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Abstract

The tirst results of an ongoing validation of ECF generic simulation model $80 are presented.

Flight tests have been conducted with a Super Puma helicopter in forward flight between 100 and 140 Kt An electronic device
genarated different kinds of input signais and, althoughthe desired resutt was the open - loop fransfer function of the uncugmented
helicopter, a simple SAS wos used fo provide adequate stabllity, partlcularly of high speed.

Datowas processed with identification tools developed by ONERA 7 CERT (Office National d Etudes et de Recherches Aérospatiales
Centre d'Etudes et de Recherches de Toulouse), and a full set of transfer functions was determined In o 0.1 to 4 Hz frequency

range.

The S80 simuication model is briefly presented. Linear simulation results are vatidated with respect to non- linear calculations and
compared to the transfer functions that have been identified. Special attentlon Is paid fo cross couplings which are said fo be
poorly predicted by currert models. This assessment must be tempered and some positive resuits can be shown,

The cnalysis of the confribution of main elements in the model gives a better understanding of model deflclencles, Some attempts
are made o improve the quality of the simulction,

The fitst part of this work highiights some strengths points and weaknesses of the $80 simulation medel. The first lesson to be tearmed.
however, is that identification techniques can now be used in an industrial environment, it Is possible to derive from fiight
measurements whatever theory is stilt unable to predict.

Figure 1: AS 332 L2 development helicopter
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List of Symbols
p. . r reoll, pitch and vaw rafes about helicopter axes (deg/
sec)
uvw  CGvelocity components along helicopter axes (m/s)
w0, fuselage aftifudes (Euler angles)
Biert Iateral stick position (96)
Sion longitudinat stick position (%)
Bpea pedal position (%)
Szol coliective stick position (3)
& swashplate control phase angle (deg)
Bo main rotor conlng
Bl main rotor longitudina! flapping
A main rotor iateral flapping
8o main rotor coliective lag angle
B1c main rotor cosine lag angie
das main rotor sine lag angle
Vi mean induced velocity
m, pitching moment in CG tocation
lx rell Inertia
Iyy pitch inertia
lzz yaw inertic
bxz product of inertio
Linear model: i:A.X+ B.U
X state vector
A stability matrix
U control vector
8 control matrix

Abbrevigtions and Upper scripts:

MR main rctor
TR tail rotor
AF qirframe

Introduction

Validation has to accompany the development of any simulation
model. The efforts must be equally shared between both
activities, otherwise the resulting output can be of very poor use.
When flight mechanics models are censidered, validation has
to deal with the three problem areas: frim, stabllity ond
response (13.

1 Trim caleulation Is of primary interest during an helicopter
development: performance, flight loads, control margins,
static stabiilty are dimensioning points directly linked 1o
trim results. Trim validation was therefore addressed a long
time ago and mainly consists in direct comparlson of both
calcuiated and flight measured parameters.

»  Stability focuses onthe estimation of the helicopter modes.
They can be derived from flight dota elther by a complete
Identification of the stability mairix or simply by reading
period and damping on fixed stick tests flight records, In
simulation modets, smalt perturbations methods or fixed
stick caleulations give comparable results,

1+ Response validation was tirst tackled through comparison
of flight tests and sirmulation time histories: flight measured
inputs, corrected by trim biases, are fed into the model ond
calculated behaviour compared to flight data. The main
drawback of this procedure s its high sensitivity to frim

guality and atmospheric perturbations: errors are integrated
and rapidly lead to significant aititude differences.
Repeatability is genetally acceptable for on-axis results
but can be questlonable when off-oxis response s
considered. This procedure is therefore lImited to very short
tests, with simple. large amplitude Inputs, looking malnly
at on-axis response. in these condltions, current models
are quite good and other methods have 1o be used when
validation has to cddress more difflcult problems.

Trim calculation in current models Is not yet as good as would
be expected and validationactivities stlll have to be considered.
However, simple tools have offen been developed to
compensate the lack of precision of physical simulation
models In thls area (performance calculations by energy
methods for example).

As regards stabllity and response, comparison with flight is also
not convincing. A large overestimation of Dutch roll damping
is a common hrend in stale - of -the-art simulation models {1)
ard Inter - axes couplings are all but understood (2). Inthis areq,
it Is not so easy fo develop simple models. Physical simukation
models must then be used and therefore validated.

Puring the last years, non parametrical frequency domain

identification was shown to offer broad validation possibilities. . -

Transfer functlons of the helicopter reflect both stabillity and
response characteristics, cover off-axis as well as on-axis
response and glve valuable information in a large frequency
range. All these points are of special interest when the use of
the simulation model is foreseen for control lows developrment.

Since the tocls developed by ONERA/CERT were available of
ECF to process flight data, a shudy was started, which goals
weie:

1, to make flight tests on the Super Puma helicopter and derive
from recorded flight dota the transfer functions of the
unaugrmented helicopter in order to establishanexperimental
data base,

2, fo validate the ECF simulation model within the whole
frequency range, and especiolly to acquire a belter
knowledge of lis ability to predict off - axis responses,

3. to improve, when possible, simulation results.

This activity was primarlly research orlented. Nevertheless. the
development of the NH 90 hellcopter, simllar In size and
configuration to the AS 332 L2, was borne In mind during the
definltion of the test procedure, An accurate helicopter model
Is a key point in the design of a Fly By Wire control system and
it was worth identifying deficiency areas in the £ECF simulation
model and being able to comrect those from dedicated flight
test results. An addltional goal of this study was

4. todemonstrate fhat ifwas possible for ECFto use identification
tools within a development process.

Flight tests identificotion procedure

The AS 332 L2 version Is the last evolution of the Super Puma
(fig. 1) which Is o single main rofor, medium welght (9300 kg/
20500 Ib. max.) transport helicopter. Both main and tail rotors
are four - bladed and equipped with ECF SPHERIFLEX articulated
hubs.

The Flight Control System includes @ conventional mechanical
linkage between piiot inputs and hydraulle acluators of the
main and tall rotor. This mechanical linkage Includes a
decoupling function between yow axis and colflective Inpuf.
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The 4-axls Autematic Flight Confrol Systemn (AFCS) Isbased on 2, The aulo pllot was used arnd provided angular rote

o Cual - Duplex digital computer. Among other features the feedback on plich, roll and yow axes. The need was Inthe
AFCS contains ¢ three-aoxis Stability Augmentation System high speed range, included in the test envelope. Inthese
(SAS) which peiforms feedback on attitude rofes and conditions the stability of the natural helicopter Is marginal
consequently provides adequate damping onthe three alfframe and some level of augmeniation to make tests easler is
Gxes, appreciagted. The NH?0 could be even more unstable: the

use of the SAS was thus all the more interesting as the test
The development model of the Super Puma L2 version has been procedure had fo be applied during the development of
used (fig. 1). This added some constraints (use of exlsting test this helicopter.

installation, thus excluding meagsurements of main rotor
parameters) but also offered inferesting possibllities, such as  The input signals tested generatly covered a frequency range
the eqsily configurable digital cuto pilot, These aspects wiltbe  from 0.1 to 2 Hz, However, some tests were contlnued upto 4 Hz
stmilar in the NHP0 case, s this was mendatory to make the  In order to catch the main rotor fitst lead - lag mode. Both
reporied work demonsirative in the perspective of this new  frequency sweep and PRBS signals and assoclated rate responses
development, are presented on fig. 2. AS 332 L2 AFCS Is o complex systemn
including a lorge number of functions (alitude hold, stabitity
Test procedure augmentation, decoupling...). For these tests, taking advantage
of the easlly configurable AFCS, only the three-axis SAS
(angular rates feedback) was used and all non - linecritles were
In order to provide the experimenial daia base for the  cancelled. It helped the pilot adhere o the flight configurction
valldation activity, the open- loop transfer functions (both on-  without counteracting or distorting the Input signal excessively,
axis and off - axis) of the unaugmented AS 33212 hellcopter had
to be derived from flight test measurements. Such tests are The pilot selected one axis on the Input generator, frimmed the
wsuclly conducted with the stability augmentation system  helicopter In the regulied flight conditions, SAS ON, and then
disengoged and inputs genercted by the pilot. Different choices  starfed the test run. Pilot inputs were as limited as possible but
have been made within this activity: hod to prevent the helicoptet from moving too much away from
the frim conditions. The four axes (longitudinal and lateral stick,
1. Anelectronic device was developed to generate dynamic pedal and collective} of the helicopter were successively
inputs. It allowed comparing the fwo different kinds of exclted. One of the AFCS channels was used to connect the
signals: the classical frequency sweep with Increasing  INPUt generator.
frequency cnd pseudo-random binary sequence (PRBS).
Contrary to frequency sweeps. wheare [ow frequency occur  As aresult of AFCS operation the total signal onthe rotors Is the
atthe beginning and highfrequency at the end. frequencies  sum of the pilof, AFCS and input generator contributions (fig. 3).
in PRBS are better spread throughout the test duration. This  The selective effect of the SAS can be more ecsily observed on
kind of signatl cannot be provided by the pilot alone and  thefreguency sweep curves: the amplifude of the low frequencies
this explains the need for an electronic device. It hasbeen  Input is reduced by the SAS, as seen on fig. 2.
impilemented on cne of the two autopilol channels.
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Figure 2: Comparison of input signal and associated rate responses (longitudinal stick, 100 Kt level tlight)

80-3



STiMULL
GENERATOR

Gl mz > ZHz{IND)

Figure 3: Contributions to contrel inputs for flight mechanics
identification

Data processing

Flight test data wos processed with an identification software
developed by ONERA/CERT. This software is based on a multi-
input / multi - output algorithm and provides the complete set
of direct and cross-coupled transfer functions of a multi-
dimensional system.

Assoclated with the Idertified fransfer matrix, coherence function
¥ provides data regarding the validity of the identification. The
coherence can be interpreted as o ratio between the estimated
output spectrurn {calculated with the estimated transfer function
and the measured inpuf) and the measured output spectrum.

Yu z\'¢r£'¢é'¢§r / 05”

where: = output scalar

y
X = Input vector
qu y = Cross-spectral density vector

¢, . = co-spectral denslty matrix

QSW = co-spechal density

The coherence function always is Included between 0 and 1.
The identified fransfer function is considered cornect when
+>0.8, which means, amongst other things, that the lineor
behaviour gssumption is well verified.

The coherence Is calculated for each output and, consequently,
will apply here to the four transfer functions of the same cuiput,
Plots on fig. 4 give the coherence function for the roll. plich,
yow and vertical rates in level flight of 100 Kt for an input signal
between 0.1 and 2 Hz. The results are good, except for the yaw
response which is between 0.2 and 0.3 Hz approximciely, This
frequency range conesponds, in fact, to the low damping
Dutch Roll mode. Pitch and 1oll responses aiso seem {o be
offected, but always stay above the acceptable 0.8 level.

AFCS influence and input signal selection

Close- loop identification is addressed In (3) where the main
conclusions are:

v close- leop identification can lead o bigsed estimates of
open-loop transfer functions in the presence of process
noise,

v when the noise -fo-signal ratio is limited, the error remains
acceptable,

« for low to moderate process nolse levels, the coherence
function is a good indicator of the guality of the open-
loop transfer function.
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Figure 4: Coherence functions of the four outputs
(100 Kt level flight - frequency sweep)

To limit the process nolse leval as much os possible, tests have
been conducted in very calm atmospheric conditions.
Coherence walues have been checked and some tests have
been repeated in different flights. This proved that the results
were constant, Inaddifion, some SAS OFF tests were performed
using single frequency sinusoldal Inputs during o 100 Ki fevel
flight, where the use of SAS [s not mandatory. Sorne points of the
hansfer functions were derived from those and proved to follow
exactly the results of the close-loop Identification.

Both frequency sweeps and PRBS have successfully been
tested. Very similar results were obtalned for fransfer funclions
and coherence. No significanf Improvernsnt can be atfributed
to PRBS. The resulfs presenied are all derived from frequency
SWeeps.,
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Comections

Nelther the servo-controls nor the measurement system are
Included In the S80 simulation model. Conrectlons of servo-
control’s transfer function and digltal sensors time delay are
thus cancelled out of the identification resulis,

To make the analysis easier, flight results were processed as If
the mechanical inkage between the collective stick and the
tait rotor pltch did not exist, The Super Puma data file has been
changed accordingly. The results presented thus consider that
the coliective stick only acts onthe maintotor's collective pltch
and the pedal only commands the tail rotor’s collective pltch
(100% pedat range corresponding to the full tail rotor collective
plich range).

The 580 simulgtion model

Model description

ECF has beendeveloping a generlc rotorcratt simulation model
called 380 since 1980, lis last version, based on a modular
Aructure, is able to modeiize any rotorcratt with the following
elemenis:

- rotors (in fixed position or installed on a tilling nacelte).

- girframe (fuselcge, fin, horizonial stabilizer, tilt-rotor
wing...},

- engines (not considered in the results presented),

- landing gear (only for on-ground simulction and not
used in this study)

Rotor model

Any rotor in the configuration being modelized can be
represenied either by a disk modet or a blade element model.
The lctter Is derlved from the rigid blade version of the R85 rofor
model presented in (4} and medified so as not to include frim
calcuictions only, but aglso lineatization and non-linear
simulction. This model uses 2D airfoil characteristics measured
in the wind tunnel as a function of the Mach number and angle
of 'attack.

n this study, the blade element model with second crder flap
and lag degrees of freedom has been used for the main rotor,
while the gisk mode! withquasi - steady flapping was considered
for the tail rotor, Since no engine model has been used. the
rnaintotor RPM Qs assumed to be constant (in helicopter axes).

In both the disk and blade element models, inflow Is based on
Meijer - Drees formulaiion, with a first order voriction of the
mean induced velocity,

Airframe model

The airframe Is separated into elements and each slement Is
modelled by a full set of 6 aerodynamic coefficients derived
from wind tunnel data. Whnen both angles of aftack («) and
sideslip {8} are smal! (fypically below 20%) measurements are
made on a fine mesh of (x® range and fransformed into
polynomial expressions of ¢ and 8. thus providing some
smoothing. Out of this small angles area. measurements are
limited to some «- sweeps with constant 8. and §- sweeps with
constant o. A large angles model is derived from these
measurements. A smooth transition from small o large angles
Is pravided for In the calculation.

NON LINEAR MODEL
LINEAR MODEL

L 1 [P TESENSPY EEFEPIRNE TP

03 Dz [ 2 5
a) Roll rate response to lateral stick input

AMPLITUDE (dBt

PHASE (deg)

01 CF I T 2 =
b) Pitch rate response to longitudinal stick input

AMPUTUDE (dB)

PHASE (deg)

e S
TS
FREQUENCY (Hz)

c) Yaw rate response to peda input

Figure 5: Bode plots comparison between non-lineor and
finecr models - On-axis response (S80 calcuidtions,
100 ki level flight)

The effect of aercdynamic controls on the wing or tail surfaces
(stabilator, fin rudder) can be included but is not needed for
AS 332 12,

Aerodynamic Interactions befween rotors ond components of
the aliframe can be taken into account. Interactions models
are derived either from flight or wind tunnel tests, In a single
main rotor helicopter configuration. fuselage vertical drag at
low speed. main rotor/fuselage and tall rotor/fin interactions
are usually considered,
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Linear model

The non-linear model can be linearized numerically with o
small perturbation method, This provides a linear model with 22
states:

X = (U VDG 2OV VT BB By o Ba P B0, Brcr B, 55,55, 80)

Calculation of the transfer functions of the model

The 380 soffiware has been modified to calculate the transfer
functions of the hellcopter starting from the linear or non-linear
model.

The analytical solution H(jw)=(w.Id - A)"!, B applies for the linear
model, which only requires a very short calculction time.

When the non-linear model is considered, o time history
simulation with harmenic Input Is first performed for each
frequency « and repecied on the four axes. The beginning of
the simulation with the translent is dropped in order to consider
the stationary forced response ot « frequency only. A Fourler
analysis then provides the associated transfer function polnt for
each Inpuf/foutput pair. Some SAS capability can be added,
leading to a multi-input simulation which requires a linear
system to be Inverted to obtain single input-single output
fransfer functions. No process noise exists in simulation and
Inputs with very smmall amplitudes can be used. However, low
frequencies require an exiensive simulation time with a high
helicopter driff risk inn case of unstable behaviour and the use
of the SAS may then become mandatory.

10
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This easily implemented procedure calls for a rather expensive
computationtime, especially at the lowest scanned frequencies.
No effort has been made to optimize this calculation: this non-
linear opproach Is seldom used since linear caiculation proved
fo give very comparable results. Partlcular attention must be
paid o the amplifude of the signals In the non-linear case,
especlally when approaching the frequencies of the main rotor
modes. Non-linearlty like the lag damper behaviour can be
significant In this frequency domain.

Some exampies of comparison between non- linear and linear
models are presented on fig. 5 (on-oxls responses) and fig. 6
(off - axis responses) for a flrequency range of 0.1 5 Hz. Infig. §
the two curves are quite superimposed and it is sometimes
difficult fo separafe them, These plots do not requize too many
comments: the fif betwean linear and non-linear models is
excellent, for both on-axis and off - axls responses. This result
differs significantly from already published data. In (8), the
comparison between linear and non-linear models is good,
but far frorm the one - curve plots of fig. 5. The different methods
used to calculate the non-linear transfer functions can perhaps
explain this phenomenon,

In previously published studies (5,6.7), non Hnear model transfer
functions are obtained with exactly the same tools as the flight
results. The simulalion response to conhrol frequency sweeps is
tirst generated and then processed In the same way as flight
data. The maln advantage of thls method Is that both
experimental and caiculation results are seen in the same
perspective: they are thus equally distorted and the erors

AMPLITUDE (dB)

PHASE (deg)

b} Yaw rate response to longitudinal stick input

AMPLITUDE (dB)

PHASE (den)

L s 2 itk et beindsninden .

61 02 o5 1 7 5
FREQUENCY (Hz}

d} Pitch rate respanse to pedal input

Figure é: Bode plots comparison betwaen non-lingar and linear models
Off - axis response (580 calculations, 100 Kt leve! flight)
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introduced by the Identification methed have a limited effect
on the comparison oulcomes. In the ECF procedure, two
different identification methods are used for flight and simulation.
The lafter cannot be used ror flight data but produces a very
good fit between linear and non- linear models. These different
methods can have a negative effect when comparing flight
and simulation fransfer functions because the origin of
discrepancies can be a deficiency of either the model, of the
identification method.

Following its experience, ECF applied the identification algorithm
to linear simulation results with frequency sweep Inputs which
calculated transfer functions deviating from the analytical
solution. This Is particularly noticeable in the fow flrequency
range, where the phugoid resonance peak s seriously
underestimated whan compared to the analytical solution.

These possible limitations of identification tools have to be
borne inmind when looking at the comparisons. Fig. 5 howaver
vatidates the caleuiation of transfer functions in the non- linect
model. It also demonstrates that, for the considered amplitudes
at lecst, there are ne significant non- linear effects. Due to the
high fevel of simiiarity between non-linear and linear fransfer
functions demonstrated in fig. & and fig. 6, all computations
presented further in this paper will anly relate to the 22 order
linear model.

Results

The fiight test envelope Includes leve! flight from 100 Ki up fo
Vuand rafe of climb/rate of descent variations at 100 Kt Agross
weight of approximately 7000 kg (35400 1b.), as well as neutral
longitudinal and laleral CG, were retained for all tests. The
results presented here mainly concentrate on the 100 Ki level
flight case. Most of the conclusions would nevertheless be
similar if derived from other AS 332 L2 experimental data.,

Results cre presentecd as Bode plots of the transfer functions
considered in the test frequency range (0.1-2 Hz), Flight data
are in full line and simulation results in dashed line whenaver
they are compared, The fiight data will always be considered
as the reference: when comparing phases, lead will thus mean
that the simulation phase is higher than the flight phase, Icg
that it is lower,

What ¢on be seen in transfer functions?

Prior to studying the results, it can be worth spending some time
looking ot fig. 5 and 6,

On-axis responses are the easlest to analyse, The low damplng
Dutch roll mode con be observed on both roll and yaw
esponses (0.2 Hz). The highly damped mode of tongliudinal
short pericd Is nof so apparent on pitchresponse (0.14 Hz), and
the phugoid is cutside the frequency range dlsplayed. Tha most
visible of the rotor modes on the airffame responses Is the
regressive lag mode (between 2 and 3 Hz).

In a mulii - dimensional system, the same poles of the system
are distributed in each transfer function. However, those poles
that are not relevant to the dynamics of a response are
compensated by zetos on the conesponding transfer function.
In fact, this reciprocal cancellation depends onthe amount of
cross - coupling In the systern (8). This canceliction Is generaily
more efficient for on-oxis than off - axis fransfer funcilons (Inis
Is demonstrated in a simple case in the AppendIix).

This can be seen on the off-axis fransfer functions of fig. &,
where zeros frequencies do not exactly correspond tothe poles
frequencies, For example, in Q/d.5 (plich rate response fo

pedal Input), the Dutch roll mode appears at its natural
frequency of 0.2 Hz but is compensated lafer by a zero at
0.35 Hz, although the same compensation can be considered
perfect on the on- axis response g/, (pitch rate respense to
longliudingl eyclic).

On-axis response

100 Kt case

On-axlis transter functions are presented infig. 7 forthe nominal
flight case (100 Ki.

Pitch rate response (7.b) is the best calculated with 580, The
main deficiency of the model s a 1 -2 dB overestimation of the
ampiitude withinthe whole frequency range. it slightly increases
infthe vicinity of the Dutch roli frequency (0.2 Hz), due toasmall
notch In the experimental curve which does not exlst in the
caiculated dala. This could be expliained by a rolifpitch o
yaw/pitch coupling higher In flight than It Is [n simulation. it will
be further discussed with the Influence of the trim airspeed.

Roll rate ampiifude (7.a) Is good in the (0.2, 0.7 Hz) range
including the Dufch rell frequency, but underestimafed at lower
and higher values, The phase Is good over 0,6 Hz, but differs ot
lower frequencles whete a large lead can be seen (up to 40°
at 0.1 Hz), Similar signlficant phase problems exist in the same
frequency areqa, In both yaw (7.¢) and vertical speed (7.d)
responses.

The Dutch roll friequency can be seen on yaw fransfer funclion,
either through the ampfitude peek or the phase shift, and is well
calcuiated, The yaw omplitude Is overestimated, especially in
the vicinlty of Dutch roll frequency. As the coherence is below
the 0.8 confidence level In this areq, the flight value can be
questionabie.

The verfical speed response 1o collective pltch Is good In the
upper frequency range only (cver 0.6 H2). In addition to the
phase iead, an overestimaticn of the amplitude can be noted
In the low flrequency areq (below 0.2 H2).

On-axis resulis obiolned with $80 simuliation code are generatly
good, as already stated for similar models In previous studies
{5.6.7.9). This Is especlally tue Inthe upper frequency range (0.5
fo 2 Hz2), although some problems exist of lower values,

influence of a change In airspeed on the on-axis
pitch responsea

Reliable predictions of on-axis response invite us fo check
wether the model Is able to apprehend minute effects, Fig. 8
shows the Influence of a change in alispeed frim condition on
the on-axls pitch rafe fransfer function. Fig. 8.0 presents the
flignt data for both the 100 Kt (solid iine) and 140 Xf {dashed
ling) cases, and fig, 8.b the corresponding calculation results,
The cohertence functions plofted in fig. 8.c validate the transter
functlons Identified In the whole frequency range.

The maln change In the hellcopter response between 100 and
140 Kt Is limited to the low frequency range (0.1 to 6.3 Hz), This
can be seen In both flight data and simulation results. In this
areq, the ampiifude of the results Identified decreases whenthe
speed is increased and the notch previously noticed [s deeper,
A phase shift appecrs af the same time, This indicates an
increasse in Iatercl/longitudinal couplings moving the zero
associcted o the Dutch roll pele towards a lower frequency.

Simulafiondata present the same characteristics. The amplitude
curve nofch did not exist Inthe 100 Kt case and Is well marked
ot higher speed, accompanled by a phase shift. The
displacement of the zero associated 1o the Dutch roll pole s
cottectly represented by the model, which gives an indication
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Figure 7: Comparison between calculated and flight - Identified on-axis response (100 Xt level flight)

that the increase In lateral/iongitudinal coupiing isthus properly
caleutated.

ft can be argued that the phase curves are somewhat different
inthe 140 Kt conditions: the phase shift is negative In the flight
data and positive in simulation. The notches found in the
amplitude curves prove that there is, in both cases. a zero
placed at a lower frequency than the Dutch roll mode. When
azero concels a pole, Its phase shift is generally inthe opposite
girection than that due to the pole. This suggests an unstable
Duteh roll mode In flight and a stable mode cobiained by
calculdation, This hypothesis Is confirmed when looking at the
on-axis yow respense. The discrepancies Inthe phase curve of
the 140 Kt on-axis pitch response thus resulf from a poor
estimation of the Dutch roll damping, which is a common trend
of mathematical models ().

This example dernonstrates that, on a highly coupled vehicle
such s an helicopter, even on-axis respenses are influenced
by interaxis couplings. This is one of the reasens why simulation
results caompare betier to flight data inthe 0.5to 2 Hz frequency
range. Rigid body modes are lower, rotor modes higher and
tisks of couplings disturbance limited. However direct responses,
Including some coupling effects, are falrly represented In the
§80 model,

Off - axis response

Cross couplings prediction is a known weakness of the current
simulction models {2,10) and previous experlence of time
history comparisons wifth 580 demonstrated that improvements
ote required Inthis area. The use of ldentified fransfer functions
offers a more accurate insight in this area.

Roll/Pitch couplings

infig. ¢ are presented both pitchiate -fo- lateral stick (@.a) and
roll rate-to-longitudingl stick (9.b) transfer functions. The
amplifude of the pitch response to lateral stick Inpufs is
surprisingly close to the flight data, even If underestimated by
3-4 dB Inthe (0.2.0.7 Hz)range. This favourable result hasto be
tempered by an especially poor flf of the phase curve, desplie
the very large scale used. As poles and zeros of the fransfer
tunction act on both amplifude and pihxse. It Is not easy to
explain such a good result assoclated io such
a poor ene. It can however be observed on this off-axis
response In any flight test case and this cannot be fortuitous.
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Figure 8: Pitch rate response to lengitudinal stick input
Influence of a change In airspeed hirmn condition

An example of this type of behaviour can be found when
comparing two second order models only differing by the sign
ofthe damping (one is stable, the other unstable): they have the
same amplitude curve but different phases, which produces a
3&0° difference ¢t high frequencies. This generally happens
when changing the sign of the real part of one pole or one zere
of the transfer function. In the 100 Kt case and In this frequency
range, signs of the poles real parts are ldentical in flight and in
simulation, An efrronecus zero is thus probable, This kind of efror
on a complex zero could explain 360° in the high frequency
phase, However, the physical meaning of such an emor Is foar
frorn obvious!

The roll respense to longitudinal stick is worse when amplifude
is considered, but disparlties are smailler on the phase curves.
In any case, this calculafed response Is only mediocre: It does
nor look too bad for low frequency (under 0.2 Hz) but has little
to do with flight data at higher values, evenwhen the maximum
discrepancies (10 dB, 50°) are not ocutstanding.

On fig, 10, the roll response to both iagteral (full line) and
longitudinal (dashed line) stick inputs, as they were identified
from flight data, have been plotied on the same graph (10.0}.
The low frequency range (below 0,25 Hz2) excepted, both
transfer functions are remarkably slmitar: amplitudes are shifted
by a constant 10dB approx value, whereas phases present o
constant 180° difference. Lateral and longitudinal stick have
the sarne effect on roll response, which assumes that both
controls have a common action on roll axis.

Swashplate control phase angle Is one possible origin of such
a behaviouwr. Both iateral and longitudinal stick inputs have a
Icteral cyclic piich component. If the rollresponse to kong fudinal
cyclic plich can be Ignored, roil fo lateral stick and roll fo
longltudingt stick ransfer functions will be two different pictures
from roll to lateral cyclic pltch response, with only different
amplifudes.
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Figure 10: Compariscn between responses to longitudinal
and lateral stick inputs
{100 Kt level flight)

There Is no suchresemblance onthe piich axis (10.b): the phase
variation within the frequency limits of this study Is much higher
for the lateral than for the longitudinal input. This is however not
Inconsistent withthe swashplate control phase influence, As the
lateral oyclic piich range s roughly half the tongifudina! one
and the plich inertia is approximately five times the roll Inertia,
the pltch acceleratlonresuifing from a 1% lateral stick Input will
only be ane tenth of ihe roll acceleration resulting from a 1%
tongitudingl stick Input and can be hidden by larger effects.

Simulation cannct readily explain the reason for the two simllar
roll axis responses: it does not come to the same result, The
good fit of the on-axis fransfer function and the problems with
the off- axis one prove it, This topic will be investigated further
in the model improvement efforts,

RollfYaw couplings

Fig. 11.a presents the pedal-fo-roft rate and 11.b the lateral
sfick -to-yow rafe fransfer functions. In both cases, simuldation
gives a falir estimation of the daota Identified. Shorfcomings
mainly relcted to amplifudes are:

»  Roll response to pedal: an underestimation of amplitude
In the Duteh roll vicinity (to be linked to a sitnilar trend on
the yaw response to the same Input) and phase dissimilarity
at low frequency,

r  Yawresponse to lateral stick Input: an underestimation of
amplifude by 3-5 dB In the whole frequency range.

Roll/Yaw responses to collective input

Roll response to collective plot (fig. 12.a) Is fairly calculated
ard presents very comparable trends as regards vertical speed

response fo collective (fig. 7.d): phase lead below 0.2 Hz,
overestimatlon of amplitude and phase lag between 0.3 and
0.6 Hz, proper fit beyond 0.6 Hz. On-axls response gives the
varlation of main rotor lift to collective input. It Induces Ioteral
foree fluctuations due o the mainotor iateral flapping 8y, and
rolling moment through vertlcal main rotor/CG offset, This
dominant effect and the lack of (dishurbing) siabllizing area on
the roli axis can explain the results reported.

20
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Figure 12: Comparison between calculated and flight
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coliective inputs (100 Kt level fiight)

Fig. 12.b shows the yoaw response to coilective stick. Up to
0.6 Hz, it compares favourably to flight data and exhibits similar
fectures os rollresponse infig. 12.a, which conbe anindication
that it s induced by roll, Beyond 0.6 Hz, the fit is not so good.
The “perfect” engine inthe simuiation could be responsible for
poor high frequency fif.

Pitch/Yaw couplings

Criticismregarding interaxls couplings calculation by simulation
models is totally merited in this area and 1t is difficult to find
positive points in fig, 13. Only the high frequency part of pitch
response to pedal (13.0) Is acceptable. Yow response fo
longltudinal cyclic (13.b) is definitely poor.

Analysis of the confributions ©f main elements
to the franster functions

Analysis method

Extracting the whole fransfer functions matrix of an helicopter

from flight records In @ given flight case is a huge data
reduction. The result however Is a huge amount of data and If
is not an easy task to determine the origln of the discrepancies
betwaen flight and simulation transfer functlons, To obiain a
befter inslght of physlcal phencmena, the contfributions of the
maln elements to these transfer functions have been computed
with S80,

The pifching moment acceleration can be written as:

. R ™ N —
q-_nl*_+7:1'_+|&-+:£.(r’-p’)+%&-r’-f
vy vy

In' Yy

The kansfer function between one Input and M sor example,
dlvided by pitch Inertia ard Integrated (emplitude divided by
®, 90° phase shift), will defermine the influence of the malinrotor
on the plich rate response to the considered Input, It Is ecsy to
irnplement such a process in the calculation of the non- linear
mode! transfer functions and this was done with the S80
software.

On - axis response resulls

On-axis responses results are shown inthe {0.05, § Hz) range on
fig. 14. The amplitude plot Is the most important as it gives the
predominance order.
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Fig. 14.a Is related to rcli response, The airframe part is always
very low, which is undersfandabie, because there s no efficlent
stabllizer on the roll axis, The main rotor Is domlinant over
0.25 Hz: Inthis frequency range. the helicopter transfer function
mafches this element's contiibution exoctly. For lower
frequencies, the main and tail rotor are both important, but are
out of phase by about 180°. The total rolling moment Is thus
much smaller than any of the rotors contribution, Dutch roll
cornesponds to the frequency where both rofor phase curves
intersect,

The pitch response Is presented in fig. 14.b. In this case, the
negligible effect is that of the tall rotor. The main rotor s
predominant againover 0.1 Hz and compete withthe alrframe,
which can be mainly aftributed to the horizontal stabltilzer, Inthe
low frequency range.

As far as the yaw axis is concerned (fig. 14.¢). tall rotor provides
the major contibution at the higher frequencies, but all
elemenfs participate below the Dufch roll mode. In a large
envelope, fail rotor and airframe components are out of phase
by about 180°, which reflects the unstcble yawing moment
characteristics of the airframe.

Off - axis response results

Sirnllar results are presented in fig. 15 and fig. 16 for off- cixis
response,

Fig. 15 is dedicated to roll/pitch couplings: roll response to
longitudinal stick is presented in 15.a0 whereas 15.5 shows pltch
response to laterai stick. Both are governed by the main rotor
contribution above 0.2 Hz. For lower freguencies, the main rotor
still provides the major contribution to the roll response {15.a).
The tail rofor and to a lower degree the cliframe have a
significant amplitude which comes in reduction to that of the
main rotor for their phases differ by about 180°, The tall rotor
does not contribuie to low frequency pitch response (15.6) but
the girframe (certainly through the harizontal stabilizer) is at the
main rotor level,

Piteh/yaw couplings are showninfig. 14. The tail rotor coniribution
tc pitch response-to- pedal inpuf (16.0) s dominanf over
0.4 Hz but largely exceeded by those of the airframe and
especially the main rotor inthe iow frequency range. Similarly
yowresponse fo longitudinal stick (16.b} is essentially due to the
meinrotor beyond 0.4 Hz, while alt contribulions are significant
at low frequencies.

Discussion

Table 1 surmmaorises the results previously noted and gives, for
all transfer functions related in fig. 14 to 16, the predominant
elements within the frequency range.

A constant frend exists in all these fransfer functions:

v Upper frequency range: from 0.1 -0.4 Hz (depending on
the transfer considered) up to the upper calculation
lirnit, the contribution of the rofor where the Input
apptied (i.e. the main rotor for stick Inputs, the tail rotor
for pedal inputs) exceeds by 20, and sometimes 40 dB,
those of other elemenits.

v From the lower frequency calculation limit up to 0.1 -
0.4 Hz: more than one element is generally significant
and the global rate response s offen smatler thon
individual contributions.

AMPLITUDE (dB)

PHASE (deq)

AMPLITUDE (dB)

PHASE (deg)

AMPUTUDE (dB}

PHASE (deg)
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A simple physical explanation can be given Inthe case of an 1. Eachindividuat contribution of the the hellcopter elements
on-axis response: Is influenced by variations of state vector, but confrol Input
only affects the rolor where It is applied,

transt 2. Constant amplitude Input (when varylng frequency) will,
ranster - tequency range as afirst approximation, provide forces and moments and,
function consequently, accelerations of an even magnitude, The

LN 124 velocity components and angular rates are the result of the

' Integration of these accelerations of even magnitude and
MR, TR
Bl MR will thus decrease with frequency such as o-1.

. Qfbion MR,AF_| MR
M épad MR,TR,AF | R 3. The perturbations of the helicopter siates are much reduced
in the upper frequency range: the Inputs are too rapid fo
P/bon MR,TRTAF ! MR induce asignlficant movernent of the alicraft, Contributions
/81 MR AF ! MR from all elements, stimulaled rotor excepted, are thus very
A/ be MR IMR,TR,AF " limited at high frequencies.
I/8ion MR,TR MR
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»  On-axis results are especially good Inthe upper frequency
areq, because they essentially reflect the malnresponse of
the exclted rotor, which Is not oo poorly calculated,

Figure 15: Contributions of main elements to calculated
transter tfunctions - Rolli/Pitch couplings (100 Ki level flight)
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v ot low frequency, because of high variatlons in helicopter
states, on-axls response is the combination of the
contributions from various elements, and thus more difficult
to compute,

v these two aspects also exist for off - axis response, but with
an additional confusion: the primary response of the
exclted rotor is no longer considered., but only a coupling
effect. When this coupling Is directly linked to the main
effect the off-axis response can be fairly well predicted
(see, for example, roll moment due to collective, as
previously discussed in off - axls resulfs). When the link with
the primary effect is less evident, the high frequency
calculation can be wiong.

From this analysis, it can now be explainable why pitch
response to pedal is better estimated for higher frequencies
than yow response to longltudinal stick:

- The tell rotor pitching moment comes mainly from the
verticel force induced by the tail rotor iateral flapping
s It is directly linked to fail rotor thrust which is the main
parameter offected by pedal Inputs. This high
dependence on primary effect leads to a geood fit
{fig. 13.a) at high frequencies,

- The main rotor yawing moment is either due to forque
or to lateral force through main rotor Icteral flapping
and main rotor/CGE longhudinal offset. The connection
betweenthese factors and the main parameter governad
by longitudinal stick, Le. longitudinal flapping, s not
obvious and explains the absence of fit in fig. 13.b.

Model meodifications

Swashpicie conirp! phase

Swashplate control phase seems to be a very attractive way of
adjusting rell to longitudinat cyelic and pitch to lateral cyclic
respeonseas, Thedirect and coupied effects are indeediespectively
in the ratio of the cosine and sine of the swashpiate control
rhase angle, It provides an influent tuning parameter for off -
axis fransfer functions without disturbing the on- axis pitch and
roll iesponses, which were proved fo be good.

The similasity between roll response to Iateral stick ond roll
tesponse fo longitudinal stick illustrated In fig. 10 advocated
some atempt to change this parameter in order to Improve
piteh/roll couplings. The results of this investigation are plotted
on fig.17. with rell response to longitudinal cyclic on fig, 17.a
and pitch response 1o lateral eyelic on fig. 17.b. The on-axis
responses are not presented becouse they are not significantly
altered by swashplate control phase change, ot least withinthe
limits considered here. Calculations have been conducted
with swashplate contiol phase ranging from -158° to +15°,
Including the geometric +9° value {determined by a complete
model of controls kinematics),

Ifroll armplitude is considered. the optimum swashplate control
phase value is 0°: It gives a perfect {it between 0.25 and 1 Hz.
From the phase polnt of view, negative values would be better.
However, as they only slightly improve the phase curve and
degrade the amplitude, 0° can be taken as an optirnum
swashplafe control phase for 1ol response to longitudinal
cyclic. The geometric @° value, is quite far from this optimurm,
as alrecdy noted on fig, 9. This result must be linked to that of
a previous ECF study using time history comparison and based
on flight measured behaviour of AS 332 12 following step
Inputs. k aleady concluded that 0°was the optimum swashplate
control phase angle to calculate roll to longltudinal stick
response with $80 in 100 Kt levet flight.
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Figure 17: Calculated influence of the swashplate control
phaose angle on the Roli/Pitch couplings (100 Kt level flight}

The amplitude of pitch response to Iateral stick was stated to
be adequote with the geometric value of the swashplate
confrol phase angle. It is confirmed by fig.17.b. The fit is nof
perfect ard can be improved In the Infermediate frequency
range, but this has to be pald by a worsening in the high
frequencles, The oplimum for amplltude seems fo be
approximately 5°. The previously seftled 0° roll optimum gives
satlsfactory result. It is not possible fo set any oplimum
swashpliate control phase value from the phase peint of view:
the Influence of the range tested is quite negligible, af least in
the tliight data scale.

The swashplate control phase angle can be funed to matchthe
roll to longltudinal stick response (both In amplifude and
phase) and plich to lateral stick response from the amplitude
point of view only. This conclusion is in agreement with a similar
study based on tesis performed on an isolated rotor in NASA
Armes wind tunnel (7). A swashplate controi phase value was
idenilfied and, once fed Into a rofor model, proved 1o give
good results for on-oxis responses and roll resporse to
longftudina! cyelic, Pitch response to lateral cyclic waos “less
satisfactory™. (9} also reperts asimilar altempt to tune swashplate
control phase angle in a UH-460 simulation modet In order to
match measured rofl response to longltudinal cyctic In hover,
which was unsuccessful. The present study seems fo Invalidate
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the explanation of this problem by a difference between “'shaft
fixed'” behaviour as In the wind funnel and “moving shaft”
behaviour as in flight,

The swashpiate control phase angle is a valld means to
improve the S80 response to tongltudinal stick inputs In one
flight case. I is doubtful wether a single value can do that within
the whole flight envelope. $80 roll response to a longitudinal
stick step with 0° swashplote control phase angle is good inthe
vicinity of 100 Kt only. This needs to be confirmed with an
extensive analysis of the available results. In any case such an
“adjustment”, even if useful, is not very satisfying in a physical
model.

Lag damper characteristics

It became obvious during AS 332 L2 development that some
modelling problem existed In the high frequency domain.
Flight tests demonstrated that the autopllof destabllized the lag
regressive mode, which was not predicied by simulation.

As this phenomenon mainly occurs in high speed cose,
Identification tests were performed at 140 Kt level flight. The
frequency range of interest was shiffed up to 4 H2 In order to
capture the lag regressive mode, which frequency isabout 3 Hz

o AS 332 L2, The rell response to Iateral siick Input lllustrates
this problem and is presented on fig. 18,

The coherence function Is under the 0.8 level of frequencies
below 0.25 Hz, The stimuli generator did not begin sweeping at
such o low frequency. The identified transfer function is
questionable in this area, However, the low frequency results
are of little interest in this paragraph.
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Figure 18: Caolculated Influence of iag damper
charocteristics on roll rate response to iateral stick input
(140 Kt level flight}

A nofch inthe amplifude curve ot about 3 Hz can be cbserved,
acccompanied by a negative 360° phase shift. it s the evidence
of the lag regressive mode. Such a behaviour [s typical of a
transfer function pole, followed by @ zero. Both Induce a
negative change In phase, which maans that the pole Is stable
and the zere has a positive real par.

First simulation results were far from the experimental curve and
the notch was much less marked, at a slightly lower frequency.
The lag domper characteristics being suspected, calculations
with extreme varlations of these parameters were made as In
(11):theresulls are also plotted Infig. 18. Without lag damping.
the notch Is changed Info a bump. It appears af a higher
frequency. whete the phase shift is equally moved. With a very
stiff damper, the effect Is In the opposite direction: the nofch
becomes deeper and moves toward lower frequenciles. This
behaviour reflects the displacement of the zero with respect to
the pole: starting cimost of the same frequency, It moves
beyond when daomplng Is reduced and sets fo a lower
fraquency when damping Is Increased.

The flight data are within these two calculations with extreme
characteristics, If the underestimation of this transfer function
amplitude, already noticed inthe 100 Kt case, Is not considered.
It seems likely thot damper characterlstics exist that allow the
S80 software to mateh flight measurermnents.

An empirical adjustment could perhaps have been made, but
was of liftle Inferest to improve prediction capabilities. The
method of measurement of elastomeric kog damper
characteristics has been reconsidered, They are derived from
rig measurements under harmonic solicitations af the main
roter rotation frequency, It allows calculating sizing damper
locads, which are mainly t/rev. Inthe flight condltions where lag
regressive mode emerges, the damper s subject to harmonic
solicitations at both 1/rev and flsst lead - log frequency. New tig
measurements were conducted, closer to flight conditions, with
bothharmonic Inputs superimposed. The domper characteristics
determined from these tests were fed Into the simulation model,
and results are presented in fig. 18. They are very close fo flight
data. Even If the amplitude notch is somewhat underestimated
Inthe calculation, the phase curves are wall merged with only
a slight error in the frequency where the 360° shift occurs,

This example demonstrates that simulation dota are at least os
much signlficant as moedels are. A fair prediction of the
phenomenon can be oblalned, af the cost of additional rig
tests suited to the damper working conditions, It s not quite
appropriate becouse the damper data need to be adapted fo
the flight case and io the purpose of calculations. The next step
will be to acqulre o befter understanding of the damper
behaviour and establish a unique madetl valid throughoui the
flight envelope.
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Conclusions

A validation study of a physical helicopter simulation model
has been reported, using non parametrical frequency dornain
identification results,

1 SAS ON identification tests in an AS 332 L2 helicopter and
follow - up data processing were successfully performed In
an Industrial environment,

v The S80 simulation model was modified in order to
calculate the helicopter fransfer functions: both linear and
non-linear models perfectly fif In the frequency range
considered.

+  On-axis responses only present very limited deflclencles
and can even jeflect changes in couplings as they are In
flight.

v Off-axis results range from good to poor,

»  An analysis of the contributions of the main hellcopter
etements to the transfer functions shows that the rotor plays
the largest part ot high frequency where the Input Is
introduced.

+  Tuning the swashplate confrol phase angle allows maiching
roll response to longltudinal stick bui has little influence on
pitch respense o iateral stick. A large phase lag exists In
flight transfer function which s not represented by the
modei.

+ Lag damper characteristics measured with solicltations
closer to those encountered in flight allow giving a fine
representation of lag regressive mode.,

Three years after the AGARD FMP Working Group 18 publication
on Rotoreraft System ldentification, which objective was "o
provide an overview ond expertise to industry for... increased
ufilizatior of this rmodern flight fest fool”, the maln conclusion of
this study can be that ECF has been convinced and plans to use
at feast non parametrical identification methods In any future
helicopier development.
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Appendix: Influence of Interaxis Couplings on
Transfer “unctions Zeros

Conslder a simple 2 inpufs, 2 outputs system, represented by a
linear model:

X= AX+ BU
A = [an aﬂ) cnd B .‘(bll bl?)
a.‘H an b?l bn
The transfer functions can be caleulated analytically by

Hs)=(sid-A) "B

A = C o )

det(s.la-A) | a, s-a

with
det(s)d —A)=(s—a )(s—a,)—a,az,

Vith respect to the uncoupled model (G = ag) = 0), the poles

aﬂ'aﬂ ' ]f

(ayn. oz are changed into (@) - &, Ayt with g = a
a; ~a,

ay and az are not too close together and if inter- axls
couplings are only second order terms, l.e. if

Q2821 < Ty - U2z

Assurning that neither mafrix B elernents nor rmatrix A eigenvalues
are zero, the transfer functions relative to X1 output can be

wriften as:
s — av,[1 + P'—’.&J
X a, b,

U b“'(s -8, +¢e)s—a, —¢)

8, b,
X, . 5 - an.[1 + j?]
.U;— n‘(s“au"’c)'(s_az "'5)

Syrmimetrical formula would describe Xz transfer functions. This
writing proves that coupling terms In matrix A (ai2,a21) move the
zeros away from the poles of the uncoupled system. This effect
is usually smaller onthe on- axis transfer function where It is the
product of two coupling to direct derivatives ratios on both

state and control terms (h.%) than on the off- axis fransfer
el 1"

function, where the control term ratio is Inverted.

When stafe coupling terms are weak, zeres are only moved
away from the pole by o small distance. As afirst approximation,
the zeroc term in the numerator cancels the pole term in the
denominctor and the off -axis pole no longer appears in the
transfer function. When couptings are weak, the off - axis modes
are not visible on the on-axls ransfer function. That means, for
example, that it lateral to longitudinal couplings are weak,
Dutch roll mode cannot be seen on the longltudinal stick to
pitch 1ate transfer function,

80-17





