THIRTEENTH EUROPEAN ROTORCRAFT FORUM

19

Paper No 95

.

THE IDENTIFICATION OF REDUCED ORDER MODELS OF
HELICOPTER BEHAVIOUR FOR HANDLING QUALITIES STUDIES

by

3. S. Houston
Lt Cdr R. I. Horton, RN

Procurement Executive, Ministry of Defence
Royal Alrcraft Bstablishment
Flight Systems Department
Bedford MK41 GAE
England

September 8-11, 1987
Aries, France

ASSOCIATION AERONAUTIQUE ET ASTRONAUTIQUE DE FRANCE



1 INTRODUCTION

Future rotorcraft will be required to demonstrate compliance with emerging handling qualw-
ities eriterial,2,3, to guantify the ease and precision with which they can be flown to fulfil a
given task. The use of accurate mathematical models should ease the design process, allowing
optimisation of the heliccopter before the expensive and timewconsuming phase of flight-testing.
This, together with a comprehensive, accurate and applicable handling qualities database should
azllow the designer to tailor a new vehicle's handling qualities to potential tasks before first
fiight. The required level of model accuracy however, 1s likely to result in lncreased model
complexlty and order, generally to the extent that a slmple, interpretative understanding of the
dynamic characteristics of concern is no longer avallable. 1In addition, the current handling
guallities database 1s sparse and incomplete. This Paper addresses the dual aims of model
simplification and verification. The results are placed In the context of the proposed
revisions!,? to the MIL-H-8501A handling gualities specification. Broadly, the use of the
equivalent systems concept as an analytieal tool for understanding complex helicopter mathemat-
ical modelling problems is examined. Corresponding models are derived from open-loop flight-
testing, both to verify the theoretical medel {in this case RAE's 12 degree-of-freedom (DOF)
HELISTAB model%), as an equivalent system, and to provide simple, accurate models of the heli-
copter for off-line simulation studies. A demanding piiot-in-the-loop tracking task has been
developed to generate a database of handling qualities results, which 15 used with the vehicle
models to explore the applicability of preoposed bandwidth criteria, Fig 1, specifiled in the pro-
posed revisions of MIL-H-8501A, The analysls has concentrated on the short-period pltch response
of a typlcal articulated rotor helicopter, the Puma, Fig 2. Additional complementary material
from the recently initiated flight research program on the RAE Bedford Lynx hellcopter, Fig 3, is
also included to highlight differences in the flight dynamie behaviour of hingeless and articu-
lated rotor helicopters.

2 SYNTHESLS QF REDUCED ORDER MODELS

The need to model rotorcraft in reduced form 1s particeunlarly acute since, quite apart from
facets of thelr behavliour such as non-linearity, the vehlcle's respense to dilsturbances 1is
complex, multi-modal, cross—coupled and either inherently unstable (in unaugmented form), or
governed to a significant extent by a sophisticated stabilisation system. All of these features
clioud insigh%t into a fundamental understanding of flight behaviour. An additlonal complicating
factor is that to extend the frequency range over which a helicopter flight mechanics model is
representative, rotor flapping dynamics need %o be incorporated. As well as inecreased model
order and hence complexity (which will therefore reduce any insight even further) this results in
stabllity and control derivatives (such as Mq » piteh rate damping and Mpjs , pitch moment per
unit longitudinal cyeclic control input) losing thelr conventional meaning. The Mq and Mgs
derlvatives for example, still contribute to pitceh damping and control moment, but tell only pars
of the overall story. Due attention has fo be paid to flapping per unit control, and moment per
unit flapping derivatives. It is one of the modelling objectives of this Paper %o show that such
high order mathematical descripticns of conventional singlie main and tail rotor helicopters, as
well as models derived from flight-test, can be reduced or equivalenced by models of in this
cage, the conventional form for shert-period plteh motion, In dolng so, the traditional
interpretation placed on stability and control parameters by flight dynamiclists and test pllots
allke, 1s restored.

The model reduction, or in the case of the flight-derived models, parameterisation, is
accomplished in the frequency domalin by choosing the parameters in the reduced order model struc-
ture such that this model's frequency response matches (or equivalences) that of the full system
or flight result. This matching is performed numericaliy as a leasfi-sguares minimisation
problem. If

ny(S) = ny(S)F{S) (1)

'
then the reduced order model fregquency response ny(s) identically matches that of the full
system or flight result ny(s) if

|5(s) | = 1; /R(s) = o0 (2)

over all w : w] € & € @ . Substituting iw for s , equation (1} can be rewritten as

| Gxy (o) |

[P | = oyt |+ FG = Loxy(e) = Loxy(w (3)

and defining the cost function to be minimized as

o iy
1oy (] Tla) | - 1)2 4 W (/R 2] ()

w= ]

then it can be seen that as J » 0 (0 being the minimum that a least-squares minimisation seeks
to achieve)
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| F(w) |- 150 = | Fw) |+ 1= Gxyla)] +|axylw |

1 (5)
[F(w) » 0 => Zny(w) + szy(w)

Welghting terms W and wp are Iincluded so that some control can be exercised over solutions
with significant mismatch between actual and equivalent freguency responses. In thils Paper,
incidence and piteh rate frequency responses are simultanecusly matched, since if the incidence
and pitech rate responses can be modelled in 'classical' short-period form, then thelr transfer
functions share a common denominator, Simultaneous equivalencing of j frequency responses
renders equation (4) in vector form, viz

W=y
7= X (Mg (| B |- 2)2 + Hp(/E(w) 2] (6)

w=aw)

where Eg and Ep are j-element row vecters of welghts, and F 1s a j-element column vector of
the mismatch freguency responses. For theoretical models such as RAE's HELISTAB, which can be
represented in linearised state-space form as

¥ = Ax + Bu (7

the frequency response matrix G , containing the relevant elements Gxy 1s calculated explicity
from
Re(G) = -A(AZ + 1u2)"1p
. (8)
~w(A2 + Iwz}HlB

Im(Q)

Detalls assoclated with the calculation of equivalent systems by the method outlined above are
contained 1n Ref 5. In particular, models given by equation (7) that possess unstable modes can
still be equivalenced by frequency response matching: a modal decomposltion technique is pres-
ented in Ref 5 that allows the model to be splilit into a sum of a stable modes subsystem and an
unstable modes subsystem, even for strongly coupled systems. The eguivalencing is then performed
on the former, the resulting reduced model being recomblned with the unstable modes subsystem.
Resulting models may typleally be of 3rd or 4th order, but this is considerably more manageable
than a l4th order, 12 DOF model. In any case, if the resulting model is to be used to predict
transient response to control inputs, the modal deccmposition can be used to highlight the
contribution of the unstable modes to the total response over the time range of lnterest.
Judgement can then be used to decide if the unstable modes make a significant enocugh contribution
to the response to merit inclusion in the reduced model. None of the 12 DOF Puma models reduced
in thls Paper possess any unstable modes.

Frequency responses from flight data are obtained using time serles analysis techniques.
It is not proposed in this Paper to explore the detall of this approach for system identili-
cation; readers unfamiliar wlth this field are referred fo texts such as Refs 6 and 7, which
provide both a good introduction to this area, as well as a comprehensive coverage of it. In
outline however, power spectral density functions of the input and output measurements, Gxx{w}

and ny(m) respectively, together with the complex-valued cross-spectral fungtion
Byy(a) = clay + 1d(w)

are used ta calculate the input-output coherency functilon

) | ny(w)l 2
(o) = (10)
e Byx(0)yy(w)

which is important as i1t gives a direct guantitative measure of the frequency range across which
the derived model is linear., System galn and phase are glven respectively by

| Gxy (w) |

. _.glw)
] ﬁxy(m}| = s MMyyle) = cos-l( . (11}

Gxx(u) | Gxy(e) |
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There is considerable scope for the use of englneering judgement in the application of time
series analysis methods, to vary the appearance of the resulting frequency response, and its
apparent linearity (the coherency function). The iterative appreach taken %o obtain the resuits
presented in this Paper is outlined in Ref 8. The widely-published work of Tischler®-1! serves
to emphasise the effilcacy of time series analysls methods for 1dentifying XV-15 tilt-rotor
aircraft response characteristics. More recently, their applicability to conventional single
main and tail roter helicopters has also been demonstrated®,12,

Now the conventional form for the shorf-period approximation medel structure is given in
state-space form as

.

7
]
Q

Zq o Zn}_s
= + nlg » (12}

e

MG Mq q MT]].S

In transfer funetion form, thils model structure glves

g - & 8 - ¢

= a . q
s T Inyg 7 > ns = MpT2 3 (13)
8¢ + 2gups + op 8 + 2zuns + wn

and the normal acceleration transfer funetion ls {(since ng = Vpq - &, and w = Vpa)

2
= +ans+bn

s n s + 2guns v owp

. (14)

To ezch transfer function is added a pure time delay term e~ T8 , {o capture high frequency phase
effects such as those due to actuation and rotor flapping dynamles. The model structures given

1
in equations (13) and (14), together with thelr respective delay terms, form the Ggy used in
the equivalencing procedure described previcusly.

3 REDUCTION OF THEQRETICAL MODELS

Flg U4 presents a comparison of short-period motion variable frequency responses calculated
for a 12 DOF model of the Puma at 60 kn, with those of the reduced order model syntheslsed as
described in the previous section. The matching has been performed over the frequency interval
of 0.1-1.0 Hz (0.628-6.28 rad/s), and 1t can be seen that the equivalent, or reduced model, 1s an
excellent match in thils frequency range. Gain and phase characteristics are both accurately
represented in the reductlon; in particular, the equivalent system captures the non-minimum phase
characteristic of the vertiecal velocity {incidence) response %o longitudinal eyellic, and the
"poll-off' af high freguency in the pitch rate response, caused by the rotor flapping dynamics.
The applicabiilty of this model for predlicting short-period transient response to multi-step
inputs of longitudiral cyclic is shown in Flg 5. The doublet inputs and thelr corresponding fre-
quency content are shown in Fig %a., It is clear that the degree of fidellty offered by the
reduced model is more than adequate for capturing the transient response to cgyelle inputs given
by the 12 DOF description. The use of the equivalent delay term allows fthe reduced order model
to capture the lagged effect on pitch rate response caused by the incorporaticn of 2nd order
flapping dynamics in the 12 DOF model.

Figs 6 and 7 illustrate the corresponding results to Figs 4 and 5 for the 120 kn flight
condltion, and confirm the applicability of the model reducticon for matching the 12 DOF model
freguency response characteristics, and time domaln transient response. Note from Fig 6 however,
an additional feature of the helicopter's response around 0.1% Hz (1.0 rad/s): the resonant peak
in each gain response, and corresponding changes in the phase responses, occeurs as a consequence
of the dutg¢h roll mode {which cross-couples into the pliching response in the Puma) becoming
increasingly lightly damped as speed is increased. This multi-modal characteristic of the heli-
copter's response 1s alsoc present in the 60 kn result, but the dutch roll mode 1s much more
heavily damped at this speed. The result is that the total freguency response looks much more
like a 2nd order system, and hence the model structure given by equation (13) can accurately
mimic the 12 DOF model frequency response. For the 120 kn model, a Hth order model structure
vwould need to be used to capture the detall effects of the lightly damped dutch roll mode around
1 rad/s. However, the reduced, equivalent model derived is the 'best' (in z least-squares sense)
2nd order approximation, and the time domaln 'verificatlon' results shown in Fig 7 indicate that
the resuiting low frequency mismatch is not significant encugh to adversely effect the predictive
quality of the equivalent.

The modal decomposition technique desecribed in the previous section as a means of
splitting unstakle systems into sbable and unstable parts, has been used te separate the mode
recognlsable as being of classical short-period form, from the total system frequency response,
FMig 8. This has been done to emphasise that the model reduction by equlvalencing is not Hrivial,
in the sense that a 2nd order model structure has been used to match a system that is intrin-
sically 2nd order in nature. It 1s quite obvlious that the short-perliod mode contributes only
partly to the total response Iin each of the states that are considered to characterise
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short-period pitching motion. This figure ewmphasises that the short-period piteh response to
longitudinal cyeclie inputs is truly multi-mcodal in nature, and therefore the reduced order models
progduced are Indeed egquivalent systems. The model parameter setb

{6w §g & wn v Tg Zels Mels}
and resulting stabllity derivatives
[Zu 2q My Mq]

are therefore equivalent or effective parameters and derivatives only, and do not necessarily
equate to corresponding stabllity and control derivatives to be found in the full equations of
metion. The ilmpliecations of this fact are further discussed in section 8 of the Paper.

Reduced order models of normal acceleration response to cyelle inputs, in the form of
equation {(14), are compared with the corresponding 12 DOF model frequency responses for the 60
and 120 kn flight conditions in Figs 9 and 10 respectlvely. The quality of each mateh is com-
parable with those obtalned for the vertical velcelty and pitch rate responses, and cnce again
the lightly damped dutch roll mode manifests ltself quite obviously in the 120 kn case.
Nonetheless, the equivalent systems accurately capture the form of each 12 DOF model normal
acceleration frequency response, includlng the trough in gailn around 0.5 Hz (3.0 rad/s), and the
accompanylng rapid change in phase. 7This characteristic is caused by the two contributions to

normal aceceleration, namely centripetal (given by Vpqg ) and translational (w) being of similar
magnitude, but around 180° out of phase. The equivalent systems can also be seen to accurately
model the transient response to a 2 5 period doublet input, Fig 11, at both 60 and 120 kn,

The fact that the model structures given by equatlions (13) and (14} can be used $o capture
shopt-period piteh and normal acceleration response characteristics, indicates that these motions
manifest themselves In a classical form. This is desplite the fact that the response is multi-
modal in nature, wlth longitudinal components of the duteh roll mode contributing substantially
to the short-period piltch motion.

Yy DERIVATION OF MCDELS FRCM IFLIGHT EXPERIMENTS

This section highlights some results obtained in the derivation of models from flight,
that correspond to those derived theoretically. This is for the purposes of verifying the
theoretical 12 DOF models, as will be described in section 5. In addition, models are derived
from data obtained when the Puma was flown with the augmentation system engaged. This is to
explore the applicability of model structures glven by edquations (13) and (14%) for characterising
short-period response with the augmentation system engaged, since this contributes nonlinearlty
(as will be shown), increases the complexity of the aircraft behaviour and also increases the
order of the response to control inputs. Models of the Lynx helicopter are alsc derived.

Table 1 summarises flight and alrcraft conditlon test polnts for which models have been
syntheslised.

4.1 Aireraft descripfion and fiight test technique

The Puma, Fig 2, has been the principal fiight research helicopter at RAE Bedford for many
years, and although an early development batch alrcraft, is in most respects ldentical to the
variant currently operated by the RAF and French ALAT. The RAE vehicle dces however, have metal
rather than composite main rotor blades, which gives the rotor lower solidity than current pro-
duction counterparts. Blade flap lnertia 1s additionally a few percent more than the composite
blade, although flapping hinge offset remains the same as production aircraft at 3.8% of rotor
radius., The aircrafft is powered by two Turmo III Cl turboshafts, but lacks the polyvalent air
intake filters fitted to many Pumas, and which are known to have some impact on the lateral-
directional dynamics. Tests were flown with the fully retractable tricycle landing gear in the
retracted position. The helicopter 1s fully instrumented with air data sensors, two gyro and
accelerometer packs, blade rooct motion sensors and a set of health menitoring strain gauges.
Ballast trays are fitted forward and aft of the datum centre-of-mass locatlon, each capable of
carrying over 500 kg of ballast. The stablility augmentation sysftem fitfed to the helicopter pro-
vides rate damping in pitch, roll and yaw, wlth attitude hold in pltch and roll, heading and
height hold, and turn coordination; it 1s nonetheless a low-galn, limited authority system.

The Lynx, Fig 3, forms the successor to the Puma as RAE Bedford's flight research heli-
copter. This alrcraft has 2 hingeless main rotor (in Tlap and lag degrees of freedom), glving an
equivalent flapping hinge coffset of 13%. The helicopter is powered by Gem Mk 203 turboshafts,
and having only recently commenced experimental fiying, possesses only a basic instrumentation
£fit, The alrecraft is fitted with automatic stabllisatlion equipment and a Computer Acceleration
Contrel {(CAC) device. The former device utilises rate and attitude information in pitch, roll
and yaw for stabilisation and attitude held, provides helight hold through cellective and heading
hold through the tall rotor. The latter device utilises normal acceleration signals driving the
collective for additional piteh stabilisation, and a lateral acceleration signal driving the tall
rofor for additional yaw stabilisation.

The test technique involved the pilot establlishing the aircraft in a steady trim at the
desired test condifion, and then performing a variable freguency quasi-sinusoidal control input
using the longitudinal cyelie stick, all other controls remaining fixed. This technique has been
wldely reported in the literature as having been applied to the testing of several different
types of rotorcraft8-12, The flight test observer calls timings to the pllot to establish the
'shape' of the resulting input, and the pilot can adjust input size so that perturbations from
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trim remain within a prescribed range. The nominal peak cycle frequency is 2 Hz (12.5 rad/s),
although observer counting stops after the input with a 4 s (0.25 Hz)} period, since it has been
found that the high levels of concentration required by the pilot at frequencies higher than
this, can otherwlse be disrupted. The literabure indlicates that outside RAE, it 1s established
practice to choose the lowest cycle period as 24 s {0.0b4 Hz, 0.26 rad/s), with succeeding cycle
periods being half the preceding one. At RAE, the 24 second perlod is the lowest, but succeeding
cycle perlods are U seconds less than the preceding one. This approach has been developed for
two preasons; flrstly, halving the input frequency results in a very rapid build-up to the high
frequency part of the sweep which the pilot reported as being too fast and degraded the guality
of the input at the intermedlate-to-high frequencies., Reduelng the input cycle period by 4
seconds each tilme resulted in a much more gradual, conftrollable and comfortable build-up to the
high frequency porticn of the sweep. Secondly, the frequency content of these sweeps 1s such
that data from a single sweep can be used in the modelling process. It has been reported
elsewhere?, that concatenation of multiple runs may be required %o provide a sufficient number of
averages of the data, and acceptable input-output coherency. This has beer found not to be the
case with the results glven in this Paper.

Measurements of control input and aircraft response from a typlcal sweep (flown at 60 kn
with the cg aft of datum) are shown in Fig 12. The freguency content of this particular control
input is given in Filg 13, where 1t can be seen that the spectrum is fairiy even over most of the
frequency range of c¢oncern teo the modelling described in this Paper - 0.1-1.0 Hz
(0.628-6.28 rad/s). Beyond this up to 1.6 Hz (10 rad/s), the power in the input diminishes cnly
8ligntly. Not shown in Fig 12 beyoend 120 seconds 1s a return to trim followed by a control
doublet input. This 1s done to provide gata for the verification of the model derived from the
freguency sweep, with an input type dissimilar to that used in the identification process.
Although RAE possesses a broad database of Puma response to multi-step inputs gathered over many
years, 1t has become standard practice tc complete each sweep with a doudblet input of chosen
amplitude and duration., This data is then directly relevant to the wehicle configuration and
test conditlons,

4.2 Synthesls of flight-derived models

For the purposes of lllustration, the modeiling of the Puma relevant to the measurements
shown 1n Fig 12 is used as typical of the results obtained with this aircraft. This configur-
atlon is one of the augmentation engaged runs. Flg ila&b shows the inecldence and pitch rate to
longitudinal cycilie frequency responses derived using time series analysis techniques, together
with the relevant input-output coherency functions. The frequency response of the equivalent
system f1t is alsc shown on these figures., There are several polnts worthy of note. Firstly,
the form of the frequency responses is very similar to those glven by the 12 DOF HELISTAB model;
secondly, the equivalent system match is very good over the freguency range of interest,
0.1-1.0 Hz (0.628-6.28 prad/s). Thirdly, the coherency funetions show that confidence in the
linearity of the incldence model diminishes rapidly below about 0.1 Hz (0.628 rad/s), but is
maintained down t¢ abeout 0.015 Hz (0.09 rad/s) for the pitch rate model. It can be concluded
therefore that over the 0.1~1.0 Hz frequency range, the augmented Puma exhibits 'classlcal!
short-peried pltch response to eyclic inputs. Although the flight-derived pltch rate to cyeclice
frequency response 1s acceptably linear below 0.1 Hz, the growing mismatech between it and the
equivalent system f£it indicates that below this frequency, the response characteristics cannoft be
represented 1ln classical short-period form. Note alsc from the pitch rate coherency function,
the noticeable 'step down' below 0.25 Hz (1.5 rad/s). This feature 1s found to be common to all
Puma configurations flown with augmentation engaged, and is associated with nonlinear behaviour
of the augmentatlon system. This aspect will be returned to in section 6 of the Paper.

The corresponding normal acceleration modelling 1is shown in Flg 15. Once again, note the
quality of the equivalent system match, particularly in galn, and the overall similarity of the
freguency response with that of the 12 DOF HELISTAB representation of the Puma. The trough in
gain however, 18 much sharper and steeper than in HELISTAB (as seen in Figs 9 and 10), and
associated with 1t 1s a relatively broad - over 0.15 Hz (1.0 rad/s)} - trough in coherency. The
physical reason for the trough in galn and rapld change in phase 1s given in section 3, the
reason for the trough in coherency 1s a consequence of the response shown by the galn result
around 0.5 Hz (3.1 rad/s}. The aircraft normal aceceleration response at this frequency 1s negli-
gible and as a result the accelerometer signal is dominated by noise and not by the (otherwise
linear) process. This normal acceleration result is expliored in Ref 8 where it is demonstrated
that use of & higher resolution window ean improve the quality of the model. The spectral analy-
3ls procedure used to produce Fig 15, whille acceptable for piteh rate and incidence models, 1s
not optimised to show the exact shape of the dip in the normal acceleration result. Fig 16
shows the same data analysed using a2 modified analysis procedure which produces a better defi-
nition of the form of the dip.¥ Note that although the trough in coherency is still sharp and
deep, it is much less wide than the result shown in Fig 15 and reaches down to a value of 0.1
instead of 0.0. The frequency response itself is subtly different; the gain trough is not so
deep, and the phase response indlcates a true non-minlmum phase characteristlic with crossover at
-180° to +180°, unlike %the result given in Flg 15, where there is simply & very rapid change in
phase, rather like the theoretical model result shown in Pigs 9 and 10, Note also that the
mismateh in phase is much less at the higher freguencles in Pig 16. Table 2 compares the equilv-
alent model parameters relevant to the results shown in Figs 15 and 16. Although the changes in
the parameters are slight, the change in a, emphasises the different nature of the phase
response between the result shown in Fig 15 and that shown in Fig 16, the negative value being
indicative of equivalent system zeros in the right-half (unstable) plane of the root loecus, as
opposed to the left-half (stable). The models derived from results obtalned with the latter,
optimised window, are used as the definitive characterisations of Puma short-period normal
acceleration.

¥ Fig 15 produced using Parzen (cosine) window with bandwidth of 0.002414 Hz
Pig 16 produced using Daniell (rectangular) windew with bandwidth of 0.,000977 Hz
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Examples of model verification in the time domain, using doublet inputs, is shown in
Fig 17a~c. Such verification is important to establish the correctness of the synthesised
models, and their appropriateness and range of applicabilliity for use in an offline simulation.
It can be seen for the examples shown in Fig 17, that the models more than adequately capture the
response measured 1n flight. Although these cases are typical of that found for the other
models, those shown in Fig 17 have been chosen because they can be used collectively to explore
the lilnearity of the Puma's response with respect to input magnitude, direction, rate of appli-
cation, frequency content and aircraft configuration. The examples shown cover alil of these
aspects, and only Fig 17c reveals some evidence of non-linearity. This case is for flight at
100 kn, mid centre-of-mass locatlon and augmentation dlsengaged. Althcugh the model accurately
predicts the incidence response, and the overall form and salient features of the pitch rate and
normal acceleration responses, it falls to capture the magnitude of the second peak in piteh
rate, the magnitude of the following response for about 0.7% second, and the corresponding
features in the normal acceleration response. The freguency content of the Input shown in
Fig 17¢ is well within the upper limit of the modelling frequency range, and although the magni-
tude of the input and the resulting response is large enough to suggest non-~linearity through
amplitude-dependent effects, the results shown in Fig 17a have simllar input and response magnl-
tudes, and the model in this case accurately predicts the helicopter's behaviour over the entire
time interval. The input shown 1in Fig 17c does however, have a very high rate of application,
and it 1is quite likely that actuator rate limlits are being met, rather than the response charac-
teristics to longitudinal cyclic piteh inputs themselves becoming nonlinear.

Fig 18 compares the equivalent model parameters for the augmented and unaugmented con-
figurations, which shows that the dominant effect of the augmentation system 1s on the eguivalent
damping ratio and natural frequency. Note alsc from this figure that the augmentation system has
the effect of slightly increasing the two equivalent delays. The equivalent delay in piteh rate
is on average a very substantlial 200 ms for all configurations. The Puma's actuation system has
been ldentified elsewhere® as

81s = 0.00454e=-0.1065,, (15)

indicating that half the eguivalent delay in pitch rate is due to the actuation system, and half
due to rotor dynamlcs. That this latter contributlion is substantial is due in no small part to
the fact that the Puma's normal rotor operating speed is a relatively slow 265 rev/min. The
nature of the piteh rate delay to cyelic inputs 1s fully investigated 1n Ref 5, where it is shown
that in addition, centre-of-mass location, relative to the line of action of the rotor Z-force,
can significantly alter thls delay term. This is because increasingly forward centre-of-mass
tends to make the pitch rate response to ecyelle inputs increasingly non-minimum phase in nature.

To complete this section of the Paper, Figs 19 and 20 summarise comparable modelling
results for the Lynx helicopter, to those given previously for the Puma. ¥Fig 19 shows the fre-
quency sweep Input in longitudinal cyclic, anéd the corresponding response in piteh rate and nor-
mal acceleration (there is no provision for inecldence measurement on the Lynx as yet, and i% has
to be derlved using rate and accelerometer data). PFig 20 shows that the Lynx pitch rate response
to cyelle, like the Puma, exhibilts 'classlcal'! short—-period motion form (since this helicopter’'s
response characteristics can be captured by the model structure shown 1n equation (13)). The
coherency function indicates that the Lynx pltch rate response to cyclic 1s essentially linear
over most of the frequency range shown, certainly down to about 0.02 Hz (0.125 rad/s). However
1ike the Puma, this response can only be characterised as being of 'elassical' short-period form
down to 0.1 Hz (0.628 rad/s), as can be seen by the growing mismatch with the equivalent system
below this frequency. Comparison of the frequency response shown in Fig 20 with that shown in
Fig 14b highlights difference between hingeless and articulated rotoreraft piteh response
characteristics,

5 COMPARISON QF THEORY WITH EXPERIMENT

The preceding two secticns have demonstrated that both high order descriptions of conven-—
tional rotorceraft, and actual flight behaviour can be represented in the conventional classical
short-period form, with added time delays to accommodate high frequency phase effects.
Verification of the theoretical model 1s addressed in this Paper by comparing the respective
models' equivalent parameter sets

{ow 8q T wn tw g Zeyg Moygl »

as shown in Fig 21 for pitch models of the Puma. It is felt that such comparison gives more of a
physical insight and allows easler interpretation of theoretical model inadeguacies than com-~
parison of time or frequency response. Table 3 shows a typical comparison of theory (an early
version of HELISTAB) with experiment, for the Puma unaugmented at B0 kn. This shows an M,

{or My ) deficiency in the theoretical model, if the parameters I{g wy} are considered. While
the theoretical model would appear to underestimate ¢ and overestimate wy , note that it
acecurately prediets equivalent total damping, given by the product of these two parameters.
Therefore the egulvalent stabillty derilvatives 2y and Mg are gquite likely to be accurately
captured since

20w0n = By - Mg - (186)

Given that this is indeed the case, the inadequacy in wn , which 1s related to the equivalent
derivatives by

2
wn = Myl - Zylig (17)
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1s due to an My~-type or Z25-type deficlency. MNow Zq—type effects are dominated by the speed Vp ,
but the earlier verslon og HELISTAB lacks a main rotor wake-horizontal tallplane impingement
model, an aerodynamic interference effect knewn to make My more positive. Such an effect
improves the inadequacy shown in Table 3. The comparisons glven in Fig 21 are for egulvalent
systems of 12 DOF models that have been modified to incorporate a model of main rotor wake-
horizontal tailplane interference. It can now be seen that apart from the equivalent parameters
Sy and Zals , which show considerable disagreement, the theoretlecal model is a falrly

accurate representation of the Puma's behaviour measured in flight. The theoretical model's
inadequacy In &y and g1 15 as yet unresolved, although the fact that the theoretlcal values

appear to be simply shifted relative tc the experimental results could indicate that this may
have a relatively stralghtforward explanation. The theoretical model also falls to predict the
trend In ¢ and w; with lncreasing speed, particularly abeove 100 kn, but is accurately pre-
diets eguivalent pitching moment per unit control, the piteh rate zero and the effective piltch
rate time delay throughout the speed range shown.

Fig 22 compares theoretically and experimentally derived normal acceleration parameters
an » bpn 2p , and 1t can be seen that they are accurately predlcted by the theoretical model.
The equivalent term Z, 1s important from the model verification standpoint, particularly in
relation to the 74 result shown in %the preceding figure. This is because if the normal
acceleration model aﬁcurately captures the response to step inputs (as they are shown to do in
Fig 17) then Z, 1s a very good estimate of the actual (not egquivalent) Zpy, [found in the full
vehicle equations of motion. The evidence in Flg 22 i1s that the theoretical thodel provides a
very good estimate of the real Zels .

6 FURTHER ASPECTS OF VEHICLE MODELLING

Although up t1ill this point in the Paper the emphasis has been on the preduction of
alrcraft models that can be used to prediet aircraft behaviour -~ what can be called quantitative
modelling - the input-output coherency functions do however, add te the picture of alrecraft
behaviour characteristices, and in a qualitative sense complete the plcture of aireraft behaviour
given by the parameterised (or quantitative) models. Fig 23 for example shows the incldence and
pitch rate to cycliic coherency functlons for both augmented and unaugmented Puma configurations
at 80 kn. Between 0.15 and 0.50 Hz (1.0 to 3.0 rad/s), the coherencies for the unaugmented con-
figuration are higher (in fact very close to 1) than for the augmented configuration, which
diaplay a distinctive 'step down' below 0.5 Hz (3.0 rad/s). Thls dlp in coherency 1s due to
nonlinear augmentation system behaviour. The attitude loop in the augmentation system is discon-
nected when force sensing links detect that the stick 1s beilng moved from trim. This trim range
Is falrly wlde so that for the low frequency part of the frequency sweeps, the sttitude signal is
reconnected for relatively long periods of time as the eyclic stiek 1is moved forward and back
through trim. The coherency functions quantify the extent to which this behaviour is nonlinear
(by the magnltude at particular freguencles), and the frequency range across which 1t manlfests
itself as a noticeable nonlinearity.

The Lynx flight control system alsc exhlblts nonlinear behaviour that has similar effects
on the modelling (cbservable through the coherency functlon) as those for the Puma, although the
nature of the nonlinearities is quite different. Inspection of the plteh rate and longiftudinal
cyelle time histories gliven on Fig 19 reveals a pitch rate oscllilation superimposed on the
overall perturbation in pitch rate that appears uncorrelated with the input. This oscillation is
a known feature of the Lynx behaviour (which does not impinge adversely on the vehicle's handling
qualities) and has a perlod of approximately 1.75 s (0.6 Hz, 3.6 rad/s); & dip in the plteh rate
to cyelie coherency function can be observed on Fig 20 around this fregquency. This dip 1s about
0.15 Hz (1 rad/s) wide, but in magnitude 1s relatively small, Ilndicating that this aspect of Lynx
behaviour has a small ilmpact on the overall modelling of the short-pericd piteh axis dynamics.

Finally the CAC behaviour has a limiting impact on the synthesis of normal acceleration to
cyelic models, as can be seen from the coherency function, Fig 24, While the model is acceptably
linear up to 0.5 Hz (3 rad/s), above this it can be seen that the coherency function questions
the linearity of any derlved normal acceleration te cyclice freguency response. Indeed the fre-
quency response itself has a similar appearance %o the coherency function above 0.5 Hz (3 rad/s).

7 HANDLING QUALITIES

Helicopters, in common with all other alrcraft, can suffer from a plethora of handling
difficulties, that can manifest themselves in many ways and have root causes that are subfle in
nature. It is because of this that a comprehensive specification that can be used for design,
compliance demonstration and prediction (such as that proposed in Ref 1) needs to have individual
criteria that address particular aspects of handling qualities. In this Paper the bandwidth eri-
teria proposed for establlshing handling qualities pertaining to tasks that requlre small ampli-
tude attitude changes, is examined. The proposed criteria, as shown in initial (delay-bandwidth)
and revised (phase slope-bandwidth) form in Fig 1, is designed to protect against PIO, and assure
Level 1 (satisfactory) handling qualities (if complied with) in aggressive high-gain compensatory
attlitude tracking tasks. This sectlon of the Paper addresses the appropriateness and correctness
of these proposed criteria. The experimentally-derived models of the Puma and Lynx have been
used to characterise each alrcraft in terms of the proposed criteria.

7.1 Flight-testing for handling qualiltiles

The requirements of any flight-test technlgue for handliing qualities 1lnclude repeatability
consistency and relevancy - relevant both to the nature of helicopter operation, ang the criteria
under investigation. Conslstency and repeatability 1is required to ensure that different pilots
are performing neminally the same experiment. Relevancy %o the nature of helicopter operatlon
points towards the use of role-related experliments, ie tasks that can and do form elements of a
typlcal mission. Helevancy to the criteria requlires that the helicopter be flown in such a way
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that the handling deficienciles which the glven criteria are designed to highlight, do in fact
manifest themselves. Evaluation of a one-on-one, alr-to-air pitch tracking task in the vertlical
plane only, as a role-related task, proved difficult %o the point of being unworkable. This task
was more akin to a pursulf, rather than compensatory fype, with very large speed and attitude
perturbations, and proved to be nelther repeatable, consistent, nor did it highlight the
deficiencies that bandwilidth eriteria 1s designed to de. The task ultimately developed was a
stylised pltch tracking %ask, where the pllots were required tc track (using the attitude indi-
cator) attltude cues called by the flight-test observer, Table 4. These cues have been designed
s that theipr mean is approximately zerc, and that the aircralft does not stray toe far from the
trim condltion, with commanded attitude excursions limited to #7.5°. The cues are not strictly
random in nature, having been selected at 3 second intervals from a time hlstory constructed from
a sum of five equi-amplitude sine waves of wvarying frequency. The task is flexible, c¢linical and
repeatable, and the cues can be designed 6o produce plloting control strategy that exposes latent
pilot=induced-oscillation (PI0) tendencies. The resulting data is of a type amenable to analysis
by spectral techniques (like the frequency sweeps) and the length of each run (typically up to

2 minutes) ensures that deficlencies and their nature are brought into focus for the test pilot.
Heffleyl3 has reported use of a similar task in simulator studies of roll control, the task in
this case implemented by means of roll cues presented on a head-up display.

7.2 Handling qualities results

Four test pllots took part in the handling gualities evaluations, thelr backgrounds
varying between assault, supporti and utility/anti-tank flying, and experience on the Puma varying
from 6 to 200 hours. The formal evaluations have all been carried out using the Puma - Lynx
characterisations are included for compariscn only.

Filg 25 shows longitudinal control input, pltch rate, plteh attitude and air-speed pertur-
bations from one run flown by ohe of the pllots at BO kn with the augmentation system engaged.
Note that for a task that requires pesk attitude perturbations of *7.5", the rates and attitudes
achieved are as high as 20°/second and 10° respectively, testifying to the task aggressiveness
and to some extent the inherent vehicle deficiencies in relatlon to this task. The Puma of
course as a support helicopter, was not designed for such usage operationally, and accordingly
any deficlenclies in relation to the plteh tracking task are not appropriate to the operationally
flown alircraft. The attitude time history in particular clearly shows the overshoot charac-
teristics perceived by the pllots as giving rise to a percelved degradation in task performance.
This was caused by apparent overcontrol as a consequence of the large equivalent $time delay in
piteh. Control input autospectra for all four pilots is given in Fig 26, where it can be seen
that the task is repeatable and consistent (from the point of view of appiied conirel strategy),
and that the pilot 1s exerecising control agpgressively enough to required inputs at a fairly high
frequency, which 15 necessary for exposing latent PIO tendencles. Flg 27 shows the Puma charac-—
terisation in terms of bandwidth eriteria proposed in Ref 1, and the version proposed in Ref 2 %o
supercede 1t. TFor the reader unfamiliar with Refs 1 and 2, it 1s pertinent at this stage to
explain what bandwid&h 1s, and how 1t 1is calculated. The alrcraft bandwidth is that frequency
whilch 1s some specified stabillty marglin away from the attitude-to-contreller phase response
erossover Prequency. Closed-loop contrel by the pllot at frequencies above the bandwidth fre-
gquency will start te degrade handling gqualities as the pilot moves inte the region of PID;
increasing pilet gain will degrade closed-loop tracking performance until the closed-loop pllote-
vehicle system goes unstable. The stabllity margins specified in Refs 1 and 2 are 45° in phase
or 6 dB in gain. There is evidence to suggest!% that for the experlments conducted as part of
the studies described in this Paper, the pllots operated to phase as opposed %o gain stabillty
margins; accordingly gain-limited bandwidth will not be considered further. Pllot ratings of
handling qualities were returned using the Cooper-Harperl$ scale, and the averaged over the
four plilots 1s shown next €o each configurationfs location in Pig 27. Average pilet ratings and
correspending standard deviation bounds are used simply because in this case they are convenlent
statistical measures of the collective assessments of the individual pilots. Note that two con-
figurations are absent from these diagrams; they are unaugmented configurations whose projected
bandwildth is at such a low frequency that they cannot bhe assessed because of a lack of confidence
(as indicated by the respective coherency functions) in the modelling in this reglion. I% can be
seen that the pllet ratings 4o in fact display only limited correlatlon with the handling qual-
ities predlceted by these dlagrams. Por example, the unaugmented configurations are not rated
nearly so badly by the pilots, and the augmented configurations are assessed firmly as Level 2
(acceptable), although on the diagrams they appear marginal Level 1 to 2. HNote the improvement
in the handling quallties ratings given by the pilots when the aircraft centre-of-mass is moved
forwards, and the equivalent time delay is reduced by arcund %0 ms. 7The relatively large equiv-
alent delay of arocund 200 ms has been commented on by all participating alrcrew repeatedly as
being intrusive and contributing significantly to the degradation 1n the augmented configur-
ation's rating from Level 1 to Level 2. To explore the inadequacies and appropriateness of the
proposed criteria, Flg 28 shows the variatlon in pllot rating with bandwidth and phase slope.
Note firstly that there is a Fairly broad range of bandwidths (about 1 rad/s) over which the
pllot rating does not change. These locaticns lie in that area of the criterla dlagrams where
such a variation in bandwidth is predicted to vary the handling qualities from Level 1 to
Level 2. Secondly, note that over a subsiantial range in values of phase slope, the handling
qualities also appear not to vary. For the relevant configurations, the equivalent delays also
vary by an insignificant amount (the equivalent delays are annotated tc the relevant test points
on Fig 28a), and so the 'flat spot'! in vehlele rating with bandwidth cannot be explained by
improvements in phase slope or delay: simllarly the apparent insensitivity of pilot rating with
phase slope cannot be explalned by the reguired variation in bandwidth.

Examples of the 1dentification of pllot control strategy used toc resolve the lnconsist-
encies outlined above, are shown in PFig 2%. Comparisons between the pitch rate to longitudinal
cyelic models of the Puma identified from the frequency sweep (open-loop) data, with those
obtained from the tracking (closed-loop) experiment, are for the 80 kn augmentation engaged con-
figuration. It is clear across which frequency, range, and up to which frequency, the pilots are
required to apply compensation as a consequence of the task demands. This 'peak pilot operating
frequency' has been obtained for each pilot-vehicle combination, and used to caleulate the
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effective phase margins to which each pllot operates. The two configurations with varied centre-
of-mass location are sxcluded from this analysis, since fheir rating is directly influenced by
the variation in the effective gelay, and 1ts perceived effect on handling qualities. For all
the other configurations, the averaged pillot ratings with sfandard deviation bounds, are plotted
against the averaged effecitive phase margins, Fig 30. There is, as to be expected given the
philosophy behind the use of bandwidth as a handling qualities parameter, a gquite obvious
relationship between pilot rating and the proximity %o the phase crossover freguency that the
pllot is required to operate by the task demands {(which is what the effective phame margin is).
The form of this relationshlp too, is as might be expected, that of pilet rating belng degraded
progressively only below a particular phase margin. Fig 30 does however, suggest that this phase
margin is in fact about 30° and not U45°, which 1s the value given in Refs 1 and 2. Note that the
curve drawn through the points on Fig 30 is asymptotic to a pilot rating value of about 4 (ie
Level 2), indlcating that there 1is some effect other than bandwldth degrading the handling qual-
ities. It was indicated previously that pilot rating dees not seem to be affected by phase
slope, but that the pilots repeatedly highlighted what they felt to be excesslve effective delay
in pitch. Two pllots flew the aft centre-of-mass configuration immedlately after Flying the for-
wards loaded configuration, and commented that the effective time delay appeared much less
intrusive, and accordingly rated the alrcraft one pilet rating better, ie now in Level 1. The
difference In effective delay between these two configurations is around 50 ms, and it is ten-
tatively suggested Stherefore that a decrease in pltch axis delay of thls amount 1s sufficient to
improve the pillot ratings by one point. This correlates with fixed-wing experlence and the
apparent level of the asymptote in Fig 30. Combined with the qualitative pllot comments for
these configurations (which emphasised the intrusiveness of the effective delay), the evidence 1is
that the asymptote on Fig 30 lies at a value of 4 because of delay effects.

The results tend to indicate that for the Pama flying the task described, phase slope-
bandwidth ecriteriaz Is neither appropriate nor correct for establishing handling qualities in
small perturbation compensatory tracking tasks. Objective and subjective (pilot-based) analysis
indicates however, that equivalent (phase) delay-bandwidth criteria is appropriate, with the
incorrectness belng resclved in a rational fashion and on a consistent basis. This can clearly
be seen from a perusal of Fig 31, which shows the delay-bandwidth disgram redrawn to incorporate
the results of the analysis outilned above. The Level 1 to 2 boundary has been redrawn to limit
Level 1 handling qualities fo configurations with effective delays less than at least 200 ms, and
with a stability margin of 30° in phase used to establish bandwidth. Use of this margin has the
effect of moving all the points on Fig 27 to the right, to their new locafions as shown on
Fig 31. ¥or the unaugmented configurations, this places all four on the diagram such that there
1s now good correlation between the handling qualities predicted by the criteria glven on Fig 31,
and the actual ratings returned by the pilots. Feor the augmented configurations, they all now
lie 1n a region of the dlagram where the boundaries are such that & variation in bandwldth of
1 rad/s does not imply a varlation in handiing qualities of between Level 1 and Level 2.

The Lynx 1s shown on this diagram to be firmly in the Level 1 zone. Although a full
programme of handling gualities assessment of this alrcraf¢ has only recently got underway,
initial tentative impressions of the Lynx are that for the task described in fthis Paper, the
aireraf’'t does indeed have Level 1 handling qualities. The aircraft response displays no
overshoot when flown aggressively in the tracking task, and it does not dlisplay inecipient PIC
tendencies. Effective delay is still noticeable, but not intrusive to the extent that it can
degrade handling qualities from Level 1 to Level 2.

8 DISCUSSION

The developlng handling qualities specifications are requiring accurate descriptions of
rotorcraft behaviour, because of thelr comprehensiveness and the speclfiec and detalled nature of
the individual criteria that make up these specifications. It 1iIs for this reason that system
identification needs to become an integral element of the handliing gqualities englneer's toolkit.
This is to provide vehicle models in clircumstances where theoretical models have known
deficienclies, and also to allow upgrading of such models t¢ the extent that they can be used with
confidence at the design stage and In compllance demonstration, thus saving on expenslve and
time-consuming flight-testing. Model reductlion to lower order forms also has an important role
to play 1n system identification, in the analysis of handling qualities and in understanding com-—
plex vehlele behaviour. The results in thls Paper have emphasised the applicability of the
equivalent systems approach to problems in helicopter mathematical modelling. Insight into the
flight behaviour characterised by high order descriptions of the helicopter is provided that
would otherwlse be impossible to achleve. An example of thils is the comparison of the flight-
derived equlvalent system parameters with those derived theoretically, that indicated a
deficlency in the static incldence stabllity in the 12 DOF model. Modification of thls model and
subsequent comparlscon with flight tends to verify the nature of this defieliency. This result is
a simple yet practical demcnstration of one of the major alms of any system ldentification exer-
cise. As well as greater insight into, and understanding of inherently complex vehicle charac-
teristics, model reducticn is also lmportant from the handling quali$ies perspective, since it
characterises the vehicle Iin a form familiar to the test pllot. These model parameters relate
directly to pllot-perceived aspects of helicopter behaviour such as damping, contrcl power and
natural frequency. Pllots after all do not 'see' helicopter response as a i2 DOF system, but
more 1n the form of the model structures glven in equations (13) and (14). In this Paper, the
validity and robustness of these flight-derived models has been explored through verification
using multi-step inputs of varying amplitude, direction of application and duration: the models
have been shown to predict the helicopfer's transient response to control inputs. This should be
an essential step In any system identification exerelse; for the cases presented in thls Paper,
1t helps to quantifly the impact of any of the nonlinearities etc, suggested by values of
coherency function less than 1.

With regard to handling qualities, the results given in this Paper suggesf modification of
delay-bandwidth crilteria in two impoertant areas {the Level 1 to 2 boundary and the phase stab-
11ity margin), and indicate that phase slope-bandwidth criterla, as currently formulated, may be
both inappropriate and incorrect. These results must be kept 1ln perspective, since they are
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limited in scope to only four test pllots and one alrcraft type, although this one type does
affer a broad range of location on the relevant diagrams. Nonetheless the analysls that has been
performed does provide a rational and consistent basis for the justificatlon of the concluslons
drawn, and in these berms bthe results are certalnly viable and will provide a suitable basis for
further exploration of bandwidth criteria, notably with the Lynx. A central concern for the
future is the sensitivity of criteria to task type (or more importantly task frequency and pllot
aggresslon), since 1t 1s known that the severlity of the task and the required level of task per—
formance can influence pilot rating. The consequence of this for criteria such as those shown in
Fig 1, is that they are really only appropriate teo the tasks used to develop them; accordingly,
these tasks should represent a 'worst case'. Alternatively some measure of task frequency should
be incorporated into the criterla, so that it becomes applicable to many different types, flying
appropriate tasks. It is hoped to explore and develop these ldeas in the future; the c¢lini-
cality, repeatabllity and degree of control over pllot control strategy offered by the pitch
tracking task described, makes it ideally suited for further investigation of these areas of
development. The use of stylised manoceuvres ln handling gqualities research has been a gdeveloping
area at RAE1S for several years, and the pltch tracking task jolns this sulte of developing
flight assessment and analysis methods.

9 CONCLUSIONS

The results demonstrate the applicabillty of the equivalent systems appreach for charac-
terising fundamentally complex behaviour of conventlconal single main and tail rotor helicopters.
Model identification and reductlion has indicated that the short-period pltching motion of articu-
lated and hingeless votor helicoptera can exhibit classical form, and that higher order (rotor
and actuation) dynamics contribute significantly to the overall control response characteristics
as a delay effect. The Paper questlons the appropriateness and correctness of two proposed
handling qualities criteria based on bandwidth. It is suggested that phase slope-bandwldth
criteria may be lnappropriate for characterising the small amplitude tracking task handling
qualities of helicopters. Evidence is given however, to show that delay-bandwidth criteria are
appropriate. The observed lnadeguacies 1n this case are possibly due %c¢ the application of con-
servative stability margins 1n the calculation of bandwidth, and a Level 1 beundary that ocught to
restrict Level 1 handling qualities to alrcraft with equivalent delays of iess than 200 ms.

NOMENCLATURE

A system matrix

B control matrix

CAC computer acceleration control

DOF degree—of -freedom

r mlsmatch freqguency response

Gxy frequency respense relating input y to output x
Gx; equlvalent system frequency response

G transfer function matrix

Gyx measured x-variable autospectrum

§yy measured y-variable auntospectrum

ﬁxy measured x-y cross spectrum

ﬁxy flight-derived frequenecy response relating input y to output =x
I identity matprix

Im imaginary part of complex number

J cost function

My » My etec plteching moment derivatives with respect to vertical veloclity incldence ete
PIO pllot-induced oseillation

Re real part of complex number

Vy alrspeed (kn)

We » Wp gain and phase weighting terms

an » bn normal acceleration transfer function numerator constants
¢ , d real and imaginary parts, respectively, of Gy

3 number of freqguency responses used in equilvalencing procedure
k number of elements in state vector

1 number of elements in contrel vector

m number of points in frequency range

n normal acceleration (g units or m/s2)

q piteh rate (rad/s or deg/s)

5 seconds or Laplace operator

£ time (seconds)

u l~element control vector

W vertical velocity (m/s)

X k-element state vector

a incidence (rad or deg)

ng input-output ccherence

S » 8q inceidence and pitch rate transfer function equivalent zeros
fls longitudinal cyclic pitch (rad)

nls longitudinal cyelie stick position (%)

w5 1g ete incidence, pitch rate transfer function equivalent time delays, ete
8 pltch attitude {(rad or deg)
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NOMENCLATURE (concluded

4
w

transfer function egquivalent damping ratic
frequency (rad/s or Hz)
transfer function eguilvalent natural frequency {rad/s)

)
4p peak pilot operating frequency effective phase margin (deg)
B8 phase slope (s)

REFERENCES

1

10

11

12

13

14

15

16

R. H. Hoh et zl, Proposed alrworthiness design standard-handling qualltlies requirements for
military rotorcraft, Systems Technology Inc Techanical Report 1194-2 (1985)

R. H. Hoh et al, Proposed handling gqualities specificatien for mllitary rotorerafs,
Volume 1 - Requirements, Systems Technology Inc Technical Report 1194-4 (1987)

Anon, DEF STAN 00-770, Volume 2 - Revision of Part 6 - Aerodynamics and flying gualities
{rotoreraft), Joint Airworthiness Committees JAC Paper 1128, Issue 1 {1986)

Jane Smith, An analysls of helicopfer flight mechanics Part 1 - User's gulde to the software
package HELISTAB, RAE Technical Memorandum FS(B) 569 (1984)

3. S. Houston, The effect of higher order dynamics on hellcopter short-perlied handling
parameters, RAE Technical Memorandum in preparation (1987)

J. S. Bendat and A. G. Plersol, Engineering applications of correlation and spectral
analysis, John Wiley and Sons (1980)

M. B. Priestley, Spectral analysis and time series, Academic Press (1981)

3. 8. Houston and Lt Cdr R. I. Horton RN, The synthesis of helicopter mathematical modeis for
the prediction of control response and handiing qualities, RAE Technlcal Memorandum in
preparation (1987)

M. B. Tischler et al, Frequency domain ldentification of XV-15 tilt-rotor aircraft dynamics,
?IA§-83-2695, Paper presented at ATAA/AHS/DES/SETP/SFTE/DGLR 2nd Flight Testing Conference
1983)

M. B. Tischier et al, Identification and verification of freguency-domain models for XV-15
tilt-rotor aireraft dynamics, Paper presented at 10th Buropean Rotorcraft Forum (198%4)

M. B. Tischler et al, Prequency domain identification of XV-15 tilt-rotor aircraft dynamics
in hovering flight, Journal of the American Helicopter Scclety, 30, 2 (1985}

M. B. Tischler ef al. Demonstratlon of frequency-sweep testing technlique using a Bell 214-3T
helicopter, NASA TM 89422 (1987}

R. gé Heffley et al, Study of helicopter roll control effectiveness criteria, NASA CR 177404
(1986)

S. 8. Houston and Lt Cdr R. I. Horton RN, An examination of bandwidth criteria for helicopfer
pitch axis handling qualities, RAE Technical Memorandum FS{B) (1587)

G. E. Cooper and R. P. Harper Jnr, The use of pilot ratings in the evaluation of aircraft
handling qualities, NASA TN-D-5153 (1969)

G. D. Padfield and M. T. Charlton, Aspects of RAE flight research into helicopter agility and
pllot control strategy, Paper prepared for presentation at Handling Qualities Specification
MIL Spec 8501 Update Speclalilsts' Meeting; Aeroflightdynamics Directorate, Ames Research
Center {1986)

Copyright {G) HMSO Controller London 1987

T.9-11



Ta

ble 1

SUMMARY OF EXPERIMENTAL TEST POINTS

Alreraft gi;ggg %Eg?d H?%%?t Augmentation ?i;? CG
Puma 685/00/01 60 3000 No 5500 MID
Puma 685/15/01 80 3000 No 5500 MID
Fuma 689/06/01 100 3000 No 5500 MID
Puma 689/11/01 120 3000 Mo 5500 MID
Puma, 685/01/01 60 3000 Yes 5500 MID
Puma 685/10/01 80 3000 Yes 5500 MID
Puma £89/03/01 160 3000 Yes 5500 MID
Puma 689/06/01 120 3000 Yes 5500 MID
Puma 722/03/04 60 1000 Yes 5500 FWD
Puma 723/06/11 60 1000 Yes 5500 AFT
Lynx 115/01/01 60 3000 +YE§C g700 | MID
Lynx 115/0L/01 80 3000 e 5706 | MID
Lynx 115/68/01 100 3000 +Ygic 4700 MID

Table 2
COMPARISON OF NORMAL ACCELERATION MODEL TRANSFER PUNCTION PARAMETERS
Parzen Daniell
Parameter (Bmooth} (higher resolution)

Window Window

an 0.00466 -0.07556

by 7.60585 7.76743

z 0.42849 0.44201

wn 1.THTOT L.7T4174

™ 0.10250 0.11274

Zn 0.00998 0.01016
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Table 3
PUMA, 80 ¥n — COMPARISON OF THEORY WITH EXPERIMENT ~ PREMODIFIEDR HELISTAB

Parameter Theory Experiment
Sy h.e7 2.12
dq -1.03 -1.07
r 0.61 0.77
iy 1.45 1.13
Ty 0.02 0.01
g 0.08 0.07
Zo1g -48.05 ~25.90
Moys 6.15 5.73
Table 4

ATTITUDE COMMAND TIME HISTORY CALLED BY FLIGHT TEST ENGINEER

Time (s} o 3 & 9 12 15 18 21 24 27 30
Command (®} 0 -2.5 +2.,5 G -5 +2.5 =5. -7.5 +5 0 -2.5

Time (s} 31 36 39 42 45 48 51 54 37 60 63
Command (°) -5 0 45 -7.5 +2,5 -2.5 +45 -7.5 -5 +2.5 ~2.5

Time (s5) 66 &9 72 75 78 81 84 47 90 93 96
Commwand {(°) 0 +2.5 =5 -7.5 ~5 +2.5 -2.5 +2.5 45 O 0
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