ERF91-45

SEVENTEENTH EUROPEAN ROTORCRAFT FORUM

Paper No. 91 - 45

THE IDENTIFICATION OF COUPLED FLAPPING/INFLOW MODELS

FOR HOVERING FLIGHT

D.J. LEITH®, R. BRADLEY!, D.J. MURRAY-SMITH®
DEPARTMENT OF AEROSPACE ENGINEERING'
AND
DEPARTMENT OF ELECTRONICS AND ELECTRICAL ENGINEERING®
UNIVERSITY OF GLASGOW

GLASGOW G12 8QQ
- SCOTLAND.

SEPTEMBER 24-26, 1991

Berlin, Germany.

Deutsche Gesellschaft fur Luft- und Raumfahrt e.V. (DGLR)
Godesberger Allee 70, 5300 Bonn 2, Germany.

OPGENOMEN IN
CmAUTOMATISEERDE

SRV L I B

Notaiy






ERF91-45

THE [DENTIFICATION OF COUPLED FLAPPING/INFLOW MODELS

FOR HOVERING FLIGHT

D.J. Leith®, R. Bradley!, D.J. Murray-Smith®

Department of Aerospace Engineering’

and

Department of Electronics and Electrical Engineering.

University of Glasgow
Glasgow G12 8QQ
Scotland. -

Absrg

The validation of coupled flapping/inflow rotor models has
received much recent attention. The present paper CONcenirales
on the analysis of flight conditions ciose to hover in order to
resoive some of the difficuities encourtered in the cartier sudies.
New light is shed on the fundamental problems of identifisbility
by designing optumal experimenss for the parameters of a variety
of coupled fizpping/infiow models. The models include the Pin
and Peters formulastion of the induced flow equations and both
firt and second order flapping is comsidered From the design
of optimal experiments it is possible t0 dewermine theoretically the
minimum possible varisnce of parameter estimates for a given set
of experimental conditions. It is thus poesible 0 determine if
the availsble insrumentation csn provide estimates of a specified
quality. Using this approach- careful atention is given both w0
the queston of whether flapping measuremenss alone  are
sufficient for the relisble idemmificsion of coupled flepping/inflow
© models and 0 the suitzbility of test impuss curmenmtly empioyed.
It is concluded that for the modeis considered, in the absence of
direct messurements of inflow, and despite the relmively shont
time consants of the models, it is impontam to retein low

informetion in the system idemtification process.
Finally, it is shown that within the limitations of the flight dawa
available, a simple flapping model with no induced flow
dynamics cannot be bemtered end gives 2 good fit to measured
data for all frequencies up to that of the rotor.
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Response of sysiem to test input u
Mo, Mp Mp,, Fisher information matrices associated with
iNpUIS U Uy. Up. Upy, fESpEClively
D, Dp, Dpy, Disperson matrices associsted with inputs u. up,
Uny, respectively .
Suwr Suo“cr Suqln , Supy, up,, Au-specrum of inputs u. ug
Up. Upy, npeitively
G(w) Transfer function matrix
F(w) Derivative of G(u) with respect to parameters, 6
q  Number of parameters
a  Weighting used 2t each iteration of input design algorithm
Wy Frequency chosen at exch iteration of input design algorithm
gj Pitch angie of rotor blade j
J

L R L R
=3
E

Flap angle of rotor blade

a,.2, .. a, Mode! parameters
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Coupled i w models are an imponmant component
of any stmudy of the flight dynamics of rotorcraft [n the recent
past a fairly simple represemtation was adequate for piloted and
off-line simulstion and, typicaily,
with either momenfum theory or a
Glauert formula to provide the induced flow (1), This type of
model for the handling qualities requirements of the

g

dsy and in any event the limited computing power which was
avelleble for resi-time simulstons lessened the urgency for
estzbiishing more ambitious modeis. Recertly, a number of

which together with the need for greater agility has made high
bendwidth control systems a practical necessity. At the same

models are being prepared for
ime simuletion (3.4), which in tum require an 2crodynamic
With the
meke the inciusion of
piloted simulstion a realistic proposition.
dynamicist. expects 0 call up models
been validated over a wide range of flight test
conditions. The validstion experiments should have shown 2
consigtent identification of the model structure and have produced
parsmeter estimaces which are credibly close (0 theoretical values.
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An exercise in the validstion of rotor models using flight
deta has been the subject of a2 workshop smdy at the Royal
Estsblishment (RAE), Bedford (5]. Different groups
spplied a variety of techniques to the flight data resulting from a
longitudinal cyclic conrol input 0 the RAE Acrospatiale Puma
trimmed 2 100 knmote Messwrements of the flap and pitch for
ezch of the four blades. together with the fuselage kinematics
were used 0 validete simple flap and inflow models. Subsequent
work camied out at Glasgow University in defining a strategy for
the programme and describing enhancements 0 the
besic model has been presented 2t E Rotorcraft  Forum
and published elsewhere {8). This work concentrated on
relatively fast forward flight and, more recenty. endeavours have
exiend the validstion 1© mediwn and low speeds
using dsta from the same flight test
Data sets for 2 vanety of inputs.
meainly doubles and frequency sweeps have been available for the
cyclic and collective controls.

The invemigation of this wider range of flight conditions
proved more difficult than amicipated. ﬁxeuseofpamncwr
estmation software requires some expertise and an appreciaon of
tt:phys’alsymmbemueﬂecﬂve.buﬂndifﬂculueswnm
non-convergence and inconsistert values exceeded those normally

} As the work progressed. accumulated evidence
wumnmemum:ﬂymgfmuworkwhich
needed a rational explanation. In addition. part of the ongnal

confidence but a puzzling feature of even the eardiest resulls (7]
was that low frequencies always scemed 0 be needed for a
successful identification.
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Against this background of uncenainty. it was decided 1o
concentrale on a simple situation in order to identfy the features
of the model. conwol input or identificaion method which were
the source of the difficulty. The hover condition. with collecuve
input. is a dynamical sinmaton which is simpie enough to be
analysed in some detail. Houston and Taruelin. for example.
consider the validauon a coning/inflow/body representation [9).
The course followed at Glasgow is descnbed in the sections
beiow. It depends on examuwung the criterion for opumal
esumates by munimising vanianon in estimated parameter values.
As a consequence of this approach it has been possible to predict
the difficulues associated with the hovering situation and to begin
to understand the probiems expenenced in the more general case.
The pnnciples behind these explananons are ones which have
general applicability and should be given consideration in any
validation exercise.

2. Ildengifiahili { Fxes D for &
Elagping/infiow Madcls,

In any identification. the parameter estimates olxained are
random vaniables with a given mean and standard devistion. The
smailer the standard devistion, the more accurste the parameter
estimates will be. on average, assuming that they are unbiased
(the expected value of the estimases being equal to the ‘true’
parameter value).

Formecueofmefﬂcimsummrunam-how
{10) relates the variance of estimates to eclements of the
dispersion matrix throught the equation
cov(@) = D = M1 . (H
where 6 is the vector of parameter estimates

D is the dispersion matrix
M is the information matrix

g

The dispersion matrix therefore provides 2 besis
experiment design and by designing optimal
experiments. it is possible t0 desermine the minimum possible
standard devistions of the parmmewer estimstes for a given set of
experimental conditions.

This provides useful informazion about the identifiabllity of a
model since. if the best possible information matrix has
found. any indication of ill-conditioning or singulsrity suggests
available measurements.

In the case of coupled flapping/nflow modeis one of the
most imponant difficuilties encountered has been in the estimation
of inflow dynamics using flapping messarements alone. In order
to get a better understanding of this problem ten different models
have been investigated in terms of identifisbility.
models are based on mandard flapping equations (1)
appropriste inflow descripons [11). Deeails of all the modeis
considered may be found in Appendix A.

|
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acknowledged simplicity, may be used with confidence.

The experiment design problem is well documemed (e
(10}, {12}, [13). [14]). For the case of outpa-error identification
methods and the design of inputs which are energy constrained
the problem can be stated in the following form:-

minimise 1D
u

where D =M

and u.[ GO T g D g @

By Parseval's theorem

v T
W= I-- SO e g (3)
= ! F*(w) Rt F(u) Syulwide (4)

where R is the noise covariance —atrix, S,.(w) is the
autospectrum of the input and the quanuty F(w) is a mawunx of
sensitivity coefficients

dG(w)
F(w) =

(5)
de

where G(w) is the system transfer function matnx,

This shows that the only information required o calculate
1Di, for the case of an infinitely long record. is the
ayospecrum of the inpt (Syy(w)) and the form of Fw). It
shouid be noted tha for practical systems (F(w)i becomes
negligible above some frequency oy and the limits of integranon
therefore become finite.

In order w obtain an algorithm for finding the awospectrum -
ofﬂnimnwhid:miﬁmuunbocawummhli
formed from a combination of inputs Wy ad Wy according o the

:

S““‘h s (9) = a suouo“) + (1 - a)s“n"rf“) (6)

From equation (2) it can be shown that the information marrix
Mp,, of the input up,, can be reisted 0 the information matrix

My of the input u, and the information matix M, of nput uy
by the equation
Mpp, = Q My + (1 - @My 7N
The comresponding dispersion matrix is given by
Dne, = Mpy, ! (8)
It is known (13) tha for any square matix A the relation
d logiai da
aTr[A"—- 9)
dx dx

is true. Hence, from equation (7). we have in this case

d logiDpy, 1
z -Tr(Ma~tMg - ) = -Tr(My~'My) -q
da (10y

where q is the number of parameters comsidered. Also. for a
sufficiently small value of a

10gi1Dpy, 1 = 108 10n1 - @ (Tp(Mp™'My) - Q) (1)
If the term @ (T{Mp™' Mg) - Q) is positive it follows that

4 iDpy, 1 < 1Dy

and up,, is clearly a better test input than u,  This result
provides a basis for an opuimisation algorithm that successively
improves upon a test input umtil an optimum is reached.

For an input conmsisting of a pure sine wave of frequency
Qy. a similar approach may be empioyed. but one must use
M = Re(F*(ag) R™t Flag)) or In(F"(up) R F(ug)}

in pisce of equation (4). The use of a discrete set of such
inputs produces a significant simplification of the algorithm '15].
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22 QOprimal Expeniments for a Secood Orvler Flaoning/Ficst
Qrder Infiow Model

In order to invesgate the importance of inflow data for
identifying the parameters of each model. opumal expenments
were designed in each case both with and without inflow
measurements. The approach is best illustrated using the second
order flapping/first order inflow model.

aq? ao 3, a, T3, ‘ d BO
d dt
d Bo
= i 0 0 Bo
dr
d i
— a, 0 a, o
dt
‘l
+]10 6g
 a,

(12)

where detsils of the model structure and parameters may be
found in Appendix A. Using the theoretical parzmeter values
from Appendix A (with the comrected value for

M,,) we have

a, = -1.IT1 a, = -0.648

a, = -1.06 a, = 1.171

a, = -1.561 a, = 0.1666

a, = -0.1666

Case | - infiow and coning-ratc measurements svzilshle, and

all model parmmeters estimated.

assumed to have noise with unity coverisnce, for convemsence,
giving a2 marix R' having unit eclements in the leading disgonal
and zero eclemems elsewhere,  Application of the optimal input
design algorithm gave a2n optimsi value of D) of 3.24 x 10°.
Standard deviations for parmmeter egtimmes for m  experiment
involving this optimal input are shown in Teble la The results
showed that the estimme of parameter a, will. on aversge. be
much less accurste then those of other paremeters. The optimal
test input for this case has its encrgy dimribazed 22 follows:

0.50 0.60 0.62 0.97
Percentage energyl20.2 31.2 3.5 10.2 34.9

frequency | 0.15

Case 2 - inflow mesomements avzilshle bz not coning-rate
messurements:  al]l paremeters estimated.

In order 0 remove the coning-rite messuremers, its noise
covariance was set © 102® ie effectvely ®© infinity.  This
gives R 28,

10-13 0 0
Rt = 0 1 0 13

0 ) 1

The optimal |D: for this case is 1.879 x 10°, giving the
following parameter standard devistions shown in Table 1b.
These standard deviations are larger then in Case [, as expected.
since less information is availsble as there is no coning-rate.
measurement. The optimal test input for this casz has an energy
distribution which is the same as that for Case | since the
information provided by the coning-rate measurements is also
present in the comung Mmeasuremenzs.
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Case 3 - no inflow measurements, by corung-rate
measurements available:  all parameters esumated. ’

In order. to remove the nflow measyrement for the
expenment design. its noise covanance was set to (¢ 3 s
gives R as

1 0 0
Rt =10 1 0 4 (14)

0 0 10-13

ﬁle optimal 1Dt in this case was 5464 x 104 ie. the opumal
dispersion matrix is effectively infinite. and so unique parameter
esumates cannot be obtained.

Case 4 - no inflow or coning rae measurements;  all
parameters estimated.

_mo:dermmmemeuﬁng-mcmnmowmwmmmm.
their noise covansnces were set 10 10* 3, giving

10-32 0 0
Rt = 0 1 0 (15
0 0 10-12

The optimal 1D1 in this case was found 0 be 4.09 x 108* je.
ﬂzdmmmixwaeﬂeaivelylnﬁn'e.ausomique
parzmeter estimstes cannot be obtzined.

Thesz results for the four cases presented above can be
assesged further using the transfer function metrix G(s) for this
model. It can be shown that in terms of the state space
description of equation (12) the transfer function matrix is

1
G(s) =

8} + s¥(-a, - a )+ s(aja, - a, +2,3,) + 2,2,
(16)

a, st - a, [ls-l:lz 3
ag

lacs - S [ 8" i ]
2
a,8* + (8,3, - 2,3,)s - 2,3,

‘me sysem  responses therefore give information about ne
following quamtities:

A, (-3, - 2,)

B. (a,a, - a, + a,a,)

C. a,a,

D. a,

E. s, [n, - 3,8, ]
‘C

F. a,

G. a,a, - 2,3,

H. aa,

Values for a, and a, can be found from (D) and (F): 3,
can then be found from (H) and a, from (C). From (A) 3
can then be found, and finally a, and 3, from (E) and (G). or
(B) and (E). or (B) and (G). The model is therefore :denafiable

when both coning and inflow measurements are available, as was



If comng-rate measurements are not avalable, . then tus
makes no difference to the identifiability of the model, since the
poie/zero information provided by the coning-rate data are aiso
provided by the coning data. As noted in Case 2. however, the
standard deviauons of the parameter esumates will be larger when
there are no corung-rate measurements.

If inflow measurements are not available. then values for
quanuues (F). (G) and (H) above will not be available. A value
for a, can be found from (D). but we then have four remaimung
equations (A). (B), (C) and (E). and six unknowns, s0 cannot
solve these uniquely ie. the model is umdentifiable when inflow
measurements are not available and all of the parameters have
be esumated. This can be overcome if some a priori information
about the parameters is known. In particular. if any one of the
three parameters a,. a, or a, is known and so does not need 10
be esumated. then it is possible to obwain estimaes of the
remaining two from (A) and (C). Further. if one of a,, a, or
a, is then known. the others can be found from (B) and (E).
The model is then identifiable. Three special cases also exist:
if one of the pairs a,. a,. or 2,, 4,, Of a,, 2, is known, then
the model is also identifiable. With 2, knowr., (A).
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with the predicions. On the basis of
appears that it is not possible to identify all of the

paameters in  this model simultancously, without inflow
measurements  being available. This is an important result, and
goes a long way towards explaining the difficulties encountered

In this case. negiecting u, and labelling the parameters as
3.2, .. a, leads to:

IR NN

n
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Using the theoreucal parameter valyes given In Appenaix A -

(with the comected value for M, , ) we have,
a, = -0.90s2: a, = -1.333: a, = 0.15086
i = -0.42477. a, = 1.000

The values for the opumal 1D; which resull from an
applicaion of the optimal expenmental design approach outlined
above. indicated that difficulties will be encountered if an arempt
is made to estimate all of the parameters of the model. On the
other hand. if only parameters a . and a, are esumated
successful identification may be possible. even mn the absence of
inflow measurements.

The wansfer functon matrix for this model is

G(s) =

1 a,(s-a,)
st (a va)s+(aa, - a,q,) [ ]

, are known beforehand
the model will always be

Re

In Section 2.3 conmsideration is given to the identification of
Modei I of Appendix A when parameters a,. a, and a, are
being estimated. When inflow data are available, the optimal
input has 90% of its energy a frequency 0.38 units. and 10% a
frequency 0.41 units (corresponding to 1.67 Hz and 1.80 Hz
respectively for the Puma). These are relatvely low frequencies,
when with the rotor frequency of 1.0 units (4.39 Hz
for the Puma). Tabie 2 gives the optimal inputs for Model V
of Appendix A when various sets of the model parameters are o
be estimated and inflow measurements are available. It can be
seen that these largely concentrate on exciting three sets of
frequencies: around 02 unis, 05 units and 09 units
(corresponding 10 0.87 Hz, 2.19 Hz. and 3.95 Hz respectively for
the Puma). The i i for Model V excite much higher
frequencies than those for Model Il because Model V is a more
accurate representation of the rotor. in theory, and includes high
frequency dynamics, whereas Model 11 is a simpler representauon
that includes only lower frequency dynamics.



A typical manually applied frequency sweep input has lirje
energy above | Hz. and so is perhaps of doubtful use for rotor
identificavon work.  The bandwidth of such manually appiied
inputs is severely limied by simple physical constraints. in
parucular. how fast the pilot can move the conrols. In order 0
overcome this, some form of automatic control input device 1s
necessary. and it is suggested that until such a device s
available only limited rotor identfication work will be possible.
Unfortunately. even with a control input device. the dynamics of
the rotor actuators may restrict the frequency content of any
tnputs  applied. For example. in the Puma helicopter, the
actuators can be modelled as first-order lags with 2 nominal tme
constant of around 50 ms. This corresponds 0 a cut-off
frequency of around 3.2 Hz, and so lies within the frequency
range for rotor identification work. Nevertheless. even being able
o excite the rotor a this sort of frequency would bé a
considerable improvement on the present Situason.

Tuming now to the case when inflow measurements are not

of its energy at dc. and 67% a frequency 0.62 units
(corresponding to 2.72 Hz) when estimanng parameters 2, . a,
and a,. The opumal inputs for Model V without inflow,
corresponding 10 those given in Table 2. were all zpproximately
the same. and had 192% of their energy o zero frequency,
31.2% a frequency 0.50 umiss, 162% a 0.66 units,
and 33.4% at frequency 1.06 units (0 Hz, 2.19 Hz, 2.89 Hz 4.65
Hz respectively for the Pumas). .

explanation 23 to the reason for this zero frequency
can yet be offered. but cleary it is relmed to the svailehili
inflow data in some meonner. it is pozsible the,
identification. very low irformation &ids in sspersting
inflow from flapping effects when only coning messwements are

55
B

available, This unexpeceed impostance of low frequency
information is discussed further in Section 3.

It wes memioned zbove that the rolor 2ctusiors may
typically impoes sn upper limit of acound 32 Hz (0.72 umits for
the Puma. in normalised frequency terms) on the frequencies that
an input can excite. This is significently lems then the 4.65 Hz

¥
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3. ldentification Resulrs
3.1 Intrducnon

Flight data used in the cument work were obtained from
lests n a Puma helicopter and were provided by the Roval
Aerospace Esublishment (Bedford).  Blade pich and fap data
were available but no form of inflow measurement was provided.
The test signal used was a frequency sweep applied by the puot
to the collecuve wnput. Test conditions involved hovenng flight,
out of ground effect

Parameter identificaton methods used have involved a
fmqumcy#omain ourput-error  approach forming pat of an
idenuification package developed for rotorcraft applicanons [16].
The frequency range used for identification was selectsd wupally
from examinstion of the coherence between the control input  and
the coning response. It was found that the coherence berween
Bo and 8, was high (above 0.8) from O Hz 1o abow 3.2 Hz
and dropped sharply a  higher frequencies. The maximum
m u:edogla: d’HeLtef%: 32 Hz. The lowest frequency
i was 0. 280 frequency component bes
cxdudeddeﬁbu:dynuumyhumnusummofﬂo.g
and u, could be ignored ininally.

The coherence between f, and y, wes found to be very
‘;lm.ll_excq.t.u very low‘fmquemiu. This suggested that
elocity by is relatively unimporant over the fi
bei 2 requency range

Hnﬂly.mudmmﬂnmeoradehy.t.m
represert the biss in the azimuth measurement. The multiblade
values fiy and 6, arc calcuimed a8 follows for the Puma:

14 1 4
Bo(i) == I Bj(i) : 8g(i) == I 8i(i) (i)
4 j=i 4 jml

pitch messuremens for blade j.
i“refers 1o the ith data point
CQlearfy, the azimuth measurement is not required in these
However. azimuth is essentislly 2 messure of the time
& which the messuremerss were taken and is therefore needed in
synchronise f, and @, with the ripd-body
Any bias in the azimuth will produce a time
shit Dbetween the roor mezsuremenss and  the  rigid-body
which can be compensated for by estumating a

where
ghmmmmm;.
ji.lﬂt
i

ddlymﬁomegamofu:mnm' jon. It is impornt
10 nowe that use of a simple delay is only possible for f, and
8y  The mubiblade tansformations for cyclic measurements
involve azimuth mezasurement, s0 any bias on the

the and
azimuth will have a2 more complex effect than with fi, and 8&,.

Models I VII, and VI in Appendix A have the following
general structure when the zevo frequency component s excluded
from the identification:

— 3 +a, 85+ a, K (20)
1 s Y0 s P2

-

The permmeters a,. 3, and a, are 10 be estmated. The
theoretical values 2nd the estimates from identificanon are shown
in Table 3a

Am&3sohlion&uusedsu\cemiswasir|dicnedby
examination of the eigenvalues of the information matrix and was
found 0 give the best fit. This was one less than full-rank.



The identification results appear to favour the use of Model
VIIL, especially for the value of parameter a,. ie.. wnfinitely fast
inflow dynamics, with the comung inflow effect included.

For companson. the identification was repealed neglecting u,
(ie. fixing parameter a, at zero). A rank 2 solution was used.

(i.e. full-rank. as indicated by the eigenvalues of the informauon
manx) and it was not necessary to esumate the delay, 1. since
both f, and 6, are subject to the same azunuth bias. [t was
found that removing u, from the idenuficauon had a negligible
effect and the estimaes for a, and a, were wvirtually the same
as those found with b, included.

Models IV. IX and X have the following general stucmure
when the zero frequency component is excluded from the
identification:

d* Bg d Bo
+ 2, ——— = a2, Py, 8+ a, (21)
d r2 dr

The parameters a,. a,. a, and a, are 10 be estimsied. and
have vaiues shown in Table 3b.

A rnk 3 solution was used. From the estinses of
parameters a, and a,. it appears that Models IX
preferred to Model IV, and from the estimate of a,
tha Model X is a bemer mmch.  However, given the
standard deviation associmed with the estimae of a .
confidence can be amached o this preference of Model X
Model IX. Also. none of the theoretical values for a, maiches

the identified value. On the wiole, however. 2 with

the
ﬁmmmmmmmﬁuwaym

inflow dynamics appear 0 be preferred to that with constant

i y ineeresting result since many of the

Further identificstion results for the case where j, is negiected

showed that |, is again reistively unimportant

3.4 desification. of Pirst-Ovder Flapping Models with
Biot-Order_Infiow

Models IT and Il in Appendix A hsve the following general
structure:

1 %0 d By a, [ Bo
5 — ]
a, 3, Qaél K a, Ay
a, a, £
.
a, a, By |

(22)

where a,, a, .. a, are the perameters 0 be esimaed The
theoretical and estimated values of these parmmeters are shown in
Table 3c.

A rank 3 solution wes used. since the use of higher ranks
was found to lead 10 convergence difficuities in the identification
algorithm. and so to much poorer fits It can be seen that these
results are in good agreement with the theoretical values given
above. and based on the value obmined for a,, Model [I appears
to be favoured. From the values of a,, the comected value of
M,, also appears 10 be preferred. and in fact a, is in excellent
agreement with the theoretical comrected M,, value. However,
an extremely low rank of solution was necessary, and this can be

atributed partly to identifiability problems, and oardv o the noor

91-45.6

frequency content of the mnput which has ume power sbove

Haz. If the effect of these factors 1s as stated, mfr? the ;?Srcz: )
\dentificaion  problem  will not produce uruque paramei.
esumates. and so 15 unidenufiable.  Unfortunately. from the data
It 15 not possible to venfy the reswlts found in Section 2.2. since
It 1s not possible to disentangle the fundamental 1dentfiabyity
problems caused by having 100 many parameters and too few
measyrements. from the idenufiability problems ansing from the
poor input used. Only if an improved input was applied which
excited the higher frequencies much more thoroughly could any
useful conclusions be drawn. ’

35 ldemtification of Second-Order Flapping Models with
Brx-Onder Inflow

Models V and VI have the following general structure:

ds By [ a, a, a, d By
o T
d Bo
-;— = 1 0 0 Bo
d i
-:;- a, 0 a, Ao

3, a, 9

+10 0
a, a, By

(23)
The theoretical and estimated values of the parameters are
shown in Table 3d.

Once again. 2 rank 3 solution was found best. and azimuth
bias was estimsted using a delay, T.

It can be seen that a, is underestimated, and the values of
a,, a, and a, suggest the use of the comected M, value.
l-fovem.itwfmmdtnla, and a, did not change from their
initial values, suggesting tha these panmeters were relatively
unimportat in terms the fit obuined in the identification
This is unexpected. if the resuits given in Secton 2.2 are cormrect.
since these suggest that parameter 2, is an important parameter
which can be emimmed independently of the other parmneters.
This again suggests tha the text input is inadequate since it does
not produce responses which are sensiive o the model/
parameters.  Hence the low rank solution used is likely to have’
been needed because of the idemtifishility problems associated
with the model combined with the identifiability problems caused

Based on the coherence between fi, and 6, the
range used in the identifications described above was 0.011-3.2
Hz. lnaddidmidaxiﬂaimswmgmedwtmw

high frequencies since it is a simpie
high frequency effects. It was found
deterioratz suddenly at higher frequencies. as
would be expected if there were unmodelied dynamics. and the
parumeter estimates remained relatively constant until a frequency

i
2
8
g3
§



of 439 Hz is reached. . Al this frequency.  rotor noise swamps
the response, and so distorts the identificauon results.

These resuits appear to suggest that a rotor model assuming
constant or instantaneous inflow dynamics is valid out to the
rotor frequency. This is an unexpected result, since theoretical
models such as Models V and VI predict that significant flapping
and inflow dynamics are present at these high frequencies.

The most plausible explanauon of these results is that the
test input used does not excite high frequencies sufficiently. as
has been suggested by the findings throughout this repor.  The
hugh frequencies would then consist largely of noise, which could
be fitted equally well by any of the models studied.

Tuming now to lower frequencies, the frequency range used
in the identificaions described so far has saned at frequency
0.011 Hz. corresponding to the first data pont when O Hz is
excluded. Using the same simple model as above. the upper
frequency was held at 3.2 Hz and the lower frequency incressed.
It was found that the parameter esumates remained effectively the
same. but the correlation coefficiers falls quite rapidly, indicating
a reducuon in the quality of the fit being obtained This is also
shownbydt:veugemlmveemrbctwmﬂnmemmm

frequencies are removed from the ldmnﬁcauon. the fit will
deteriorate. .

dymmxcs.utsunhkdymnmmufmuofw
It should be bome in mind, however. if more complex models,
incorporating inflow dynemics, are used.

rotor model. the identification resuits indicate that
the more compiex models give no better predictions then the
flapping with no inflow dynemics. Amnugh

hasbeenslnwnbyamcknnonofﬂ:opumﬂcanol;m

the parameters of such models However. in the absence of such
data. identification results can stll be obtained if a suitable
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knowiedge of the model structure s assumed.  Sumpnsingis. .n
the laner case. the opumal mput has a sigruficant low freguench
component which suggests that both low and tugh frequency
information 15 important for the tdenuficauon when wnflow data s
unavailable. These findings are supporied by the results obtained
using flight data. within the Lmuanons of that daw. If these
conclusions can be extended to forward flight it 1s clear now
why it has been necessary to include low frequencies 1 the
identification. In the absence of direct measurements of nrlow.
the low frequency informanon s essenual.

It has also been shown for hover that certain model
strucmures can reduce the determinant of the informauon matnx (0
zero and one can predict that identificauon s impossible.  The
results obtained from applying system dentificanon procedures to
flight data for such cases supports these predictions. |t 1s o be
expected that the general prnciples of the findings for hover
extend 0 other cases, and the observed falure of the
identification procedure in cemain cases for forward flight could
occur for similar reasons.

Finally, there is every reason to expect that the findings
described 2bove should be given consideration 1n any system
identification exercise. The finding that the measurernert base of
2 validstion exercise may be as significant as the assumed model
soucture when determining the type of test input 0 use. needs
particularly t0 be emphasised.
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Table 1b: Standard deviations for parameter estimates for
Table 1la: Standard deviations for parameter estimates for experiment using optimal input for a second order flapping/first
experiment using optimal input for a second order flapping/first order inflow model with inflow measurements availabie but no
order inflow model with inflow and coning~rate measurements coning~rate measurements.
available. .
Deviation Deviation
a, 5.302 a, 8.001
3 2.107 a, 2.689
% 18.447 3, 23.860
a, 2.671 a, 3.003
Lo 7.966 : a, 9.216
a, 4.203 ‘ a, 6.289
3, 1.818 a, 1.986
Table 2: Components of optimai inputs for Model V for some typical combinations of
known parameters.
Parameters -1 13 .1 .‘ .1 .7 .2 .3
known
Optimal frequency % frequency % frequency| % {requency %
input enargy energy energy energy
0.28 23.4 0.09 16.0 0.13 21.3 0.26 32.4
0.50 31.4 0.%0 41.% 0.50 46.7 0.50 32.0
0.83 10.3 0.80 30.8 0.88 32.0 0.88 35.6
0.88 34.9 0.88 12.0
Parameters ‘l 13 .1 04 .1 l,, -2 2,
known
Optimal tfrequency| % frequency | % trequency| % frequency | %
Input energy energy energy energy
0.18 32.4 0.50 47.3 0.50 40.2 0.50 47.3
0.50 32.0 0.91 - | 52.7 0.968 59.8 0.9 52.7
0.89 35.6 1o
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Table 3a: Theoretical values and estimates of parameters obuained from identification for
case of first~order flapping models wath constant or infinitely=fast inflow.

Parameter Mode | I Model V11 Mode] VITI Estimate

a, -0.9052 -1.3776 ~2.3567 T =2.677 (0.0110)

a, . 1.0 1.0 1.7107 1.224 (0.0234)
a, 1.333 0.6231 - 1.0660 " 0.920 (0.0789)
T - - - -2.522 {0.154)

Table 3b: Theoretical values and estimates of

: ] parameters for the case
flapping models with infinitely=fast inflow. of second-order

Parameter Mode] [V  Mode]l IX Model X [Estimate

a, 1.1m 0.769 0.449 0.433 (0.228)
a, -1.06 -1.06 -1.06 -1.423 (0.0598)
a, 1.171 0.769 0.769 0.817 (0.0361)
a, 1.561 0.479 0.479 0.249 (0.0479)
r - - - -0.003 (0.366 x 10-9)

Table 3¢: Theoretical values and estimates of psramasters for the cass of first~order
flapping models with first-order inflow.

Rarameter Modal 11 Model 111 Estimate

a, : -0.9052 -0.9052 -1.024 (0.0268)

a, -1.333 -1.333 -1.367 (0.0021)

a, 1.0 1.0 0.997 (0.0302)

a, 1.3 1.333 1.299 (0.0074)

ay 0.16666 0.2993 0.197 (0.0308)

ag (M,, = 1.0) 1.0 1.0 1.000S8 (0.0123)
a, (M,, = 1.56) 1.8 1.56

a, -0.648 -0.648 -0.582 (0.0219)

a, 0.1666 0.1666 0.230 (0.0105)

a, 0.449 0.449 0.518 (0.0169)

r - - -2.916 (0.00916)

Tabla 3d: Theoretical vaives and estimates of parameters for the cass of second-order
flapping modsis with firgt-order inflow.

Earamsser Model V  Modal VI Estimate

a, -1.1m -1 -1.258 (0.0202)

s, -1.06 -1.06 -1.192 (0.0249)

a, -1.561 -1.561 -1.588 (0.00536)
a,(M,, = 1.0)  -0.1666  -0.299 0.0306 (0.0456)
a,(M,, = 1.56) -0.1068  -0.191

ag(M,, = 1.0)  -0.648 -0.648 -0.623 (0.0234)

ag(M,, = 1.56) -0.41S -0.418

a, 1.1m 1an 1.171 (0.0396)

a, 1.561 1.561 1.561 (0.00712)
ag(M,, = 1.0 0.1666 0.1666 0.253 (0.0125)

a (M,, = 1.56)  0.1068 0.1068

a,(M,, = 1.0) 0.449 0.449 0.574 (0.0175)

a,(M,, = 1.56)  0.287 0.287

T - - 0.0187 (0.0133)
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Appendix A

r ical Models Considered
M wi nflow
d6, 4 47
ng —— = - = nglo - "g? Bo * = nguz *+ Ng 8, where r = 2t
dr 3 3

- Ag? 4 8 n 4 1]
ng = S ° g 178 °
-
) 1T
1 M d : 2o [ z
3 b e 0 -t
1 47
where, Lw- +

4 a, s

[} 48 - Apd 4 8 n 4 [
" ic R A ° g 3% °
+-
- 1 L. 1
+ Kz
L 1 M d A A [ 73
1Y 12 " dr 0 - L °
d? 8, LN 4 4
+ NQ wmme = - = ng Ay ~ Ag? B, + = n + ng &
4 72 P 3Bo g8° Fo 33“2 8 Yo
4 [}
e ]
Hz
0
1 L 1
i (1+3)
—37,3 nB -;'"8 [00]
Kz
d g
T?n - 1 0 0 Bo + 0 0
1 1 L i
d A 1 rL, .t L Y — + ]
= - (3+m] o - = ° F w103

n5[1-2 dBo--xB’B°+ng[2-l

9L dr 3 6L
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ng [1 -1 [ 4+ 1 } d8, = 2" By +ng [ 2ol ke - 2 g
- . - —_ o
9 L dr {3 6L ] [ 9!_}

d? B4 + ng 1 - 21d8, = -XB’ Bo + ne{ 2 - 1 ] Hy * [ 1 - 2 ng 6,

dr? [ 9L] dr 3 6L 9L

d2B°+nB‘l-l[4+\Hd5°-—x130*n3[2-1]uz*[1- z]ngeo

L dr

The following theoretical paramater values were used (corresponding to the Puma
helicopter used in flight trials (1]). .

‘3% = 1.06 M,, = 128/(75¢a,8) = 1.00 (corrected Pitt value [I11}])
ng = 1.171 or M,, = 8/(3rays) = 1.56 (uncorrected Pitt value |[I1])
1 = 27.6 rads/sec

L = 0.648

145,11






