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Abstract 

There are many ways of providing analytical support to an engineedng project, but comparatively 
few methods ever survive to become established. The use of an authentic approach coupled with suffi
cient effort should ensure eventual success by one important criterion, good correlation with test data. 
Failure usually involves time and cost. The method outlined is an attempt to afford adequate design 
support, providing a means to predict what could happen well before the event; before critical decisions 
have to be made. It is, moreover, an attempt to achleve such a desirable objective at moderate cost. 
These two go hand-in-hand with the principle of integration which implies a basic unity in rnethods of 
analysis, modelling and programming. The approach is illustrated in application to a comentional 
helicopter with emphasi.s on the particular problem of effecting recovery following total power failure, 
and the feasibility of achieving a safe landing. 
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!. Introduction 

The method to be described owes its origin 
to the persistent problem of landing a helicopter 
safely following total loss of power at low height. 
There are a number of ways to approach this 
problem analyticaUy, but it \vas decided for a 
variety of reasons tu go the way oi flight !:iimula
tion. Fewer failures are unpredictable, and 
could in\·ol\·e violent maneuver. It wa.:; deemed 
necessary, at the outset, to provide a model with 
adequate scope; one capable of ::;imulating flight 
reaHstically, o\·er, and even beyond the usable 
flight envelope. There are howe\·er economic 
constraints. WhE-n affecting a reco\·ery, the 
pilot tends to react instinctively but is also faced 
with making a series of critical decisions within 
a time span of seconds. To determine ,,·hat 
ma.rgin of error is tolerable involves numerous 
repetitions of a procedure, with \'ariations. It 
wab clear thal achie\·ernent of economy would 
entail rapid execution. Capability of operation 
within a real time frame work \vas considered, 
and as both a desirable and feasible gocd wa.:-; 
adopted as a criterion of satisfactory pedormance. 

The prototype model \\'as not gene ra.l but 
tailored to the OH6A helicopter for which suitable 
flight test data was readily available. The model 
was verified in the first instance by cornparison 
of cornputed with measured trimmed performance 
points. Concurrently, sets of stability deriva
ti'e~ were computed, one set per point, pl·ovid
ing a means of assessing model \·alidity <1nd 
suitability for controlled flight. The simulated 
execution of any formal maneu\·cr requires a 
l on1mand structure, and a n1ean::~ of transmitting 
the commands. In cffC'Ct it is ne• essary to sim
ulate a human pilot. How successful the simula
tion was can be infet·red from Figure 1 \l.'hich 
illustrat~s the iirst attempt at con·dation with 
an <iCluctl fltght maneu\·er. The methodology wcts 
itllowed to evol\·e, basing the funddmental deci
sion frrtrnework on inforrnation gleant!d fron1 
flight records c1nd interdews with experienced 
test pilots. The end product emerged in two 
p<t rts. The first is hybrid contaming logical 
de('istons, cofnrnands. and such pilot actions ,Ls 
are best described by adaptiVe control l.tws. 
The second is a model of a stabilizing system. 
Whether tt represents an actual system or a 
pilot functioning as such, it constitutes <~n essen
tial link in the cornput<ttional cycle. Both parts 
process commands, originating in the first. 
Output is summed in the second part for passage 
to the vehicle model. For man-in-the-loop 
applications; the ftrst part is repla<.ea.ble by an 
interface module. 
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Figure l. Correlation with Flight Test Data 
for an OH-6A Dul'ing Emergency 
Landing from 50 Knots Level 
Flight and 250 Ft ISA 

The basic method is now developed to the 
sta~e where ~t variety of maneu,·ers and bel icop
ten> have been treated. Thou_gh all fall into a 
single main rotor/tail rotor category, blade 
retention systems differ widely and it has been 
necessary to cater for teeterin~, articulated and 
spring constrained systen1s. To this exknt, 
tre.ttment ha.:> been general. 

2. Vehicle Model 

lt was ne\·er the intention that the \·ehicle 
model be fully general. Each particular helicop
ter model is assembled from modules, one for 
eat-h nhtjor \·ehide component. Each individual 
module i.:; tdilored to the peculiarities of that 
component. Currenl applications are limited to 
perform<tnce and handling qualities with attention 
to failure modes. To this end certain features 
are common. Thus all models provide six body 
degrees-of-freedom plus a seventh for the pro
pulsion train linking the two rotors, coupled 
with or decoupled from the engine system. All 
modules are powered by free turbine with one
degree-of.freedom· per gas generator. Motion 



of N blades in a flapwise mode is treated in two 
pseudo degrees-of-freedom so that dynamic 
response t..an be simulated realistically. Tail 
rotor Happing is treated quasi-staticd.lly. Pro
vision is made for the non-linear aerodyna.mic 
characteristics of both rotors and all lifting sur
faces, including the fuselage. Aerodynamic 
interference is defined for main rotor to \ving/ 
bod), main rotor to tail assembly, wing to hori
zontal taii and mutual interference between tail 
rotor and \'ertical taiL Other combination$ have 
been considered. Perhaps the most attractive 
feature of the basic model is the ability when 
implemented by digital computer program on a 
suitable processing systems, to execute within 
a rt•al time fr<lmework. This ability is conferred 
i.n part by the otpproach to the modelli.ng of the 
rnain rotor, and the computation of main rotor 
hub for .. :es. 

2.. l :--lain Rotor Sub~0.1odel 

Each partic1tlar main rotor model is iden
lified \Vith a data array generat<•d off-line from a 
rnastcr blrtde element rnodC'l. Tht~ ma::;ter could 
in turn be generated by a dynamic model yet 
higher in the hier.Jn:hy and would then be defin
abll· as a truncatt>d series of normal model in 
\<.tnto. To date, the rnasLer has been defined 
anal~ tically and restricted to a sing](' mode 
descnbing blade f!apwise displacement relati\·e 
to the hub. The generating program computel:> 
rnotion with respect to a rotating frame of refer
ence wherein a single n_•presentati\c blade is 
disposed cit a ::;pecified ,·o]lecli\"C~ pitch and 
exposed tu a unilorm itH ident airstream. Aero
dynamic ~:onst raints arc dpfined using a bank of 
non-linear section data. Blade motion is ink
gr.lled step-by-step, from a quiest·cnt state to 
cyclical pquilibrium, .tS the frame l'C.l\ates by 
discrete steps aL.imuth\\ise. :\erodyndmir..· londs 
<'tre tntegratv.! ,:pnnwise at each step. CorH_ur-
1'\!n\\y, s1;.:. 1._,)\Yl.ponent LoeHidenl:> rE'presenting 
huL forces are computed progre~Si\·ely, <~nd 

stored as functions of threE' describin_g pardm
l'ters. collecth·e pitch, <td\·ance ratio, axi,d 
flo'v ratio. The cont:epts are illusll'•tted in 
Figure::; 2, 3 and -:1:. Representdli \-e thru::;t and 
torque coefficiE'nts at·e plollt'd in Figur,• ::i. Each 
set of points defines n trimmed rotor configuration 
resot\·ed in a swashplate oriented frame of refC"r
ence. The three-dimensional arrays CO\'er the 
entire flight em·elope and beyond. Their inter
pretation c'l::> the dynamic performnnce of a rotor 
in.\·ol\t>S a series ul transformations, associated 
analy;,i::;, and ::;orne ingenuity. Further comrncnt 
is delayed. lt is sufficient to say at this point 
that the use of a synthesizE'd model speeds up the 
computations q.·tle significantly, and is contribu
tory to the attainment of real time capability. 
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Figure 2. Prototype Module Structure 
for Rotors 

2. 2 Tail Rotor Sub-Model 

The technique outlined in the previous sub
paragraph is general and can be applied to any 
type of rotor. So far it has not been tried on the 
tail rotor. Because of its proximity to the tail 
surf<tces, there is strong mutual interference at 
least between the tail rotor and \·ertica! surfa..:·e. 
Then tht.' tail rotDr has to function O\ er a much 
wider em·elope, well into the region of negati\·e 
thrust. With economy in mind, it was decided to 
tt'd.nsfornl the analyticaUy deri\ed bl<-tde element 
model into <t closed form referred to stationary 
axE's. ;'\!on-linearities wC>re then admitted empir
ical!~ dlH! the appropriate parameters tuned by 
comparison with the equh·alent N-blade element 
rnode l. 

2. 3 :\irframe Sub-Models 

Modelling of the remaining components is 
conYentional except insofar as prodsion must be 
made for omni-directional flight and aerodynamic 
interference from the rotors. Aerodynamic data 
mu::;t be defined O\er a 360 degree range; b~, syn
thesi::; where no reliable measured data is avail
able. When dealing with lifting surfaces, it is 
usually possible to account for interference as 

changes in mean angle-of-attack and local 



Figure 3. Hierarchical Module Structure 
for Rotors 
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Figure 4. Main Rotor Mastel* Model 
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Figure 5b. Main Rotor Torque Coefficients 
Hughes 500D 



dynamic pressure. The conventional approach 
is to define the changes as a function o£ main 
rotor momentum downwash, using a weighting 
£actor. The factor in turn is defined as a func
tion of the main rotor wake skew angle. Assum
ing that wind tunnel data is available from an 
unpowered model, the wing/fuselage combination 
can be treated in the first instance as a lifting 
surface. Recently when interpreting powered 
model wind tunnel tests, it was found necessary 
to introduce a second angular parameter, also 
defint.tble as a function of main rotor wake skew 
angle, to account for an appreciable longitudinal 
bias of induced \-elocity in the after wake affect
ing the horizontal tail. The same series of tests 
also yi··lded information for deducing fuselage 
blocka(4e effect. The method of interpretation is 
illustrated diagramatically in Figure 6. Yet a 
furt.her refinement, making provision for observed 
main rotor wake assyrnetry, involved sub-didsion 
of the horizontal tail surface into right and left 
panels, treating each independently. It is well 
known that passage of the main rotor wuke over a 
large horizontal tail gives rise to l·apid \·ariations 
of trim within the transition region. Even with 
all the refinements de::.cribed above, it is not 
rtlways possible to match precisely trim pt·ofiles 
L't1easured in flight. A plausible way of account
ing for residual discrepancies is to ino..·ludc thE> 
effect nf the high energy regions of the mdin 
rotor wake impinging on the front fuselage. 
thereby generating viscous tractions. Such 
forces are incremental and useful for fine tuning. 
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Figure 6. Main Rotor-to-Horizontal 
Tail Interference 
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All such 1nterference models are simple 
in concept, and quite suited to dealing with per
formance a.nd handling qualities. Treatment of 
mutual interference between tail rotor and \·erti
cal tail hag been even simpler. At low speeds 
the tail rotor sees the vertical surface as a 
ground plat:e and generates more thrust than an 
equivalent isolated rotor. The excess thrust is 
more than compensated by the induced flat plate 
drag. At higher speeds, the two components can 
be represented as a Prandtl biplane. 

2. 4 Engine Sub- Models 

The current engine modet is simple and 
linear, sufficient to act as a link in the control 
loop. Provision is made for total or partial fail
ure of the subsystem. otherwise torque is com
puted as a function of the drh-e train speed error. 
Since howe\'er integration of an engine sub-system 
is a \·alid subject for future studies, its true 
status as a major vehicle component is recognized 
and provision made within the program structure. 

2.? Flight Control System 

Successful simulation of a complicat.ed 
maneuver requires that commands be imposed 
on a stable system. Since a helicopter is inher
ently unstable, the subject \·ehicle model must 
indude pro1.·ision for artificial stabilization 
whether or not it be actually mechanized. Where 
flight control is manual, then such provision is 
expl<tinable as pilot action. Some pilot actions 
are described quite adequately as coln-entional 
linear control laws, and the structures of human 
pilot model for manually controlled \ehicles and 
automatic control systems are superficially 
similar. Only the characteristics diifer. What
ever the label, a module containing control func
tions is an essential part of the system model. 
H:is mechanical control functions apart, the pilot 
is also required to exercise judgement. and make 
deciBions. Then some actions are best described 
by adaptive control laws. All these functions 
are dealt with in a separate m<:1 neu \'e r module to 
be described laler. 

3. Program Structure 

Each model of a major compon(•nt 
pendent V.'ith its own frame of reference. 

is inde
Each is 

realized as a sub-system or part of a sub-system 
within a replaceable program module. Thus wing/ 
fuselage and tail rotor/vertical tail are examples 
of combinations, whereas main rotor and hori
zonUtl tail are accorded individual treatment. 
For inertial purposes the vehicle is treated as 



a rigid body with the rotor masses concentrated 
at the hub centers. Components are linked aero
dynamically by mutual interference as defined in 
paragraph 2. Modules communicate each with its 
own data bank and with the main program, accept
ing velocity, attitude and control vectors as input 
and returning a force vector. The main programs 
are organized according to function, and are 
modular in construction. There are two types: 

3. 1 Trim Program 

The trirn program served originally to 
validate the vehicle model, its main features 
being the vehicle equations of motion and a per
turbation cycle. In operation, starting from an 
arbitrary datu.n, a selected vector is perturbed 
systematically element-by-element, and the 
resultant increment of the vehicle acceleration 
vector used to compute a matrix of partial deri\·
atives. A trim vector has six components, usu
aUy comprising main rotor collective pitch, 
longitudinal and lateral cyclic pitch, tail rotor 
collecth·e pitch and the two Euler angles, pitch 
and bank attitude. Others may be substituted 
according to the desired trim status. The trim 
1natrix, when in\·erted, can be used to iterate 
towards a steady flight configuration, for when 
post-multi.pUed by the acceleration \'ec-tor, it 
yields an incremental \·ector of trim parameters. 
The updated trin1 ,·ector is then used ·to compute 
a new residual acceleration vector, which should 
be driven towards a zerO \·alue. The perturbation 
procedure is illustrated in Figure 7. Following 
attainment of trim, the perturbation cycle can be 
re-acth·ated to operate successively on the 
velocity and control ,·ectors, thereby generating 
a linear perturbation model related to the subject 
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flight configuration. To facilitate the generation 
of such models, the six Euler equations have been 
converted to state variable form. The remaining 
two equations are kinetic and can be computed 
analytically. Use of the perturbation mode is 
not confined to the six body degrees-of-freedom. 
As implied in Figure 2, the main rotor module 
can be replaced by one based on the generating 
model. The perturbation process is thereby 
complicated by the need to transform from a 
rotating to a stationary frame of reference. The 
end product is a model with extra degrees-of
freedom in blade dynamic motion, expressed as 
multi-blade modes, usually dominated by the 
collective and cyclic regressive modes. Such 
models have many important applications, 

Following initial \·alidation, the main pro
gram was organized to generate the various cate
gories of matrix on option and to transmit them 
to permanent files for access by other programs. 
The trimmed configuration itself is defined and 
transmitted as a data string and constitutes 
initialization for the fly program. 

3. 2 Fly Program 

The fly program, as its name implies, is 
organized to simulate specific flight maneuvers. 
To this end additional modules have been sup
plied, for resolution and time integration, models· 
of the engines and power train, flight control sys
tem and/or pilot as well as extended provision for 
input and output of data. What identifies each 
maneu,·er is a module containing the requisite 
command structure. During the \·aliclation period, 
the module contained nothing more elaborate than 
options to pulse each control channel selectively. 
Later modules have reflected the complication 
and duration of the maneuver. The most exten
sive module to date is used to simulate recovery 
following partial or total power failure or achieve
ment of a safe landing and will be outlined for 
illustration later. The fly cycle is illustrated 
diagramatically in Figure 8. 
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It was implied in paragraph 2. 1 that real 
time capability of the fly program is due in part 
to the simplicity of the main rotor model. The 
simplicity is merely apparent and was achieved 
only through considerable effort. Conversion of 
the body equations of motion to state variable 
form has been mentioned earlier in connection 
with the trim program perturbation mode. Such 
con\·ersion imposes restrictions on the definitions 
of the expressions for the body forces generated 
by the vehi de components. In particular inertial 
components of the forces cannot be functions of 
the body acceleration vector. A major analytical 
effort, devoted to the elimination of such items 
from the main rotor contributions, was well jus
tified, for, in state variable form, each of the six 
equations is independent and of first order. When 
the Z-transform is applied to derh·e the time 
integration difference equations, they emerge in 
the simplest possible form. Use of the Z
transform was not arbitrary, although in this 
instance it might seem trivial. The need to 
model the flight control system, or the pilot, or 
both, was taken into account noting that the Z
transform is particularly well suited to such 
application:::.. Information on analog systems io 
usual!:: supplied as block diagrams depicted in 
the S-planc and is readily transformed to the 
Z-plane. Digital systerns pose the least problems 
a::; being aln•ady depicted in the Z-plane. Better 
still tht~ control laws might be already cast as 
diffe rcnn• e-quations. 

3. 2. Matrix Analysis Program 

The ability to generate large quantities of 
linear perturbation models at will mandates the 
availability of a dedic<lted program to process 
thcr11. The program pro\ ided is typical in that 
its repertoire includes all the capabilities 
required for classical ser\·o-mechanism anatysis. 
It was howe\ er written with more in mind. For 
production purposes it has oelective access to 
large quantities of dc1ta pre-stored systematically 
in permanent files. OpC'rationally it is well inte
grated with the simul<1tion programs. Any system 
of simultanec..us equations it accepts whether 
transmitted from a p~rmanent file, or read a!:> 
ra.ndom input, is first converted and then re
printed in !:>tate variable form. This form facili
tates the rapid computation of the roots defining 
the numerator and denominator of each transfer 
func-tion. Ttdnsient response solutions are com
puted in closed analytical form so that dominant 
co1nponents can be identified. A typical applica
tion wao to compute the main rotor flapping 
responses within a stationary frame of reference 
as an essential stage in synthesizing the equiva
lent first order equations of flapping motion, 
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The resulting time constant was an important 
by-product in that it is critical in determining 
the optimum integration time increment or 
sampling period used by the fly program. One 
of the program 1 s more powerful features is an 
option to transform transfer functions from 
S-plane to Z-plane and recast the closed form 
transient response solution as difference equa
tions. This option has been used to model control 
sub-systems higher than the second order. 

4. Power-Off Landing Maneuver 

The description covers a wide range of 
actions having in common a feature that the main 
and tail rotors are energized solely by the inci
dent airstream. The simplest of these is a tran
sition into steady auto rotational descent at constant 
ground speed. The most critical occurs when 
power is lost at low speed with insufficient height 
margin to complete a transition, and incidentally 
is a good example for illustrating the procedures 
adopted when programming a specific maneu\·er. 
It is first desirable that a maneu\·er be didded 
into readily recognizable stages. Thus, four 
stages have been identified in this maneuver 
sequence: 

1. Initial Reaction: Invol\'eS delay in recogmzmg 
the situation and is charactedzed by vehicle 
acceleration forward and downward in 
response to pilot reaction. Rotor speed 
decays rapidly. 

2.. Initial Flare: Vehicle downward acceleration 
and rotor deceleration is checked as the pilot 
applies a nose up command. Collective pitch 
has been reduced to a minimum. Normal 
acceleration builds up rapidly. 

3. Final Ftare: The helicopter rounds out to 
approach a suitable landing configuration, 
attaining maximum nose-up attitude for rapid 
deceleration. Maximum rotor speed is 
approached and controlled by progressive 
application of collective pitch. 

4. Pre~Touchdown: Rate-ofMdescent has been 
reduced below a safe margin. Residual rotor 
energy is expended by rapid o. pplication of 
collective pitch. reducing forward speed. 
Attitude is controlled carefully to synchronize 
attainment of a safe landing opeed, rate-of
descent and nose-down rate-of-pitch. 

These four stages are not necessarily distinct 
in terms of pilot action, and certamly not in 
terms of vehicle responst•. It is assumed that 
power loss occurs either during climb out or 



before attainment of speed for minimum power. 
Typical pilot reactions are available from flight 
records. Application of forward stick appears 
to be instinctive. Collective pitch is dumped 
deliberately after a specified delay. The resul
tant acceleration is controlled by an abrupt stick 
back command signaling entry to initial flare. 
Figure 9 indicates that recovery sta1·ts before 
completion of collective pitch dump. Initial flare 
proper has been simulated using a blend of adap
tive control laws based on pitch rate, normal 
acceleration and rate-of-descent. Collective 
pitch is usually inactlve throughout the initial 
flare. Timing of entry into final flare is critical. 
The simulated pilot uses as criteria a combination 
of attained attitude and normal acceleralion. 
Alternath·eJy, a steady approach to maximum 
rotor speed is a signal to switch collecth-e pitch 
from speed to height control at low gdin, and to 
reverse the stick cornmand to a forward bias. 
When the control actions are phased correctly, 
ground speed, and pitch attitude approach zero 
together at a safe rate of descent. The final 
decision is most critical; when to increase 1·ate 
of collectiYe pitch application, sinJUlated Ly 
increasing gain. Ground contact should lJe made, 
ideally, as rotor speed decays below a usable 
le\ el. Regular success was achieved when 
stage 4 wa!::i divided into three sub-stages each 
ider1tified by an arbitrary check point. Check 
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point one is signalled by either decay of normal 
acceleration below a safe value or on attainment 
of peak nose-up attitude. What is safe turned 
out to be dependent on drive train inertia. Taking 
advantage of available rotor energy, collective 
pitch gain is increased progressively until ground 
speed falls below a high value at check point two. 
The high value is chosen as being suitable for 
turning up collective pitch gain to maximum. 
Check point three is passed as ground speed falls 
below a low value, usually marginally higher than 
the maximum safe landing speed. At each check 
point, pitch rate command is changed to discrete 
pre-set ,·alues, and allowed to decay slowly to 
zero. In this way precision control O\'er nose-up 
attitude and nose-down pitch rate is maintained. 
Meanwhile, throughout stage ·L in addition to 
ground speed and pitch rate, pitch attitude and 
rate-of-descent are monitored. When it is eYi
dent that an acceptable landing configuration is 
being approached smoothly, the ground plane is 
introduced, a few feet below wheel or skid height, 
so that contact can be made realistically in 
ground effet::t. 

Having achieved an acceptable landing, the 
key control and decision parameters can be varied 
systematically about the optimum values to assess 
how much latitude the pilot has. In the process a 
mean point on the height/velocity curve is gener
ated. Alternati\·ely having defined an optimum 
point, design parameters can be varied. The 
procedure tends to be more complicated, for, a 
change in say the main rotor polar moment of 
inertia can effect the piloting technique apprecia
bly. Changes in technique are most marked when 
active auxiliary energizing devices are intro
duced, a subject beyond the scope of this paper. 

5. Scope of Method 

No attempt has yet been made to extend the 
scope beyond application to performance and 
handling qualities problems. The description is 
intended to include all feasible iormal maneuv·ers 
whether executed to simulate actual operational 
flying or prescribed to reproduce a specified 
design condition. Figure 10 illustrates a typical 
operational maneuver, a lateral acceleration frotn 
hover. The objective is to attain maximum accel
eration, reach a specified target velocitv and 
n1aintain heading. Incidentally, this maneuver is 
a severe test oi the tail rotor model, exercising it 
towards the limit o( its capability. The rolling 
pull-out shown in Figure 11 is an example of a 
prescribed maneuver, deliberately exaggerated. 
The requirements call for full right stick to initi
ate a coordinated turn at some specified normal 
acceleration. In this instance, the maneuver was 
programnwd to approach 3g with 70 deg, bank 
angle and is intended to saturate the main rotor 
as ·well as exerci::.e the whole vehicle model. 
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The two cases are offered as routine examples 
displaying the potential of the method. 

6, Conclusion 

In a paper of this kind, there are neither 
conclusions nor conslusion. The 1nethod outlined 
is in a continuous state of development as cOJnpo
nent m.odels are extended and refined, or prograrn 
material is added to the repertoire in response 
to consun1er request. The more obvious lines of 

52-10 

future development have been hinted at. The main 
rotor model is an1enable to considerable expan
sion, for example; the admission of Iagwise motion 
in order to acc01nmodate more advanced engine 
system models or the admission of dynamic 
feathering under elastic restraint to enable real
i'>tic computation of swashplate loads. With 
regard to the air frame model, options to admit 
body nwdes in elastic deformation have been con
sidered for special applications at the sacrifice 
of real time capability, 
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