autorotational landings with the
AMCS have been studied analytically but not experimentally.

6.2 Lagged Rotor Tiiting Moment Feedback

A design with almost alt the flight dynamics characteristics of the Lo.kheed AMCS but which avoids the floating gyroswashplate is
described in reference 2.88. The design can be explained wi. * the help of {igure 6 1. For small 1,7, the dynamitc system remains aimost
the same if the body attitude feedback loop (solid lines) is replaced by a body attitude rate feedback loop (dashed lines). The
gyroswashplate can be omitted if the cyclic actuator is designed wit". iag 7. As riescribed in reference 2.88, this system can be buiit with
purely mechanical components. As in the Lockheed AMCS system, undesirable rotor tilt is :emoved to improve fiyiny qualities. Control
sensitivity does not depend on the rotor but only on Jie cyclic actuator, on the aerodynamic fuselage daaping, and on the body attitude
rate feedback gain As flight speed increases, fuselage damping increases and control sensitivity in terms of asymptotic pitch or roll rate per
unit contro! input decreases. For flight conditions with adequate fuselage damping, the attitude rate feedback is not required. However,
in hover, the fuselage damping is almost zero and the desired control sensitivity must be obtained with body pitch and roli rate
feedback since the rotor damping is removed hy the rotor feedback.

Although it i1s not difficult to design an essentially rate-responsive cychic actuator to replace the gyroswashplate in figure 6.1, a
more conventional control system with a proportional cyclic servo is possible with tha same charactenistics as the Lockheed AMCS, The
system 1n figure 6 1 with dashed feedback !oop remains the same if the gyro dynamicz are removed from the central signal path and
substituted in three places in the rotor feedback loop, in the body feedback loop, and as a feedforward system for pilot input. The
system shown in figure 6.2 is obtained (see ref. 2.44). This electronic system cen be used in parallel with a direct mechanical control
system and can be disconnected if the system fails Thus, there are purely mechanical or electromechanical feedback systems that use a
conventional nonfloating swashplate to provide almost the same control dynamics as the Lockheed AMCS, If either essentially
rate responsive actuators or feedback and feedforward lags are used, such systems can effectively emasculate the rotor with respect to
tilt and remove all the low frequency, flight-dynamic problems of lunyeless rotors. Similarly for the AMCS, the rotor dynamics need not
be known to design for the desired flying qualities. It is sufficient to know the body dynamics. The horizontal tai! does not have to
compensate the rotor angle-of-attack nstability but merely has to stabilize the fuselage.

Ke /(S +1/7)|¢

K/(S +1/7) |-Ep()—Lp| ACTUATOR Bi

=
& & ROTOR FUSELAGE

v

Ok

K/(S+1/7)

A

Fig. 6 2 Electromechanical contro! system equivalent to the Lockheed AMCS

Although low-frequency flight dynamics can be determined for these feedback svstems without knowledge of rotor it dynamics,
fagged rotor nifting moment feedback Joes destabilize some high frequency rutur mudes This probem was studied in reterences 2 85,
288, and in the review of reference 2.88 In figure 6.3 {taken from ref. 2 85), the sulid lines are based on a hinear Floquet ty je of
analysis with penodic coefficients in the system equations and the dashed lines indicate a constant coefficient approxsimation, The
advance ratio 1s 0 8, the blade number is 4, the blade Lock number 1s 8, the blade flappang frequency 1s 1 1552, and the constant chord
ngid blades are flexibly hing>d at the rotor center The feedback equations with dimensionless time (tume umit 1,42} are the same tor
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Fig. €.3 Effect of lagged rotor tilting moment feedback gain
on characteristic values.

Fig. 6.4 Effect of cross-feedback phase angle on
limiting gain for proportional rotor
tilting feedback.

pitch and roll without cross-feedback:
6, +0.10, =K

. (6.5)
01 +0.19) =Ky

where 8}, 81y, 81, and By are forward and left cyclic pitch and cyclic
flapping, respectively. The lag 7 is 10 — the time for 1.6 rotor
revolutions. The stability limit is reached for a feedtack gain of ¥, =
0.7. The unstable mode with frequency 0.852 has large coning and
differential coning components. For three blades with the same
characteristics, the maximum gain at the stability limit is somewhat
smaller; however, the unstable mode is quite ditferent and consists of
a progressing flapping mode with a frequency of 1.58 and little
coning. At a higher advance ratio, the gain limit becomes smaller and
at an advance ratio of 1.6, it is only 0,17 for four blades and 0.28 for
three blades. As shown in the review of reference 2.88, the gain imit
drops rapidly with increasing blade Lock number when rotor
damping is decreased, and it rises with increasing blade flapping
stiffness. [f coupled rotor/body dynamics are used rather than the
fixed hub case of figure 6.3, some of the lower-frequency modes are
changed in damping and frequency, while the higher-frequency
modes remain approximately unchanged. Blade flexibihity reduces
the stability as shown in reference 2.82.

6.3 Proportional Rotor Tilting Moment Feedback

While the Lockheed floating gyroswashplate and the equivalent
combination of lagged rotor tilting moment plus lagged nitch rate
feedback essentially remove the effect of rotor characteristics on
flight dynamics — except for the high-frequency response —
proportional rotor tilting moment feedback merely modifies the
rotor characteristics to make them more acceptable, If proportionat
cyclic flapping feedback 1s used without cross-feedback — fore and
aft cyclic flapping i1s fed only into the longitudinal control and not
into the lateral control 2nd vice versa — the review of reference 2.88

{based on ref. 6.3) indicates that flapping instability occurs at low
feedback gains. However, high gains can be reached with
cross-feedback (ref. 2.85).

The following feedback equations are assumed:

rb| +0) ==iKp cose + B Kp sin ¢ (6.6)
. 6.6
7011 + 01y = =BiK, sin € — 1K cos €

Figure 6.4 (taken from rei. 2.85) refers to a three-bladed rotor
with rigid blades flexibly hinged at the root having a natural flap
frequency of 1.15Q2 and a Lock nurnber of 8 operating at an
advance ratio of 1.6. For 7 = 0, the gain K, at the stability hmit s
shown as a function of the feedback phase angle €. For ¢ = 0, the
gain limit is low" the gain hmit 1s high for ¢ = 60° to 80°. Lag
values 7 typical of high-speed hydraulic servos have no substantial
effect on the stability hmit. Proportional rotor tilting moment
feedback can alleviate the undesirable hingeless rotor
characteristics  such as angle-of-attack instability, control
oversensitivity, pitch-up divergence, gust sensitivity, etc. Unhke
the lagged tilting moment feedback, it does not require a body
attitude rate feedback since rotor damping, though reduced, 15 still
available. The hingeless rotor s merely conditioned and not
completely emasculated as for the gyroswashplate or 1ts equivalent
lagged tilting momets. ,ystem.

6.4 Coning or Norma! Acceleration Feedback into Coliective
Pitch

Normal acceleration feedback into cyclic pitch was found to
excessively r.estabilize the rotor coning mode (ref. 2.44). Coning
feedback, which 15 almost 1dentical to norma! acceleration

feedback Into collective pitch, was nroposed and studied n reference 6 4 and later applied to the NicDonnell XV-1 compound
helicopter A very large gain of over 2 was used without encountering coning mode difficulties at conventional advance ratios. The

feedback equations are

leo +06 = ~Koflo

106 + 0= Kylw = qu)

coming feedback 67)

acceleration feedback

where w 1s the downward velocity, q, the nose ups pitch rate, and g, the advance ratio A body-fixed reference system :s used. Both
feedback systems substantially alleviate rotor angle of attack instability, However, hugh gains are possible only at moderate advance
ratio. The coning feedback case shown in figure 6 5 {taken from ref. 2.85) is valid for ine same hingeiess rotor as 1n figure 6.4 tor 7= 0
The hmiting gain is much smaller than for proportional rotor tilting feedback Fur a four bladed rotor, the hmiting gain drops stili
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further. The conclusion is then that coning or normal accelera-

tion feedback into collective pitch is feasible at high gains for -61
moderate advance ratios but only small gains can be used at 2.0 3 ] I
high advance ratios. 2

The Westland Lynx helicopter has a normal acceleration
feedback into collective pitch of about 2.7° per g with a lag
time of about 0.1 second which increases the speed for
acceptable operational pilot workload in turbulent conditions
from 120 to 165 knots (ref. 2.3). As mentioned previously, this 1.5 —
feedback system is considered to be an integral part of the
controls. Combining coning feedback into coilective pitch and
proportional rotor cyclic flapping feedback into cyclic pitch is
equivalent to delta three pitch-flap coupling for € = §0°, Kp =
Ko, 7= 0 [Eqs. (6.6} and (6.7)]. This will provide good flapping 2
stability even at high advance ratio unless the blade is too soft
in torsion and too near the reverse-flow torsional divergence 1.0
limit (ref. 2.84). When this type of combined feedback is used,

a phase angle somewhat less than 90° provides even better
stability, as was the case for proportional tilting feedback
shown in figure 6.4.
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6.5 Conventional Stability Augmentation Applied to Hingeless
Rotorcraft

Tests with Bell Model 583 with a four-bladed hingeless
rotor have shown that a conventional SAS can improve the
flying qualities of hingeless rotorcraft, Similar observations were
made with the Westland Lynx helicopter. However, no
quantitative, analytical, or flight-test resuits of the effectiveness 06! b 'Al 2 0
of an SAS have been published for either of these hingeless 0 ~ooe-L 4> I
helicopters. The Lockheed hingeless rotorcraft were always ~15 -1.0 -5 0
flown with the gyroswashplate system — considered to be an ' A ’
improvement over SAS. Analytical results for the effects of
stability augmentation on the AHS6A without the Fig. 6.5 Effect of coning feedback gain on charactenstic values.
gyroswashplate system are gwen in reference 2.44 and are
reviewed briefly here. The analysis included the elfects of he regressing, progressing, and coning modes of the rotor. A linear constant
coefficient analysis was performed, including a variety of budy feedback laws and parameters. The speed range from zero to 200 knots
was covered, The results are given in terms of root locus plots for the various flight dynamics modes.

As explaired in section 5.4, o fully coupled analysis using the three basic rotur modes yields ¢ complex conjuyete pan of roots tur
the advancing blade flapping mode aiid one pair fur the collective flapping mude. The regressing blade flapping mode combines with the
body modes to yield a complex conjuyate pair for the short period pitch mode, and another for the short period roll mode. Tiiree more
roots r>main for the longitudingl modes — one complex coniugyate pair for the phugoid and one real root - and three more roots for the
lateral directional modes - one complex conjugate pair for the dutch roll made and one real root for the spiral mode (a total ot 14
roots). In the upper speed range, the AH 56A without feedbach would have (according to ref. 2 44) a pitch diwvergence, a stable
phugoid, and a short-period pitch mode.

For pitch response, the main problem the feedback system must solve is to remuve the pitch divergence at hugh flight speed
without destablizing the phuyguid and short petiod pitch modes. At 200 knots, 1ate feedback alune cannot remove the pitch divergence.
Attitude feedback alone can stabilize the piteh divergence but it destabilizes the phugoid. Therefore, a combination of rate and attitude
feedback 1s required tu obtain a stable real root and stable phugoid. The values selected are an attitude feedback of 12 in. stick.red dand
arate feedback of 6 1n stick,.ad/'suc, which resuits, at 200 knots, in a pitch convergence, g highly damped phuguid with ¢ damping ratio
of 0.68 (increased from 0.4), and a short penied pitch mode for which the damping ratio 1s reduced trom 0 9 to 0.6. If a lagged piteh
rate feedback s used instead uf the attitede feedback, the pituh divergence cannot be cumpletely 1emuved, however, alag time o 10,
seconds gave a time to double amphtude ot about 24 seconds

While tne selected feedback gave satisfactory roots, an excessive g response at hugh speed occurred, which would require, for
example, airspeed scheduling of the pitch rate feedback {f the puch rate feedback 15 replaced by lagged cyche flappuny feedback in
accordance with figuie 6.2, (he contrul sensitivity 15 autumativally reduced with ereasing flight speed bacause of the increasing body
damynng (as explained earlier). Nu excessive g respunse dat high speed 1s then ubtained. Note that this characteristic 1s peculiar to the
AH 56 where the fixed wing yeneiates most of the Lift at Figh speed Except fur the excessive g response and some corntrol problems
after ground contact, a pitch rate plus pitch attitude or lay ;.4 rate feedback appears tu achieve satisfactory handiig characteristics of a
hingeless helicopter up o high flight speeds The development of a simple automatic flight vontral system toi the BO 105 helicepter is
dhscussed in reference 6.5,

7  ANALYTICAL MODELING TECHNIQUES

In chapier 3, « hierarchy of dynamics cuncepts was discussed, beguunng with the isolated bilade and eikding with the complete
rotor budy dynamie system In this chapter, additiondl details of the analytical modeling of tunyeless rotureraft are presented,
encompassing buth structural and gerodynamic modehing The term ganalytical modeling  refers to the process of estabhishing the
system equations The solutions of these system equations are discussed in chapter 8

7.1 Structural Modehing with Riugid Blades

The following equatiuns are the basis of the air resunance Jnalysis fur the Bulkuw BO 105 hingeless rotor helicopter, results of
which are piesented in reference 2 15 The analysis was uniginally hmited to zeru Turward velocity, but was extended to include torward
flight conaitiuns * In the Vertul C 56 furm presented hicre, the elastic blades are represented by nigid blades hinged sequentially hub

*The author is indebted both to the Bowiny Ve tui Compatiy ardd to Messerschmitt Bokiow Bivhm, GmbH, tor the basic equations for
the Vertol C 56 and the MBB Blama program.,, respec.avely




RE

B 2

- MR A AL WAL Tt e T T L I A TEL L ANT T ply 7
Ava 3] M - Rl XTI At

‘\‘()

A b L

outward by a feathering hur ge, a flapping hinge, and a lead lag hinge, all elastically restrained. The analysis at MBB {ret, 2.10) assumes

an additional outboard torsional hings, also elastically restrained, to approximate the torsional blade deflections (see fig. 1.3). The

system used et MBB 1s shown in figure 7.1 (taken from ref. 2.10). The rotor support is considered elastically at.ached to the body. The

MBB program, called “"Blama” {blade-mast program), accepts up to 35 degrees of freedom. 6 for the body, 5 fo the mast (exciuding

yaw), and 4 per blade for up to 6 blades. The modul includes precone,

PITCH FLAP LAG TORSION N prelead, pitch-lead, pitch-flap, and flap-lead couplings. Reference 2.15

also considered empennage degrees of freedom, which did not produce

air resonance in the operational rotor speed range. Elastic pylon modes

were not important for the air resonance problem of the 80-105
helicopter and are omitted.

An inertial reference system has been used, although a body-fixed
reference system is more practical, since it reduces the number of
degrees of fieedom and allows a more direct application of wind-tunnel
test results. The analytical model in its nonlinear form can be used for
time history programs; tn 1ts linear form, it can be used for eigenvalue
determinatiyy. Although originally developed for air resonance

~ computatio 3, 1n its extended form it is also applicable to general flight

/ PITCH dynamic analyses. At MBB, the linear flight dynamic analysis was

ROLL - performed by extracting aerodynamic derivatives from the Blama
\ model, which were then used In a conventional derivative analysis. A

/ ﬂ LATERAL  Mmore accurate p ocedure presently being pursued is tc use the complete

LONGITUDINAL VERTICAL linearized Blama program for the flight dynamic analysis without first
computing the cerivatives, A similar linearized program of this form has
been successfu'iy applied to hingeless rotor flight dyn.amic studies at

Lockheed (ref 2.37).
The rigid blade 1s represented by mass elements dmp, with the deflection vector:

Xp =X + Dy dy (XR +\l'| X0 +@[Xa+8(x;+2r)‘|) (7.1)

Fig. 7.1 System used for MBB ""Blama’’ program.

The vector x is the defliection of the total aircraft c.g. The vector xg positions the rolor center with respect to the awrcraft c.g, vector xy
positions the feathering hinge with respect to the rotor center, vector xg positions the flapping hinge with respect to the feathering
hinge, vector x¢ positions the lead-lag hinge with respect to the flapping hunge, and vector ¢ positions the blade mass element with
respect to the lead-lag hinge. The deflection of the fuselage c.g. is

xi = x + dydyxo (7.2)

Vector xo positions the fuselage ¢.g. with respect to the total arcraft c.g. The transformations in equation (7.1} before linearization are
Fuselage 10!l and pitch:

1 0 0 cos ¢y Osin ¢y
by =| Ocos oy —sin ¢y | by = 0 1 0 (7.3)
Osin ¢x €05 ¢y =sin ¢y 0cns ¢y

Rotor rotation:

-siny —cos ¢ 0

Y=| cosy-sin 0 (7.4)
0 I |
Feathering:
[cos 0 0—sin §
9= 01 0 (7.5)
stn 00 cos@
Flapping:
(1 0 0 ]
B=|0 cos@sing (7.6)
0 -sin fcosf
Lead-lag:
[ cos{sin £ 0
Z=|-sin §cost 0 (7.7
0 0 1|

With the fuselage angular velocity Ay, the system kinetic energy T 1S
2T =[dmb XTkp + X TMexe + ATIiA {7.8)

which s to be integrated over all biades, My and Iy are the fuselage mass and moment of inertia matr.ces. The system potential energy
1S

2V = B(KE? + Kgs? +Kgo?) (7.9)

to be summed over ali biades, K¢, Ky, and Kg are the spring rates for the lead lag, flapping, and frathering hinges, respectively The
equations of motion can now be derived from the Lagrange equations.

d [oT\ aT av
(= )-=+==a (7.10)
dt\dq,/ 9q, 9q,
o 4 . . R Lo - . - .S ‘
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1 where q, represents one of the blade coordinates ¢, £, or { for each blade or one of the body cocrainates described by the inear and

X angular deflection vectors of the rigid bcdy. The rates x, and x¢ In equation {7.8) are obtained by differentiating equations (7.1) and
(7.2) with respect to time, which int;oduces {through to egs. (7.3} to {7.7)) the rates §, of the blade and fuselage coordinates for which
equation (7 8) must be differentiated. The generalized forces Q, are obtained by first establishing the aerodynamic forces AF on a blade
element, then transformirg to the inertial system by

AF,q = By, YOBZ(AF) (7.11)
from which
2
AQ, = AF 22 (7.12)
aq,

which must be summed over the blade elemen.s. In addition, the body aerodynamic cuntributions must be considered for forward
flight If individual blade coordinates for all blades are used, the analysis covers also the reactionless modes. |f muitiblade coordinates
are used for only the regressing, a..~ncing, and collective modes, as in the Vertol C-56 program, the analytical effort 1s reduced, but
reactionless medes are excluded. Some¢ additional comments on multiblade coordinates are made later.

7.2 Structural Modeling with Elastic Blades

Compared to the rigid blade analysis discussed in the previous section, the structural blade representation can be improved by
introducing along the blade span further spring-restrained feathering, flapping, and lead-lag hinges with interconnecting rigid blade
portions. The deflection of the nigid inboard blade section is given by equation {7.1}). The deflection of the next blade secuion would
include new transformations ©,, B,, and Z, with new coordinates 0, 3, and {,, which would also appear in equation {7.9}. The time
rates of the new coordinates woulid appear in equation (7 8). Thus, in an N-biaded rotor, each additional rigid biade section would
require 3N additional coordinates and their rates and associated transformations given by equations (7.5), {7.6), and (7.7). Such a
finite-element representation of rotor-body dynamics has not been developed to date.

At zern forward speed where the aerodynamic blade damping is constant, one could extract from a linearized finite-element
analysis the eigenvalues and natural modes characterized not only by the amplitudes but also by the phase angies at each blade station.
One could then perform a modal type of rotor-body dynamic analysis with damped blade modes. However, the usual method is to
perform a modal analysis with the blade natural modes in a vacuum, that is, without aercdynamic damping. For undamped naturai
modes, all portions of the blade oscillate with the same phase. While actual phase differences along the span are small for the modes
with low damping {such as the lead lag modes), the torsion mode, and the higher flap-bending modes have considerable damping and
will <how some pha-_ differences between the osciliations of the inner and outer blade portions. Whena undamped modes are used
in @ modal analysts, the aerodynamic effects produce not only damping of each mode, but also intermode coupling that results in new
uamped modes with phase shifts along the blade span.

The advantage of the modal type of analys:s is that, for forcing functions of mainly low-frequency content, as they «~cur in flight
mechanics, the higher modes cun be neglected and only the first few modes retained. |f only fiap bending is considered, the defiection
mode y(x,t} is represented by the infinite series:

o0

yix,0 = '2;1 n)(x}B,(1) {7.13)

where n,(x} is the deflectton of the jth undamped mode and j3,(t) i1s the corresponding generalized coordinate. Because of the
orthogonality relation,

/n.n, dm =0 (7.14)
one obtains, from equation {7 13),
B0 = [ anems ) dia (7 15)
. The y(x,t) are relative deflections in a rotating frame and mru.t be transformed into absclute deflections by a series »f transformations

such as in equation {7.1). The generalized coordinates 3,(t, now roplace the flapping angle § of the preced'.g section Kinetic energy,
potential energy, and he generalized forces contain spanwise intergrals where the modal deflection- .,1x} and therr siopes occur as
factors.

(b

The question of how many modes are required in an adequate structural elastic blade representation is a difficuit one. The number
will be smaller when more of the structural details are considered in the determination of the mode shapes. It was found n reference
2 ‘ 2 82 that using mode shapes of the nonrotating blade leads to larger truncation errors of the series equation {7 13} than using mode
shapes of the rotating blade. The experience at Lockheed shows that a very exact structural representation of the blade root 1s
important so that the natural modes include the proper couplings between feathering, lead lag, and flap elastic deflections {ref 2 37 and

o ' 2 40) Usually, two flap bending modes, two lead lag bending modes, and one torsional elastic biade mode are usted, including the effects
4 of rotation and alf efastic and inertial coupling effects For flight dynamics analyses, one elastic flap bending mode may be adequate in
* many cases (ref 2 82), where sever.! hingeiess rotor hub moment dervatives computed with one and two fian bending modes are

compared for two types of blades and .or advance ratios of 0.8 and 1.6.
‘ When two flap-bending modes are used, reference 2.82 shows that neglecting the aerodynamic intermode coupiing (as «n ret 2 80)

,f,“ can fead to substantial errors in the rotor derivatives, particularly with respect to trim Such errors can be larger than those which
L. occurred when the entire second mode was omitted With normal modes, it s importarnt to truncate the mathematically intimite series
so that only the aerodynamic terms assoctated with the neglected higher mode deflections are omitted, but not any other aerodynamic
Co terms, For example, the truncation of the series for the elastic hub moment leads to unnecessary errors (see refs 2 80 and 2 82) In the
. computation of the undamped blade modes, a finite element method 15 used with a large number of elements — typically 20 to 30 per
R tlade - whereby the transfer matrix method for proceeding from one element to the next i1s a useful tool see, eg, rel 32) As
N indicated in references 2 75 and 2 82, the rigid blade flight dynamic analysis 1s adequate up to an advance ratio of about 04 For
B advance ratios up to 0 8 the elastic first mode should be used Beyond an advance ratio of 0 8, the second elastic biade mode becomes
o ingreasingly important These conclusions were drawn for the suostall region In the partial rotor stall regions, the elastic blade inodes
probably should be considered earher.
¢ 7.3 Aerodynamic Awrfoil Modeling
As for articulate¢ and teetering rotors, hingeless rotor flight dynamics are usually based on quasisteady airtoil data
Compressipihity and stall effeccs are also considered While unsteady aerodynamiics is not important for flight dynamics studies in the
&
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unstalled recime, the use of steady-state awrfoil stall data ieads to a considerable error in underpredicting the lifting capability of the
rotor. When the angle of attack increases rapidiy, airfoils yenerate suks*antially higher maximum lift than during slow changes in angle
of attack. There is also the phenomenon of so-called “moment stali,” which consists of changes in airfoil aerodynamic moments that
precede “lift stail.” The literature on unsteady airfoil stail 1s growing rap idiy. A cuminlete theory of his prenomenon does not yet exist,
but there are empirical methods, based on oscillating zirfoil measurements which attempt to account for dynamic stall in the
aerodynamic analysis of lifting rotors. Reference 7.1 1s a recent example of this type of work, reference 7.2 attempts 1o establish the
causes for dynamic stail in the boundary layer, and reference 7.3 summarizes the work on dynamic airfoil stall.

In testing the validity of the assumptions, the rctor wake downwash problem discussed in the following section c.ids to the
unknowns and a high degree of sopnistication is required n the experimental methods to even attempt to separate airfoil phenomena
from wake phenomena. The hingeless rotor shares all these problems with articulated and teetering rotors and 1t i1s beyond the scope of
this report to more than mention these problems. In practice, not only good data on the characteristics of the selected airfoil are
needed, but an airtoil design must represent a good overall compromise of conflicting requirements. Reference 7.4 reviews the airfoit
design methods presently available. Reference 7.5 reports on the development of a cambered airfoil fcr the Westland L, ax helicopter

White there are still considerable gaps in the aerodynamic awfoil modeling of lifting rotors for high lift operating conditions, the
high advance ratio, low-hft tiapping dynamics typicai of winged or compound helicopter rotors car: be accurately modeied with only a
linear aerodynamic representation. The only airfoil data necessary are the lift-curve slopes for normal and reversed flow conditions.
Although this concept has been used earlier (ref. 7.6}, it has been formalized and prepared for easy application in reference 2 55, based
on an efastically restrained, centrally hinged rigid-blade model. The concept has been extended to include blade torsion in -eference
2.52 and blade flexsbility in reference 2.82. The approximate validity cf the concept not only for steady flight cenditions but also for
responses to harmonsc controi inputs with. and without hub tilting mometi feedback has been demonstrated in low Iift, wind tunnel
tests with a 7.5-ft hingeless rotor model (refs. 2.43, 2.45, 2.46 and 2.48). Wake downwash and blade elastic effects were omitted
in the comparisons with tests and according to reference 2.75, these effects were not always negligible. Nevertheless, the simple
aerodynamic modeling with a hinear arfoul kift slope, both in normal and reversed flow, appears to be quite adequate for flapping
dynamics up to the highest advance ratios if stall in major disk areas is absent ard if some corrections for wake and blade elasticity
effects are made. Compress:bility effects could be inciuded by modifying the hLinear lift slopes in the affected regions without de
stroying the linear character of the analysis. The theory of reference 2 55 (as extended in refs. 2.52 and 2.52) yields only rotor lift
and hub moments, but yieids no rotor horizontal forces which are needed for a complete flight dynamics analysis including phugoid and
dutch roll modes.

The simple retations that can be obtained even at a high advance ratio with, linear hift slope airfoil modeling are based on the blade
flapping equation in a rotating reference system (time unit 1/Q):

(2/7)8 + CLY)B + (2P /y + K(Y)] B = Amp(¥) + Ome(¥) (7.16)

where 9 1s the blade Lock nuinber, P, the fundamental blade flapping frequency, A, the inflow velocity, positive up (velocity unit QR),
and 0, the blade pitch angle, The four functions of azimuth angle ¢ in equation (7.16) are given in ref:rence 2,55, The hub roment
coefficient {positive down) in the rotating reference system is

Cm/ao, = =(1/y}{P? - 1)8 (7.17)
The pitching and rolling moment coefficients are

Cim /20 = Cmc/2a0, (7.18)
Ce/ao = Cpy/2a0,
where a 1s the airfoil hft stope, ¢,, «he solidity ratio of one blade, o, that of all blades, and Cpm¢ and Cag, the cosine and sine
components of Cp. While this simple airfoil modeling, preferably with wake and blade elasticity corrections, 1s adequate for coupled
rotor-body dynamics, the inclusion of inplane blade dynamics requires airfoil drag data. The importance of stall for the stabihty
of the coupled flap-tag blade motions was mentioned previously.

7.4 Aerodyramic Wake Modeling

Aerocynamic wake modeling is a probiem that articulated and teetering rotors have in common with hingeless rotors, although the
hingeless rotor is more sensitive to errors in inflow modeling.

For articulated rotors, uniform downwash from momentuim theory was usually adequate in flight dynamics studies except for the
low-speed regime when it led to sizeable errors in lateral flapming. Nonuniform downwash was mainly of interest as a contributing
source of rotor vibrations. For hingeless rotors, however, waxe nonuniformity contributes substantially to fl.ght dynamic problems. It
atfects control and other dervatives and can influence the stabi' ity of the blade inplane motion. 1t is beyond the scope of this report tv
review the large and rapidly growing hiterature on rotor wake ir vestigauions, and only a few comments are made. There are four sources
for wake niodeling: momentum theory, vortex or potential theory, wake measurements, and indirect deterrminat on of wake
charactenistics from rotor responses. For tcetenng or articuiated rotors with zero or smail hub moments, axial —omentum balance 1s of
prime importance, For umiform disk loading and steaay forward flight, a proportional relation between uniform inflow and rotor lift
ncrements 1s obtained. Extending this concept to hingeless rotors requires an additional angular momentura balance about the
longitudinal and lateral axes. If a first harmonic inflow distribution is assumed,

A =g HAgsin Y+ Ag cOS Y (7.19)

one obtains, after hnearnization, the following relations between inflow coefficient increments and rotor thr' st and moment coefficient
increments in hover (ref. 2.75):

ANy = ACT/4),

ANy =~AC( 3/4 %, (7.20)

Ale = -ACm 3/4 N
For forward flight, one obtains

Al = ACT/2u
A\ = -AC( 3/2p (7.21)
A)e = -ACm 312
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in a more refined, steady state momenturn theory, the momentum balance is written for a small portion of the rotor disk and s ;
combined with the blade element Lift expression. Then a nonuniform inflow distribution associated with nonuniform disk luading s !
obtained over both the rotor radius and the azimuth angle. For liover, the inflow is zero in tha ce ter of the rotor and maximum at the ;
blade tip. The theoretical inflow distribution compares well with measured time averages of inflow. :

A combined momentum and blade element theory, that yields both the blade luads and the nonumiform inflow distribution was
developed in reference 2.37 for high advance ratios. The theory is based on the linear Lift slope assumption both for normal and reversed
flow. The participating air volume is that of the sphere with radius BR. This volume is uniformly distributed over * _ * sk which results
in the height of the participating air cylinder of (4,3)BR (B is the tip loss factor). The theory has not yet been checked against tests but
the mean inflow is the same as for the classical momentum theory.

Most of the recent rotor wake analyses use discrete vortex element representations For determining low frequency blade response,
the older models are not necessanly less accurate than the newer ones. In Reference 7.7, lateral flapping of articulated rotors at
low ¢1vance ratios was best represented by use of the wake data of reference 7.8. In reference 7.9, this type of early vortex theory is
extended and compared with tests for a teetering rotor at odvance ratios of 0.09 to 0.23. The Lockheed Rexor proyram uses an inflow
model based on these cata (ref. 2.37). A review of moderr work on rotor wakes is given in reference 7.10. A free wake analysis for
hover is described in reference 7.11. Such an analysis is oversophusticated for use in flight dynamucs. A rather simple vortex wake
analysis for which all sned and trailed vorticity is located in the horizontal plane behind the rotor is developed in reference 7.12,

Flight dynamics analyses are often performed with an inflow distribution that is uniform i the lateral direction and trapezoidal in
the longitudinal direction, the rear portion of the rotor disk experiencing the larger downwash. The mean value of the inflow is
determai * from axial momentum balance. The MBB Blama program uses this inflow model. Lockheed experience shows that the
ctability of the regressing inplane blade mode is substantially affected by the fore ard aft nonuniformity of the inflow distribution.
Boeing-Vertol also found that air resonance stability limits for the BO 105 helicopter varied substantially with nonuniform inflow.

The rotor wake is very complex and is not yet fully understood even for steady flight conditions, In flight dynamics, however, the
wake for unsteady conditions is required, and very littie information is available un this subject A distinction should be made between
unsteady wake effects or transient downwash dynamics and unsteady airfoi aerodynamics, as developed for a lifting rotor in reference
7.13. In reference 7.13, the vorticity shed from the oscillating blade is assumed to be embedded in a uniform wake of the hovering
rotor. The theory predicts {and has been confirmed expeismentally) blade fiutter at low lift, which usually disappears with increasing
collective pitch. The theory has been extended to forward fiight conditions. Reference 7.14 1s a recent review of rotor unsteady
aerodynamics, however, most of this work is limited to high frequency flutter phenomena and is not applicable to flight-dynamic
problems,

An early nonsteady rotor wake model for hover, based on apparent mass momentum theory, is given in reference 7.15, this theory
correlates well with measured full scale rotor responses to rapid collective pitch inputs. The air volume participating in the acceleration
i, assumed to be a cylinder of 0.85 radius height — the theoretical value obtained for an ‘mpermeab's, axially accelerated, circular disk.
A similar corncept has been applied to hingeless rotor tilting motions in reference 7.16 and correlated with the model test resuits
prusented in reference 2.83. The nonsteady inflow 1s described by adding rate terms to equation 7.20.

Ao + 7oAk, = ACT/AN,
Al 4 ARy =-ACQ3/4 Ao (7.22)
Al +7AKX; ==ACH 3/4 2,

This process 15 equivdlent to passing the quasisteady wake components through a low pass filter, a procedure used in such global i
programs as the Bell C 81 and the Lockheed Rexor {as noted, e.g., in ref. 2.40). The filter time constants 7, and 7 should be determined

either from theory or test results. Such rusults are available for a hingeless rotor model in references 2.43 and 2.45, although only for

lew-lift conditions. The time constants change substantially with rotor lift,

Hingeless rotor flapping amplitudes in response to cyclic pitch inputs are strongly influenced by the wake {as shown in fig, 7.2
taken from ref. 2.83). The absolute value of the flapping amplitude per urut cyclic pitch amphitude is plotted versus the proyiessing or
regressing cychc pitch excitation frequency. The sold hne represents
flapping without inflow; the dashed hine represents the measured flapping |Bl='ﬂ|
amplitude. The advance ratio is zers, collective pitch 1s 5°, the blade flapping | !
natural frequency is 1.2€2, and tie blade Lock number 's y = 4.0, For a 1
steady cyclic pitch wnput, thie inflow reduces flapping «nd thereby the
control power to 63%. This reduction was predicted, fo. example, in
references 5.7 and 2.80, and 1t was shown that 1t can be a.alytically 9
represented by a reduction in blade Lock number. Not previously 1ecogmized :
was the amplification of the flapping response by the inflow at a low cyclic
pitch regressino - . ency. This phenomenon gradually disappears as the
B . ose uie w2 stiffness 1s reduced. v an

Both steady and unsteady rotor wake phenomena exert a substantial
influence on hingeless rotorcrart, particularly in low-speed fhight, and wake
% effects are not yet completely understood.

: 8 MATHEMATICAL ANALYSIS TECHNIQUES

Because of their novelty and their greater potential for instabilities,
hingeless rotors have stimulated the development of certain analysis 3

-i techmiques.
x §.1 Nonlinear Modeling
1 i
3 Nonlinearities in the equations of motion originate in aerodynamic, -1.0 -5 o '5 1.0
} 1al, an r f 5 for hunaeless rotors, the str: ral ‘ *
B inertial, and structural effects Especially ¢ otors, the structura w progr ' . regr
nonlinearities are significant and can cause ' talwuties of the coupled
flap lag torsion blade motions. If onlinear terms are retanad, the system of Fig 72 Effect of aerodynam o wake on hingeless
nonlinear equations must be sclved by numericai integration The analysis is rotor flapping ampli ude in hover

accomplished tn three steps (1) tnm analysis, (2) time hestory after a
disturbance, and (3) data processing to evaluate damping of critical modes For trun analysis, the system s usually sumplified by
omitting individual blade degrees of freedom and by dassuming that all blades perform the same motiun as a function vt azimuth angle
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The blade motion 1s periodic with a frequency equal to the rotor rotational frequency. When the desired trim state is achieved, the
response to a certain input is computed, usually with a Runge-Kutta routine applied to a state variable form of the equations
{containing only first-order time dervatives).

Success in interpreting the time history depends on the selection of the input. To determine the damping of a certain mode, If the
natural frequency of this mode 1s known, a good input would excite this mude for several oscillations. Observation of the deca, of the
oscillations, after discontinuing the input, would provide the desired damping information. Figure 8.1 (taken from ref 2 10) shows the
computed time history of the BO-105 helicopter after periodic roll excitation at the frequency of the air resonance mode As explained
n sectton 5.1, at the operational rotor speed of the BO-105 helicopter, there are two modes with approximately the same natural
frequency. the highly damped roll mode with lightly coupled blade inplane motion and the hiyhtly damped regressing inplane mode
with lightly coupled body roll motion. Figure 8.1 shows the rapid decay of the ady roll mode (second curve from the top) and the
siow decay of the inplane mode {fourth curve) taken in the rotating reterence system. Total flapping and total blade pitch amplitude are
httie affected by roli excitation or its discontinuation. Figure 8.1 also shows the rapid buildup of both body roll and lead lag motion
after the periodic lateral cyciic pitch input begins. The responses of figure 8.1 do rat exhikit recognizeable nonlinear behavior, although
they are the resuits of anor. . 2ar & Jdysis. The responses would be quite similar for a linearized analysis that treated perturbations from
a trim condition,
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Fig. 8.1 Time history after periodic roll excitation with frequency of air resonance mode.

Usually, time histories from nonlinear models are not as easy to interpret as those in Figure 8.1, where only two quite different
modes were properly excited near their natural frequency. The regrassing '~ ane mode was also easily detectable because of its low
damping. identifying other modes and their frequencies and dampiny fror  time histories is often difficult. A method used to separate
the transient of the reactionless inplane mode from the general blede r sponse is described in reference 2.38. The response s first
subjected to a fast Fourier transform that aliows the determination of tt  frequency of the mode under study. The response is then
Fourier analyzed with this trequency as base frequency, with the higher rourer series terms omitted. The time block for this Fourier
analysis 1s shifted severai steps along the time axis, resulting in an amphitude Jecay with time from which the damping of the mode can
be determined. The method called ''moving biock peak piot’ is apphcable to time histories of transients obtained either with a
mathematical model or from experimental measurements.

Another approasch to this problem 1s to linearize the nonlinear system at a gven trim condition and determine frequencies,
damping, and mode shapes from the linear perturvation equations. For example, the Lockheea Rexor program in its “fly’’ mode, that
15, after trim 15 established, has an option avaiable to perturb all 30 dynamic degrees of freedom at any azimuth position to obtain
periodic coefficients tor a hinear system of equations {see ref. 2 37). Mathematical analysis techruques for linear models are discussed in
section 8 3.

8.2 Multiblade Coordinates

Most global programs, such as the Lockheed Rexor, the Bell C-81, and the MBB Blama, use individual blade coordinates. Ar
exception 1s the Boeing-Vertol C-56 program {Sec 7.1} that introduces (for a four bladad rotor) the three multiblade coordinates of
tongitudinal and lateral rotor tilt and coning. if only time lustories are required, from numerical step by step integration, multiblade
coordinates would probably offer no particular advantage except possibly to reduce the computation effort However, in a linearized
system 0. equations which allows the determination of natural frequencies, damping, and mode shapes, the use of multiblade
coordinates can substantially simplify the mathematical model Multiblade coordinates also make 1t easier to 1dentify the multiblade
modes described in section 3 2.

The transformations between individual blade coordinates, Ji, and mu *iblade coordinates 3o, Ji. diy. ..
2.85)

are given by (see ref

B =Bo *Brcosvuk +dnsinux t3incos2 ¥y FRysin2 gt k=12, N (81
with the inverse,
N N , Y
Bo =1{1/N) kl:'l Sk, &1 = (2/N) k};1 Bk €os vk, S = (2/N) k.‘;l Sk sy
N N (82)
S = (2/N) k:::’ Bk €0s 2 Vi, Brv = (2/N) k'\:‘l sin 2 vk
10’1;; 5., ; 6 5o Lo oo«A' o . y
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Of course, there must be as many multiblade ¢ « -.nates as there are blades. When the numbe: of blades N is even, equation {8.1)
contains N+1 multiblade cocrainates, however, 1 o cou. ' nates can be combined. For example, for fuur blades, the last two terms of
equation (8.1} are for consecutive blades:

Bk

..+ B cos 2y + Py sin 2¢ ¢

2 2 (8.3)
..+ B cos Z(s'lk +Tn>*ﬁ|v sin 2 (‘»”k +7} )

Bk+1

For conse.utive biades, these terms are the same with opposite sign. For the t*..J blade, the expression 1s the same as for the first biade.
Therefore, the last two terms can be replaced by

Burs cos 20k + Pry sin 2y = fg(=1)k (8.4)
For a six-bladed rotor, the last two terms of equation {8.1) can be renlaced by
By cos 3¢y, By sin 3y = Ba(-1K (8.5)
and so on, The inverse of equatnions (8.4} and (8.5) 15
B4 -(1/N) {3k( -1k {8.6)

Equation (8.6} s valid only for even N. The remaining multiblade coordsnates and ail multiblade coordinates for odd N are detu.2u by
equation (8.2). If Jx s the blade flapping angle, J, represents coning, J) represents forward tlting, 4y, repr .cnts ieft tilting, the h.ther
multiblade cocrdingtes represent warping, and Jg represents differential coning where subsequent blades have opposite amplitude. -
possible only for an even number of blades. Muitiblade coordinates can be defined simularly for other blade mutions such as lead-lag aad
feathering, and also for elastic blade modes.

Without aerodynamic forces, the multiblade coordinates can be easily related to normal multiblade modes. For J, and Jg the
coordinates directly represent two multiblade normal rmodes in a vacuum {which can be termed coliective and differential collective, or
reactiouless, modes), the latter occurring onl + for even bladed rotors. The remaining muitiblade coordinates can be paired so that each
pair represents an advancing and a regressing normal mode. This will be shown for a rutor with three or more blades with the tilting
coordinates pj and gj|. In a vacuum, . individual blade flapping equation {assuming a r. ud blade elasticaliy hinged at the rotor center)
for the kth blade is, in a rotating reference system,

B + Py = 0 (8.7)

where P s the natural flapping frequency. For soft flapwise hingeless rotors, the vai e P 1s between 1.05 and 1.15. inserting into
equation (8.7), for each of the three blades

Bk = B cos Yy + By sin Yy
The resuiting equation is denoted by F,}wk) = 0, and after formmg

equations is obtained for the multiblade coordinates gy and 8y;:

Bi ~(P2=1)p +2Bn=0
B+ (P2=1)py =23 =0

3
Fp(s"k) cos yk = 0 and k§1 Fyldx) sin gy = 0, a set of two

(8.8)

These equations are satisfied for

B1= et By =ietWt = 14P (8.9

which describe advancing and regressing normal mudes. Simulaily, every other pair of cyclic multiblade coordinates defines two normal
modes in vacuum — an advancing mode and a regressing mode. ln huver, these modes are damped, in forward flight, they become
aerodynamically coupled

Elastic rotor hub forces and muments are easily expressed in terms of the multiblade coordinates. The main computational
advantage of using them in a Linear analysis 15 that the variability of the coeflicients in the equations of motion i1s much smaller than in
the equations fo. individual blades. The individudl blade equations, both i rotating and non, otating reference systems have periodic
coefficiente that vary with first, second, third, etc., harmonics of the rotor rotational frequency. in a multiblade representation of an
N bladed rotor, the lowest harmounic of the coefficients s the Nth for N udd, and the (N, 2)th for N even (ref. 2.85). For advance ratios
up to 0.4 and for rotors with three or more blades, au: terms in the multiblade flapping equations with peniodiz coefficients can usually
be omitted in 4 fil.ght dynamics analysis withuut appreciable errurs, except rotorcraft with high gain feedback systeis. Up tou = 0.8, a
multiblade constant coefiicient system of equatiuns vai be used as a first approximation tu establish the correct trends as indicated by
the dashed suut curves in fiyure 6.3, With indwidudl Lisde cuurdinates, a cunstant coefficient approximation 1s not possible even for low
advance ratio.

For near hover conditions, a more compact furisulation for multiblade coordinates is obtained by use of Lomplex notation {see
ref. 2.79). In this notation, equations (8.8) are written as

;}.+(P2'|)ﬂ‘2|}§=0 (8.10)
This can be seen by multiplying the second of equations {8.8} by 1, adding 1t to the first, and substituting
3= 81+ 8.11)

Except for low advance ratio, this substitu..on into the multiblade equations is not suitable since the complex amplitudes ) and pyy are
not generally perpendicular to each other in the complex plane as they are in equation (8 9).

8.3 Linear Constant and Periodic Coefficient Modeling

For advance ratios up to about 04, the linear fiight dynamics equations van usually be approximated by constant coefficient
equations +f multiblade courdinates are used The equationis dare written in state vanable form with only the first time derivatives. The
complex eigenvalues and eigenvectors can then be determined directly from

x = Fx (8.12)
- . N
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8¢ 9 < - e Y g N \)
PR s e °;°‘o > ° 44 & o,
"Oo " ~ oo o \5 i & 3 "Oov L 0%{& - S o Eo

et w AN E rotre yooid

POAPCANE PN

PRYVIVERP




STTWSLOTTIS T ONT T Ty ST ML L WIS AN Sl T 7T T TOWE SR R s T T
~=- - — o
i !

AR e b AT ATETE Wy NIRRT A7 AT AT AL R WA Y T T M T T ArT R NI TIPS RS E ,u-;,-w

2. ! 32

PP S, X

where x s the state vector and F 15 the constant voefficient state matrix. For a flight dynamics analysis wath a flapping rotor with three

- : or more biades and a nigid body with a body fixed reference system, there aie 14 state variables, 8 for the body and 6 for the rotor. A
# cost effective computer method of obtaining the complex eigervalues and eigenvectors is as fodlows. Furst generate the coefficients py, :
p p2, ---. Pn Of the characteristic polynomial

' A+ pIAR=1 £ P24 +p,=0 (8.13)

Pad

| by the Leverrier-Faddev method (see, e.g., ref. 8.1). Then extract the real and complex .onjugate roots by a subroutine aiso given in
reference 8.1. Finally, the eigenvectors are found with a simultaneous equatiuas subroutine, The alternative root squaring or iteration

H method was less cost effez:*a for p.roblems of this size (see ref. 8.2).

i

The charactenistic polynomial equation (8.13) has only real or complex corwgate pairs of roots. For real eigenvalues, the
eigenvectors are also real. For complex comjugate eigernvalues the iegenvectors are al.o complex conjugates. The resl mode for an
eigenvalue pair A;  iw, is found by

x,(t) = Aj eAtjit + A F eldy-1wy)t (8.14)

where A, and A, are the complex conjugate pair of eigenvectors that .ndicate amplitude and phase relations between the state variabies
for the jth mode. If A s the modal matrix whose columns are the eigenvectors A,, an initial value problem can be wiitten in the form.

x(t) = Ag e(Atwwit (8.15)

from which
: a=A-1x(0) {8.16)
» Differentiating equation {8.15) and inserting x(t) from equation (8.15) into (8.12) yields
3 ATFA= N +iw (8.17)

which shows that AMiw 15 the diagonal matrix of eigenvalues and A, the modal matrix of the state matrix F. .

For advance ratios above 0.4, the periodic terms, even if multiblade coordinates are used, become increasingly more important and
can lead to instabilities that are not predicted by the constant coefficient system of equations. Extending the preceding relations to
periodic hinear systems is rather simple if the state transition matrix s used {see, e.g., ref. 8,3}, The state transition matrix concept i1s
apphied to helicopter dynamucs in references 2.86, 2 47 and 2.85. Alternative, though less practical, solutions for the periodic Linear
system equations are applied to helicopter dynamics in references 8.4 and 8.5. {Reference 2.85 is followed here.) :

Equations (8.12), {8.14), and (8.15} for constant coefficient linear systems remain the same for periodic linear systems, except ?
that the state and modal matrices F a1d A are now periodic functions with period T. The state transition matrix ¢{t,7} 1s defined by ‘

élt,7) = Fluelt,s), ... olr,d) =1 (6.18)

; This matrix can easily be generated by solving the itial value problem for each column with one state variabie being one at time t = 7
and the others being zero. Set 7 v and simply write ¢{t) instead of ¢{t,0). By superposition, the general initial value problem can be ‘
e~pressed with the state transitior: matrix by

x(t) = ¢(t)x{0) (8.19)

The initial value problem s also expressed with matrix Alt) by equation {8.15). After inserting equation (8.16) into (8.15) and
comparing the factors of x{(0) on the right-hand sides of equations {8.15) and {8.19), one obtains

ot = AfeAhiwlt o~1(0) (8.20)

from which

A1) = $(t)A(0)e-AHwit (8.21)
1f equation {8.20) 1s written for t = T and if A(0) = A(T), one obtains {after rearranging) ;
A-H{O)(TIA(O) = elAH16)T = 5 (8.22) '

In comparison with equation {8 17), A is the diagonal matrix of eigenvalues of {T) and A{0) is the associated modal matrix. Solving for
A and w by :

. A+1wlT=In A (8.23)

one finds that wT is not uiquely determined ince in27 can be added with an arbitrary integer n. Accordingly, the time varying
periodic modal matrix A(t) from equation (8.21) is also not unique. However, the notmal modes defined by

x,(t) = At} ettt (8.24)

- are unique since, according to equation (8 21), they are the columns of the matrix ¢(t)A(Q).

z While the charactenistic polynomuial equation 'd.13) has only real and complex conjugate roots for the time invariant state matrix
F. the characteristic pulynomial for »(T) can also have single complex roots. Since x{t} in equation {8.24) s real, the moaul column
Aj{t) associated with a real root is also real. The modal column associated with a single complex root is complex s «nat x)*l from
equation {(8.24) 1« real, Finally, tor a uan of complex conjugate roots, the associated modal columins are complex cotjugates so that

x,(1) = A1) eyt + Al (1) eyt (8.25)

is again real. When cumputing the values Ay + i, from equation (8 23} for a compiex conjuga.e pair A\, and \,, one mu t select from the
many possibie values of w, a pair that is also complex conjugate to ensure that x,(t} from equation (8.25) is real.
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For piots of the time variable normal mudes, 1115 Lonvernient tu umit the exponential decay or amplification factor eM'. This was
N done for the two examples of a normal mode of a penodic system in fig re 8.2 (taken from ref. 2.85). The figure refers to a hinyeless
rotor with fixed hub and titing moment feedback defiied by equativns (6.2), The blade Lock number is 8, the advance ratio is 0.8, the
blade flappiny frequency 1s 1 1582, and the feadback yain is K, - 08 The modes are unstable since both values of A, are positive. The
£ upper graph for a three bigded rotur presents the three multdblade courdinate. o, w1, and iy The fiyure shows an advancing mode of
frequency 1.5§2 with some coning participation. The lower graph fur a four bladed rotor therefore includes the differential coning
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coordinate 33. The advancing mode frequency is now 0 84Q and all four multiblade coordinates strungly parucipate. Note that the
unstable mode for the three-bladed rotor - associated with a single complex eigenvalue of ¢(T), while the unstable mode for the
four-bladed rotor is associated with a complex conjugate

eigenvalue of ¢(T). The first type of instability could not occur 9 (a)

for a constant coefficient system. Reference 2.85 shows that,
for N = 3, this type of instability can also occur at an advance
ratio of 0.4 if K, > 1.2. Near the stability limit, the periodic
terms can be important even at a low advance ratio, aithough
for an adequate stability margin the constant coefficient
approach usually is sufficient,

While the natural modes of the periodic system {fig. 8.2) are 0
unmiquely determined, the eigenvalues A, + iw; are not, and If the
root plots are to be presented as in figures 6.3 and 6.5, a
selection principle must be applied. The procedure used in these t—
figures was to compare the lower frequencies with those
obtained with the constant coefficient system, but to omit the
negative region of 1w and move the curves into the positive =2 l l l

+.130+1.5i

half-plane. Curves corresponding to complex conjugate A, pairs 0 2 4
are recognized by their symmetry about the w = 0 and 1.5 lines
for three blades and about the w = 1 and 2 lines for four blades. (b)

a +.024%.84i
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8.4 Linear Stochastic Modeling

large horizontal tails are sensitive to turbulence in the upper L —
speed range. It is of interest to determine the response to
atmospheric turbulence and 1ts variation with basic rotor
parameters as well as feedback system parameters. Unlike
fixed-wing aircraft for which an extensive literature on analysis
and testing of turbulence responses exists, very little
information 1s available on the responses of rotorcraft to "\
turbulence. f the derwative approach tc rotorcraft flight ™
dynamics is used, the analytical methods are the same as those

Hingeless rotorcraft without feedback systems or without ﬁo
8

used for awplanes. The von Kirman-Taylor atmospheric L \-T’ , l | l ~ T
turbulence model is usually assumed according to which the =2

horizontal and vertical turbulence velocity components relative 0 2 4 6
to the aircraft can be stochastically described by a continuous
linear Gauss-Markov process. The covariance or power spectral
density funcuons depend only on one physical parameter. the
turbulence scale fenqth L that varies from a few hundred feet at
low altitude to a few thousand feet at high altitude. The aircraft
turbulence response then depends on the ratio of the turbulence scale iength to a suitable arcraft length. For rotorcraft, the rotor
radius R 1s used as the refererce length so L/R is the parameter that determines the turbulence response at a given advance ratio p.

Fig. 8.2 Unstable modes of hingeless rotors with lagged
rotor tilting feedback at advance ratio of 0.8.

As discussed previously, the dervative approach to rotorcraft flight dynamics gives erroneous resus . for the short-time responses
important in determining rotorcraft response to turbulence. in a rotorcraft turbulence analysis, the first three multiblade tiapping
coordinates 3o, Jy, and J; should be included. For a higher advance rauo the periodic terms must be retained in the syster. 2quations.
The problem then is to cumpute the 1andom response of a linear, periodic, time varying system to random Gaussian inputs with given
power spectral density or given autocorrelation function. According to a general theorem on random processes, the response of & linedr
system to Gaussian input is also Gaussian. A Gaussian process is uniquely determined by mean and covariance functions of time.

Problems can often be solved without assuming the Gaussian character of the stochastic processes. ii one is interested only in
covariances or power spectral densities, the weaker assumptions of the so-called mean square calculus are sufficient If one is interested
in obtaining threshold crossing statistics necessary for structural rehability considerations, the stronger assumption of Gaussian
prucesses must be made. From the point of view of mean square caleulus, one considers weakly stationary random processes, tor which
the covariances and power spectral densities are time invariant. This concept has been extended in reference 8 6 to weakly periodic
random processes for which the covariances are penodic functions of time. It can easily be shown that a hinear stable periodic system
steadily excited by a weakly periodic random prucess with the same period has respunses that are aiso weakly periudic random
processes. This occurs when a rstorcraft flies with constant speed through a region of constant atmospheric turbulence.

There are several methocs of computing the random response of a time-varying linear system tu random inputs. Reference 2 87
uses a frequency domain appioach (outhned in ref. 8.7) to compute random rotor blade vibrations. This method is practical for given
input power spectral density. f the input can be represented as filtered white roise. o time domain method used 10 automatic control
theory, (ref. 8.8) can be more Lomputer cost effective (ref. 2.84). The filter method was also applied to rotor random response analyses
in refereaess 8.9, 8.10, and 6 2. \ correct stochastic [iftirg rotor analysis with the proper correlations of the blade lvads both spanwise
and azimuthwise has not yet been performed Partial sc lutions for restrictive conditions are presented in references 8 11 and 8,12 The
usual assumption is th.at the entire rotor experiences the turbulence velocities that occur ¢t the center of the rotor. The adequacy ot thus
“point” assumption has been checked in reference 8.13 by accounting for the correlations between vertical turbulence velocities across
the rotor disk in the longitudinal direction. Only the 0.7R station was considered and latersi correlations were onutted. 1t was found
that for a turbulence scale lengthsrotor radius ratio of 4, the correlation across the rotor disk had hittle effect on the random blade
response compared to the “point” approximation Usually, L/R is much larger than 4 0 Fur 4 low altitude turbulence scale length of L
= 400 ft aid a rotor diameter of 66 ft, L/R = 12. The point approx mation therefore appears to be well justified for current retorcraft,
at least so far as the first blade flapping mode is concerned.

No turbulence response anaiy, ‘< has been performed with the complete rotor body system, and nu tests are availabie with which to
compare the results of such an andlysis. However, data are available for fixed hub and tilting mument feedback Figure 8 3 {taken trom
ref. 2.85) shows the standard deviation of the flapping amplitude over one rotor rotation period for the same case as shown in figure 6 3
for an advance ratio of ¢ = 1.6 and a turbulence scale;rotur radius ratio of 12, The response shown s for a unit standard deviatiun of
the dimensionless vertical turbulence velocity. It s seen that feedback with a gain of K, - 0 1 in enuation {6.5) results in sume 1eduction
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10, in op(1), tut feedback with 2 gain of K, = 0.2 reverses the trend. This
results from a reduction in the damping of certain rotor modes as the
flapping stability limit is approached.

It can be said that the analysis techniques for linear stochastic !
modeling of rotorcraft flight dynamics are available but have not yet 1
been applied except to restricted cases.

9 MODEL AND FLIGHT-TESTING TECHNIQUES AND .
RESULTS :

The specital problems of hingeless rotors have sttmulated an ;
interest in dynamic model and flight testing. A survey of modern test ¢

methods and scme selected test results is therefore appropriate.
Some aspects of testing hingeless rotor models are included In
reference 9.1, :

9.1 Model Testing for Derivatives

A derwative flight dynamics analysis assumes that the totor
adyusts itself instantaneously to changes in the body linear and
angutar velocity components. The rotor state vanables — tilt and rate
of ult, coning and rate of coning — are neglected. Cyclic and
collective controls are also assumed to have instantaneous responses,
A 6 X 6 matnix of rotor aerodynamic derivatives relates the three
forces and threc moments about the aircraft center of gravity to the
three linear and three angular velocity components, Furthermore, a 6
X 3 matrix of control derwvatives relates the body forces and
l l moments to the cychic and collective pitch inputs, resulting in a total

of 54 derivatives Some of the derivatives are <mall and can be

4 5w 6r neglected, but many should be measured in a proper wir, tunnel

model program. Because of the nonlinearity of the rotor

characteristics, the derwatives depend on the trim condition and they

also change strongly with advance ratio, The szt of pertinent

Fig. 8.3 Effest of Iagged tiiting moment feedback gain on derivatives must therefore be measured for many flight conditions, :

flapping standard deviation from atmospheric Usually, there are strong interference effects between rotor and body

turbulence. which need to be measured. An example would be to determine the

tail effectveness or fixed-wing contributions by measuring the roror

forces and moments separately from the body forces and moments To gain some wisight into the interference phenomenon, it 1s also
desirable to measure the flow-field near the tail surfaces or the fixed vang.

ol S

PR

atre 2 4

A complete dervative model test program for a rotorcraft is a vast enterprise and is unuertaken rarely if at all. The usual a-gument v
against the effort 1s that :be Reynolds or Mach number scaling effects are so great that the results cannot be applied accurately to the .
full-scale vehicle. While this s true 1f the measured dervatives are applied directly, the test data can be correlated with analytical data 4
and can contribute to the substantiation of analytical models. Unless the test data are evaluated properly, including corrections for
Reynolds or Mach number eftects or other inadequacies of the model, the raw test data should be appiied with 1 'servations

Some aircraft derivatives and a comparison with analysis are shown in figures 9 1 and 9.2 for the Froude Scale model of the ABC
vehicle {ref. 2.63), The fifth-scale model was tested to an advance ratio of 0 1 on the Princeton Dynamic Model Track facility The :
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Fig. 9.1 Pitching moment derwative with angle of attack and with speed for ABC fifth scale model
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Fig. 9.2 Pitch, roll, and yaw control derivatives for the ABC fifth.scale model.

model/full-scale rotor tip speed ratic 1s 0.44. The Reynolds number ratio is 0.085. Blade mass and elacticity and body mass and
moments of inertia are properly scaled. The blade rotating flapwise frequency is 1.4582, the blade frequency of the full scale rotor.
There are three biades per rotor. The model disk loading was 1.54 psf compared to 7.85 psf for the full scale vehicle, The moments
gven (in in.-Ib) are for the model scale.

Figure 9.1 compares the measured speed stability and angle-of-attack stability derivatives versus advance ratio u with analytical
values and values for a typical articulated rotorcratt. The right-hand graphs give the etfect of flight path angle y on the derwvatives at u =
0.10. Negative y represents descent. Both speed stability and angle-of-attack instability are greater by an order of magnitude than for an
articulated rotorcraft despite a large horizontal tail surface. The analytical values are considerably in error at u = 0.05, presumably
because ot an inadequate rotos wake representation Speed and angle-of-attack derivatives become zero in a descent. The horizontal tail
)s apparently outside the rotor wake downwash area in this descent condition, and the tail more effectively compensates the rotor
angle-of-attack instability

The pitch, roll, and yaw contiol derivatives shown in figure 9.2 are several times greater than for an articulated rotor Pitch contro!
power increases with sneed and roll control power decreases with speed. The analyuical prediction 1s again 1n error at u ~ 0.05, probably
because of the roter wake representation, Yaw controi power decreases with advance ratio, especially in a descent at u = 0.1, The lack
of yaw control power from a.fierential collective pitch 1n a descent is typical of coaxial or synchropter configuiations ans is not retated
to the high blade flappng stiffness of the ABC.

Another set of hingeless rotor derivatives (taken trom ref 2 75) i1s shown n figure 9.3 Eleven derivatives are plotted versus
advance -atio The flap frequency 1s 1 1752 and the biade Lock number .+ 4.2, The test data were obtained with a four bladed, 7 6 ft
rotor mode! in the USAAMRDL Ames 7 by 10 foot Wind Tunnel at approximately zero Lift {see ref 2 43) The solid lines are from a
linear analysis that includes blade bending flexibility but not downwasn effects The dashied hines are from the same linear analysis and
inzlude an empirical downwash mudei developed in reterence 275 Foi sume derwatives, the downwash is not important Others are
affected substantially by downwash, particularly at low advance ratio

9.2 Model Frequency Response Testing

Frequency response tesungo 1s practical only for wind tunnel models Extenswe frequency response measurements with a 75 ft
hingeless rotor model, using harmonic wnputs to the cychic and collective controls, are presented in reference 2.46 and summarized in
reference 2.45. Resporses to harmon.c hut pitch and roll angular totatiuns are presented in reference 2.43. Only low Iift conditions
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’ Fig. 9.3 Companson of eleven analytical and experimental hingeless rotor derivatives for a
Lockheed 7.5-ft hingeless rotor mode! in the USAAMRDL Ames 7-by-10-Foot Wind
Tunnel, P = 1.17, Y= 4.2,
51, were testea and the blades were quite stiff flapwise with rotating flap frequencies of 1.33, 1.56, and 2.329. The advance ratio range was
: 0.29 to 1.44, . 1 the forcing frequency range was 0.04 to 4. Thus frequzncy range covers the regressing, coning, and advancing rotor
E, mode frequencies.
Vs% Figure 9.4 compares analytical and experimental longitudinal tilting responses to longitudinal cychic control input for a flapping
L\ frequency of 1.56Q2 at an adv ince ratio of 0.79. The solid line represents the analytical result using the linear theory of reference 2.55,
which includes reversed flow effects, assumes a ngid blade flexibly hingeu at the rotor center, and neglects the rotor downwash.
s Generally, this analytical model corr:lates quite well with the tests, although the loganthmic scale for the amplitude ratio tends to
’ ) obscure discrepancies between the analysis and test results. An increase of 6 dB corresponds to a doubling of the amphitude ratio. Tre
4 two response peaks at the regressing and advancing flapping mode frequencies are clearly predicted by the analysis. The measured phase
> angles also correlate well with the analytical results. The agreemnent between analysis and test results is not as good for lower blade
9
: flapping frequencies.
«
S
b ¥
2
¥
i"v
. w
Fig. 9.4 Comparison of analytical and experimental longitudinal tilt frequency response
to longitudinal cychc pitch, g = 0.79, P = 1.56.
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Figure 9.5 (taken from ref, 2.43) compares analytical and test results for the longitudinal tilt response to harmonic hub pitching.
The flap frequency is 1.56§2 and the advance ratio is 0.41. Compared to figure 9 4, the gain (in dB} 1s much larger. The deviations
between analytical and test resuits are now substantial, most likely because of resonance of the mode! fuselage. The actual motion at
the hub was not measured and may have been affected by model fuselage vibration modes. Since none of the test conditions were near a
flapping stabibity limit, the constant coefficient multiblade representation was adequate for predicting the frequency response (as
expected from fig. 6.3 and confirmed n ref. 2.45). The savings in computer effort with the multiblade constant coefficien:
approximation are considerable since time histories and the associated Fourier analysis are avoided.
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Fig. 8.5 Comparison of analytica! and experimental longitudinal tilt frequency response
to hub pitch; u = 0.41, P = 1.56.

The frequency response tests reported in references 2.45 and 2.46 were also extended to include lagged rotor tilting moment
feedback (described in Sec. 6.2). Figures 9.6 and 9.7 compare the longitudinal tilting response to harmonic collective pitch input, open
loop, and closed loop, respectively. The advance ratio 5 0.54 and the flapping frequency is 1.3392. Below a frequency of 0.2€2, the
closed-loop system shows a much lower response than the open-loop system However, the regressing mode at 0,332 shows a higher
response with the closed-loop sysiem. In the low-frequency range, the phase changes from zers for the open loop system to 90° for the
closed-loop system. It 1s thus evident that improved flight dynamics of the lagged tilting moment feedback system would be offset by a
greater flapping response to gusts at the regressing flapping mode frequency.
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Fig. 9.5 Experimentai longitudina! tilt frequency response to zollective pitch,
2 =054 P=133.

9.3 Transient Testing for Lightly Damped Modes

Transient testing, that is, the recording of transients after a puise excitatiun, 18 widely used :n flight testing Unavoidably, several
modes are excited simuitaneously and 1t 1s difficuit to separate them except when ail modes but one are well damped. The lightly
damped or amphfied mode persists longer than the well damped modes, and the frequency and damping of this mode can be measured
Of the flight dynamics modes, the phugoid usually has the least damping and *he longest period and can be conveniently studied in
flight Figure 9.8 compares analyucal and test data for the period and time to double amphtude of the phugoid for the BO 105
hehicopter {ref, 2.20). The test data were evaluated from pitch attitude and pitch rate measurements after a collective pitch pulse
Coupling with lateral and yawing motions was small at the lower speeds and ali controls were held fixed after the collective pitch pulse.
At high speeds, couplied lateral and yawing motions are minimized by appropriate control inputs The shortest time to double amplitude
that could be measured with this technique was about 3 seconds. As show. in figure 9.8, this occured at 100 knots,
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Fig. 9.7 Experimental longitudinal tilt frequency response to collective pitch including
rotor lagged tilting feedback; ¢ = 0.54, P = 1.33.
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Fig. 9.8 Phugoid period and doubling time fcr BO-105 helicopter — comparison of
analytical and test data.

Another lightly damped mode for hingeless rotorcraft is the regressing inplane or air resonance mode. lts frequency is very close to
the difference of rotor rotational speed and blade inplane frequency. This mode is excited in flight with a brief lateral stick oscilfation
at roughly the air resonance frequency. A response similar to the computed response shown in figure 8.1 1s then supenimposed on the
steady state or trim forced response of the blade inplane deflection. Since the frequency of the desired mode is known, 1t 1s necessary
only to filter out the trim response, either with an on line filter or during subsequent data processing. The former s preferable so that
the telemetered response can be directly observed on an oscitloscope or on oscillograph records.

The excitation of the air resonance mode in flight s not without danger. The damping ratio is at best only a few percent and may
be amplitude dependent if frictiorn is the main source of damying. The mude may be stable for small excitation end unstabie tor jarge
excitation. The nonlinearity of the phenomena that sumetimes extend beyond the hinear stabiity himit to a himit cycle does not
necessarilv provide a practical protection, as can be seen from an example in reference 2 78, which shows large limit cycle amphitudes
beyond the linear stability limit. Other types of nonhinearity, for example, in structural damping, may be beneficial. Because of the
dangers involved, it is not advisable to approach the ar resonance swainlity it in transient flight testing. The tests shouid be used
merely to substantiate and refine an analytical model that can then be used to predict the conditions for actual instabiity, which of
course, should be well outside the flight envelope.

In testing scaled models of rotorcraft, one usudlly relies on natural disturbances (o excite a potentially unstable mode and snubbers
are used as soon as the divergence of the mode is apparent An on hne filter that aliows une to better 1ecognize the potentially unstabie
mode on the oscilloscope is also desirable for model transient iesting. The techinque of fast Fourer transform spectral anslysis and
m2aving block peak plots {discussed in Sec. 8.1} is also suitable for on line apphication. Figure 9.9 (taken from ref. 2,12} shows the body
rolt, body pitch, and blade chordwise momer* *races fur o hingeless rotorcraft model representative of the BO-105 helicopter The air
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Fig. 9.9 Air resonance mode divergence measured for a Boeing-Vertol hingeless rotorcraft model,
representative of the BO-105 helicopter.

resonance stability hmit in term. - ¥ collective pitch setting (13"} was shightly exceeded and the resulting oscillatory divergence was
terminated by snubbing the body. in some cases, it is safer to excite the mode of nterest well below the stability limit where natural
disturbances are ineffective. This method was used successfully in o hover condition for the tests reported in references 2.71 and 2.74.

9.4 System ldentification from Transients

The miethod of system identification outlined below has not yet been applied tu hingeless rotorcraft or to rutorcraft models, but
may become an important tool in the future. The method uses transient test dowa to determine the state matrix F in equation (8.12).
After the state matrix is obtained, moae shapes, frequenc es, and dampings can be determined using the methods vuthined in section 8.3
Therefore, the strongly damped modes as well as the weakly damped modes, can be obtained tiom the test data. Furthermore, forced
response analyses can be performed on the basis of a state matrix extracted, esther n part or entirely, from transient tests.

To be successful, the transients used in this method must invoive all modes of the system. Also, the analytical description of the
system {Eq. 8.12) must be adequate. If essential state variables are omutted {e.y., totor flapping), one could not expect a system
wdentification that is valid in all respects. The identification method is flexible, for example, a prior knowledge uf some of the state
matrix components can be used while identifying those components that are not kinown or are not well kinowii. System identification
miethods can be based on the extended Kalman filter given, for example, in reference 8.8. A rather simple parameter estimotion 1s
possible with a hinear estimator detived from the Kalman filter equations if the state variables anu their rates have been measured, The
method aliows for wide variations in the initial estimate of the parameters and in the vanianue of the initial estimate. For example, the
il estimate can be zero and its variance arbitranly large. A transient recurd with adequate excitation uf all essential modes will then
provide — after numerical intey.ation of a set of ordinary differential equations - final vaiues for the parameter estimnates an t then
vaniances. {f the variance of the estimate approaches zero, no further information is abtained by processing the transicint data.

This method of parameter estimation goes not allow for measurement noise in the state variables, and it lumps both measurement
nosse for the accelerations and process noise into one noise vector, |f measurement errors are present in the state vectur medsuretciils,
the estimation s biased by an amount dapproximately inversely propurtional tu the sighal iluise rativ in the state vectul measuiements
(ref. 9.2). The estimate is also biased if the system i1s nonknear. If the state varisble measurements ate polluted by high frequency
roise, the data should be smoothed by a 1ow-pass filter the* dues not pruduce phase shifts in the signal. Such a digital filter was
developed by Graham (ref. 9.3). Care must be taken that the filter does not exclude frequencies that are sigiificait for the system The
response data can also be improved by making use of relatiunships amung the vanious respunse signals. These telativiis vany be used as
process equations in a Kalman filter along with measurement equations that contain the smoothed measurements.

if the state vanable rates are not known, and if the state variable measurements include large errors, a nonlinear alyotithim st be
used where state var.ables and parameters are estimated simultaneously. The nunlinear «dentification schemes requite o much yieates
computation effort and can easily become unstable unless rather good initial estimates are used fur the parameters, A hinear
dentification scheme that uses measurements of the state vanables and thewr rates hdas been used in references 3.4 aid 3 & o iitiate o
nonlinear identification scheme of the fught dynamics state matrix of the « H 53A articulated rotur helicopter. The measuted tidusients
were first smoothed with the help of a digital Graham type filter, then iurther treated with a Kalman filter based on maethemaucdl
relations between the test variables (nut the system equatiuns}. The third step was the parameter estimate wath a liiear dentifivat.on
scheme in the form of a least-squares algorithm. The tourth step wis the nonlinear identification suiieme based un the results v the
ltnear estimation scheme. The estimates from the linear method were not much different frum the final values of the nunlinear swheme
and appear to be adequate in many cases.

As mentioned previousty, the two main requirements for successtul identitication dare excitation o0 all mudes i the tiansients and
an adequate mathematical model for the system. To satisfy the fisst requirement, reference 3.5 uses the recurds from several ditferenmt
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flight maneuvers simultaneously. The importance of the second requirement is shown in figure 9.10 {taken from ref 3.4). It refers to
the CH-53A helicopter (100 knots flight speed, 33,500 ib weight, and an aft c.g. location). The wansients on which the identifications
are based have been obtained from an elaborate nonlinear analytical model. The 6 D. O. F. quati static response from a conventional
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Fig. 9.10 Roll acceleration time history comparisons of three different hinear models with
that of a nonlinear mode! for the CH-53A helicopter at 100 knots.

derwvative analysis shows a response quite different from the “true” response obtained with the nonlinear analytical mode! After the
state matrix is identified, the responses to control pulses were computed, the roll acceleration is shown in figure 9 10 Identifying the
state matrix {from the “true’’ response) for a hinear 6 D. O. F. system results in a response similar to that for the derative approach.
Ideratying the state matrix for a hnear 9 D. 0. F system, inciuding rotor states, results in a response quite similar to the “true’
response up to 3 seconds from the control pulse. This illustrates the fact that the identification scheme needs the ccrrect system
equations and that the conventional derivative approach 1s inadequate for the siiort-terni response within a few seconds after a control
puise. Long-term responses such as the phugoid can, however, be correctly predicted with the conventional derivative approach so that
the 6 D. O. F. identification 1s useful in this respect.
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