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Abstract

The importance of recognizing that each
‘lower-order model used for rotorcraft parameter
identification has a limited range of applicabil.
ity is {llustrated in some detail. Examples are
given to illustrate the use of oconditioning the
test input signals and the potential of using
multi-axis test inputs to enhance the parameter
identifiability. The paper discusses the benefits
and limitations of using frequency sweeps as
flight-test input signals for identification of
frequency response for rotorcraft and for the
subsequent fitting of parametric transfer-fynction
models. This paper demonstrates the major role
played by analytical modeling and the understand-
ing of the physics involved in the rotorcraft
flight dynamics, particularly understanding the .
limit of lower-order models, in achieving success-
ful rotorcraft parameter identification.
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& rudder pedals dtaphouwt, in,
‘o . éolleotivo stick dlap}aeﬂent. in.
L rudder actuator displacement, deg
L alleron actuator displacement, deg
t time delay, sec
o standard deviation
8 side slip (also flapping angle), rad (or

deg) o
L undamped natural frequency, rad/sec
4 damping ratio |
Ay eigenvalues

Introduction

For many years, research has been conducted
by the helicopter industry and government agencies
to develop global ogmutcr models such as C-81,
REXOR,Z and CAMRAD,3 which include comprehensive
aerodynamics, structural dynamics, engines, and
flight-control systems. For flight dynamics and
control applications, the validity of these inter-
disciplinary, global computer codes can only be
established by comparing their predicted responses
with those actually measured in flight. Because
of the numerous assumptions and approxzimations
used and the large mumber of parameters involved

in a global computer code, it is extremely diffi-

cult to fully establish its credibility by adjust-
ing these assumptions and parameters to fit the
measured data.

Simplified, special-purpose analytical models
that are easier to operate and to oocmprehend can
satisfy the needs in dealing with many aspects of
flight-dynamic problems such a9 helicopter flying-
qualities evalustion, design of stability and
control augmentstion systems (SCAS), and ground
simulator validation. These simplified analytical

. models may be direotly developed from the flight-

test data by using modern system or parameter-

‘* identifiocation techniques.

Significant advancement has been made in the
field of aircraft state estimation and parameter
ld«lt‘ gutlon in the last two d.oadr Two sym-
posia™*? and an AGARD lecture series® have
reviewed the state of technology in this field.
These symposia and lecture series indicated that,

.while significant progress has been made in the

identification of the stability and control

. paramsters of the fixed-wing aircrat, by compari-
. -son, progress has been relatively slow in its

rotary-wing counterpart. Several important issues
and problems are still facing rotorcraft parameter
identification which need to be resolved if major
advancements are to be achieved.

Unlike the flight dynamics of fixed-wing
airoraft, rotary-wing aircraft's are characteris-
tically those of a high-order system. Significant
inter-axis couplings exist fcr single main-rotor
heuoopters"; dynamic interactions are present
between the engine and drive train/rotor sys é
and high-order effegta guch as rotor dynamics?-!
and inflow dynamics '°~'“ are inherently present in
the system. The large number of degrees of free-
dom associated with the coupled high-order dynam-

" ics leads to a large number of unknown parameters

that have to be identified, making it extremely
difficult to achieve a successful application of
system or parameter-identification techniques.

Special purpose lower-order models, valid for
a limited range of frequencies or input-output
magnitudes, may beé used to reduce the number of
unknown parameters to be identified. The selec-
tion of a lower order model is often dictated by
its usage. For flight-control applications, for
example, a model valid for a higher frequenoy

- range is required for the design and analysis of

high bandwidth flight-control systems''=1¢; 1ike-

wise, a model valid only for a lower frequency

range such as one of quasi-static rigid-body
dynamic models can be quite adequate for low band-
width flight-control systems. Given a frequency
range of interest, the determination of an appro-
priate dimensionality (or system order) for a
lower-order helicopter model is not a simple task,
however. Generally, in mathematics, the higher
the order of a model, the better the fit to the
observed input-output data over the range of
frequencies of interest. What role, then, is to

‘be played by physics and what by mathematios (or

identification algorithms)? What type of a lower-
order model should one use, parametric or
nonparametrioc?

Whether a parametric or a nonparametric model
is to be used for identification depends on the
usage of the model and the identification proce-
dure selected., For flight dynamics and control
applications, parametric models such as state-
space models or transfer-function models are pre-
ferred over nonparametric models such as impulse
or frequency response. Identification of a param-
etric -8491 can be conducted in either the time
domain'9-27 or the frequency domain.28 The latter
can also be employed for identification of a non-
parmgsigonodel first, then a parametric
model 7" Sophisticated software packages for
both time- and frequency-domain system (or




paramster) identification have commercially
available in the past few years.3':32 ‘The key to
& successful rotorcraft parameter identification
may lie in the selection of appropriate lower-
order models ‘diamngggbove, and in the design of

“proper test inputs.

The design of control input signals for
flight testing is crucial for the identification
of lower-order helicopter flight-dynamics
models.  Test inputs may be designed to optimize
the information content in the helicopter response
measurements within the frequency range of inter-
est and, at the same time, minimize the excitation
of the helicopter modes outside the frequency
range of the model valid for its intended usage.
Helicopter responses to a control input can be
oconsl ly nonlinear, especially in the vertical
axis.’® Care, therefore, must be exercised to
devise the size of the test inputs so that the
magnitude of the helicopter response is commensu-
rate with the intended use of the identified .
model. To maximize the information content in the
helicoptar response data and thereby enhance the
identifiability of the unknown paramsters, espe-
clally those associated with interaxis coupling,
it may be desiradble to employ multi-axis, instead
of single-axis, test inputs.

Other diffioulties associated with rotorcraft
parameter-identification include the relatively
high noise level contamination in the response
moasurements, and the inherent inatability of the
basic aireraft. Means of overcoming some of these
difficulties will be discussed in conjunction with
the design of test inputs in the remainder of the
paper.

Modeling Jelicopter Dynemics for
‘Parsmeter ldentificetion

It is important to recognize that esch ana-
lytical model used to fit the finite input-output
data has a limited range of applicability. Recog-
nizing this fact is of special importance in mod-
eling helicopter dynasios for parameter identifi-
cation, becauss a helicopter has a relatively
large number of degrees of freedom. Awareness of
the limitations of the analytical model is also of
vital importance in the design of flight-test
experiments, in proocessing the test data and
seleoting of parameter identification algorithms,
and in correlation and interpretation of the iden-
tification resuits.

The selection of the range of appliocability
of the model is, of oourse, dictated by the moti-
vation behind the identification, PFor example, if
the model is to be used to validate a ground
similation involving large maneuvers, then the

appropriate candidate model would be nonlinear,
not a linear model. - If, on the other hand, the
model is to be used for correlation with flying-
qualities evaluation results or for flight-control
system design involving possible use of high
gains, then a better candidate would be a linear
time-invariant model, not a nonlinear model. Two
lower-order, linear, time-invariant models are now
examined to illustrate their validity in terms of

© frequency range.

Validity and Limitation of a Quasi-Static
Six-Degree-of-Freedom Rigid-Body Model

Consider a linear, time-invariant, nine DOF
representation of the helicopter dynamics, which
includes six DOF rigid-body dynamios and three DOF
tip-path plane dynamics for flapping motion. This
model is useful for the degign of high bandwidth
flight-control systemss.!0-11" The model has the
following form: »

Xp Pie | Fo2] I%g G,
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where x = (a, a, b a. a;, b)),

=z (@ l. q.op :1- u' v ow)', re;pcetlvely.
representing the state vector of the rotor and the
body dynamics; u = (A1 Bie 0, ¢ )' 1is the
rotor oontrol vector; 91 and G; are matrices of
stability and control defivatives. Table 1(a)

~ shows a set of numerical values of the stability

and control derivatives of a representative tee-
tering rotor helicopter in hover., The representa-
tion is a 10th-order system (the decoupled coning,
yaw, and vertical degrees of freedom are not
included).

A simplified six DOF model which assumes
instantaneous response of the rotor may be devel-
oped from the nine DOF model (1) using the steady-
state equation for the rotor dynamiocs. The resul-
tant quasi-static six DOF rigid body dynamics
model has the following form:

. -‘ -1
Ty o (Fpp - FpyFpyFiplxp + (G - ExyFy Gy (2)

The reduced lower-order model (6th-order) is shown
in Table 1(b). The two low-frequency complex
modes are the same for both models, but the real
roots are more widely separated for the lower~
order model. The differences between these two
models are more clearly shown in their frequency

responses.

A comparison of the frequency response of the
fuselage pitoh-and-roll rate to the lateral cyclic
input for the 10th-order system and the 6th-order




system as given in Tables 1(a) and 1(b) are shown
in Figs. 1 and 2. It is worth noting from these
" figures that, although the characteristic frequen-
cies of the rotor dynamics and the body dynamics
are well separated (by more than a factor of 10),
the frequency range of applicability of the sim-
plified 6th-order model is good only up to approx-
imately twice that of the highest rigid-body char-
acteristic frequency. In fact, if the amplitude
ratio miss-match of a 6 dB or phase differential
of 12° (whichever is more stringent), is used as
the criterion, the maximum frequency that satis-
fies this criterion is approximately 2.5 r/s.
Thus, it cannot be overemphasized that a simpli-
fied six DOF analytical model such as Eq. (2) has
a limited frequency range of applicability.

To further demonstrate the point, consider
two longitudinal eyclic inputs, one "doublet” with
the dominant frequency content of approximately
1.57 r/s which is within the frequency range of
applicability of the 6th-order model, and the
other input with a dominant frequency content of
9 r/s which is beyond the frequency range of its
applicability. Figures 3 and 4§ show a comparison
of the 6th- and 10th-order models using the two
inputs mentioned above. These figures clearly
indicate the importance of recognizing the fre-
quency range of applicability of a simplified
analytical model in designing and conditioning
test inputs. Input design will be discussed later
in the paper. ’

Limitation of Quasi-Static Vertical Dynamic

Models in Hover

Now consider a linear time-invariant three
DOF representation of the helicopter dynamics,
which includes dynamic inflow, rlagp_ing, and the
vertical motion of the helicopter'” in hover.
Again, this model may be useful for flight-control
system design involving possible use of high gains
in the vertical axis. A set of stability and
control derivatives of an articulated rotor heli-
wpi:el'18 for this lth-order system is shown in
Table 2. Following the procedure used to reduce
Eq. (1) to Eq. (2), two reduced-order analytical
models, one without inflow dynamics, and the other
without inflow and flapping dynamics are calou-
lated, with the results shown also in Table 2.
These two reduced order models are represented by
a 3rd-order and a 1st-order system, respectively,
the latter being the conventional (quasi-static)
vertical dynamics,

WaZue z’o°° (3)

with + ~0,308 (1/3eg), and
Z:: 2 -293.3“ fﬁ::s/l'ld.

To provide some background for the results to
be discussed in the subsequent sections, it is
important to compare the calculated vertical-
acceleration responses from the three models in
Table 2 with that neasureg from flight using a
CH-ATB research aircraft. 6 Shown in Fig. 5 is a
typical vertical acceleration response to collec-
tive step input with a magnitude of 0.62 in. (or
0.0201 rad collective pitch change). The data
were taken fnitially with a sampling frequency of
107.75 Hz, then passed through a 5 Hz filter to -
remove the 3/rev (11 Hz) and higher harmonic
vibratory noise. The filtered data were then
decimated by a factor of 5 to yield 21.55 Hz data,
as plotted in Fig. 5. As can be seen, the tran-
sient is characterized by an cvershoot, which
immediately follows the abrupt change in collec-
tive pitch. The response of the rotor RPM was not
recorded, but some small variations in rotor RPM
on the order of 3%, were observed from a video
recording of the coockpit instrumentation during
the flight. The response of the RPM is slower
than that of normal acceleration, typically droop-
ing down to its minimm at about 1 sec after an up
collective, and the transient lasts for about
3 sec before reaching steady state.

The calculated perturbation of the vertical
acoeleration responses to a 0.62 in. step input in
collective pitoh is shown in Fig. 6 for the three
models shown in Table 2. The Ath-order model,
which includes dynamic inflow, flapping, and the
vertical motion of the helicopter, matches the
flight data reasonably well. The 3rd order model,
which neglects the inflow dynamics, results in a
degraded match with the flight data in the initial
transient; and the quasi-static 1st-order model
completely fails to capture the initial overshoot,
which is a result of the combined effects of the
two higher. n-oqmn?s modes, the inflow mode and

the flapping mode.

The validity, in terms of frequency range, of
the two lower-order models can be seen more
clearly by comparing their freguency responses
with those of the lth-order model as shown in
Fig. 7. The calculations cover the frequency
range of 0.1 to 100 rad/sec. A resonant peak at
the frequency of about 17 rad/sec is evident from
the ith-order model. This is attributable to the
desmisiud flapping mode induced by the dynamic
tnflow'® and can clearly be seen by comparing
Fig. 7 (a) and (b). The frequency range of appli-
cability of the 1st-order, quasi-static model is
considerably lower compared to the 3rd-order
model. If the criterion described previously for
the six DOF rigid-body model is applied here, the
frequency range of applicability is less than
5 r/s. The transfer functions of the vertical
acceleration to the collective stick displacement
are shown in Table 3. It is interesting to note




that both the 4th-order and the 3rd-order models
exhibii nomminimum phase characteristics.

lection of Test I

m test input is one of the most umortant
factors affecting the accuracy with which model
parameters can be identified. In fact, for a
specified measurement system there is a theoreti-
cally achievable maximum parameter identification
accuracy corresponding to each flight test input
used to excite the helicopter. In the design of
flight-test inputs, two important questions must
be answered: (1) What should the input function

be so that all the helicopter dynamic modes within

the frequency range of interest are properly
excited? (2) For how long should the data record
be taken to enable identification of the p‘n-
eters to a desired level of accuracy?

Many time-domain and frequency-domain
approaches to the design of flight-test inputs for
aircraft parameter identification oxtcn-
sively discussed in the literature.
methods invariably involve -xmuuon or so-c
function of Fisher's information matrix or minimi-
zation of some function of the covariance matrix
of the parameter-identification error. Since all
the input-design procedures begin with a set of
a priori values of the very parameters that are to
be identified, no input-design procedure can truly
be optimal in practice. For time-domain identifi-
cation of aircraft stability and control param-
eters, some practical approaches to the design of

"multi-step” test mputs have been develgrd using

frequency analyals3 or Walsh functions.

Figure 8 shows some typical multi-step input
signals and their frequency distribution plots.
For comparison purposes, a pulse input and a
smooth test signal designed using the method of
Ref. 33 are also shown in the figure. For the
pulse or the multi-step input signals, there is
considerably more power in the hlgh-troqmcy
region because of the sharp edges associated with
these signals. Proper conditioning of these
signals is, therefore, required if a successful
identification of lower-order models is to be
achieved.

ing of Input 8 1

Because of the limited fraquency range of
applicability for lower-order models, proper
design of flight-test inputs for identification of
stability-and-control parameters of the helicopter
is even more important. The highest frequency
content of the flight-test inputs should be prop-
erly controlled so as to be consistent with the
frequency range of applicability of the model.
Otherwise, the results of parameter identification

would be very difficult to interpret and to corre- |
late with those generated from a more complete
model. Experience in applying the method outlined
in Ref. 34 to a variety of aircraft has shown that
the dominant frequencies contained {n the test
input signals are all lower than the highest char-
acteristic frequency of the model, thus assuring
the oonsistency of the input frequency distribu-
tion and the frequency range of applicability of
the model. However, to insure that the high fre-
quency content of these input signals does not
exceed the frequency range of applicability of the

. model selected for parameter identification, a

low-pass filter may be used to operate on the
pilot input or on an automatic input device as
schematically shown in Fig. 9.

The validity of this concept may be seen by
comparing Fig. 10 with Fig. 4 as discussed in a
preceding section. In Fig. 10, the high-frequency
(9 r/s) doublet input applied in Fig. 4 was prop-
erly shaped using a 2nd-order filter with
w, 2.5 r/3 and ¢ 'z 0.7. To achieve a better
oomparison, the amplitude of the doublet in Fig. 4
is increased so that the filtered input in Fig. 10

_has the same peak amplitude as that in Fig. 4.

Because of the attenuation of the high-frequency
content of the input, a significant improvement is
seen. :

t _Test Inputs

_ Multi-axis test inputs may be designed to
enhance the identifiability of the helicopter
unknown parameters, particularly those associated
with the interaxis coupling. For example, the
identifioation of the lateral-directional stabil-

ity derivatives of a large fixed-wing cargo air-

plane may be considerably improved with test
inputs involving simultaneous use of aileron and
rudder. Shown in Table 4§ are the separate aileron
inputs and rudder inputs, both with a doublet and
a pulse having their dominant frequency tuned to
that of the Dutch-roll mode. For this particular

-example, the aileron inputs are much more effec-

tive than the rudder inputs in achieving smaller
errors in identification of the lateral-
directional stability derivatives. The aircraft
responses to these inputs are not excessive and
are on the same order of magnitude. Figures 11
and 12 show the aircraft responses to the rudder
doublet and the aileron doublet, respectively.

The practical Walsh-function method of
Ref. 34 was then used to design test inputs with
simultaneous use of aileron and rudder. Two sets
of "suboptimal™ inputs are shown in Table 5. It
is evident from Tables 4 and 5 that for the same
data length of 16 sec, the suboptimal inputs pro-
vide better identification results than the con-
ventional pulse and doublet inputs. Because of




% sisuitaneous use of both the alleron and the
Wa ﬂlO mpu.lll inputs also permit simulta-
Deous idestification of all the control deriva-

3 vu’ ib lﬁltiﬂl to all the atability deriva-
tives. m, they are effective and economical.

- Pigure 13 shows the aircraft responses to the
Mm lnput. II of Table 5.

For comparison purposes, an evaluation was

. also made for an alternate set of rudder and =
- alleron inputs devised years ago by fiight
research engineers. This set of 1nputs can easily
be performed by a test pilot by simply observing
the bank angle. As shown in Table 6, a rudder
step is first applied. When the bank angle

.. reaches a prescribed value, say 20°, an aileron

1 step is then applied to return the bank angle to
. 0%, At this point the rudder step is taken out,-
leaving in the aileron input. The aileron is
later reversed to bring the bank angle back to
0°. As shown in Table 6, this set of practically
implementable lnputs by the pilot, though not as

significantly better than either the conventional
aileron inputs or rudder inputs. Figure 14 shows
the simulated aircraft response to this set of
practical lateral-directional inputs.

Another practical input signal that has been

and nonrotoreraft flight
tests37+38 {s the "frequency sweep.” The fre-
quency sweep provides good control over the fre-

‘ rally to frequency-domain idmtification. .
 poomme s
" Two typical concatenated lateral stick (& ,e)

frequency sweeps completed d::iss the hover tests
of a teetering rotor helicop are shown in

- than computer-generated inputs. The sweep is

inftiated with two low-frequency simusoidal shaped
" cycles, with the periods corresponding to the low-

3 frequency bound of the desired identification

L range. For these particular tests, a nominal

| identification range of 0.4-15.0 rad/sec was

| desired, so the low-frequency period was ‘

| T = 16 sec. After the initial two low-frequency

oycles, the control is moved at gradually increas-

ing frequency for another 50 sec. By the end of

the run, the control is being driven quite rapidly

(about § Hz in Pig. 15) with generally smaller

displacements. The control is then returned to

tris, ending the approximately 90 sec test

period, At least two repeat sweeps are performed

oonsecutively for each control to ensure a suffi-

ofent amount of dynamic data for the identifica-

tion process.

effective as the suboptimal inputs of Table 5, is -

W in a number of rotorcraft flight
mea”»

quency range of interest and so lends itself natu-

Fig. 15. These tests used pilot-generated rather

The input autospectrum (Gg.(w)) in Fig. 16
displays the frequency dutrlbugion of the concat-
enated excitation signal (& ,p of Fig. 15). The
frequency-sweep produces nearly constant power in
the range of 0.3-7.0 rad/sec. The spectral ocon-
tent apparent below the minimum average input

- frequency of w = 0.4 rad/sec (T = 16 sec)

results from the various nonsinusoidal low-
frequency input signal details. At high frequency

{w > 7 rad/sec), the reduced autospectrum reflects.

the deliberate reduction in input amplitude (this
is also apparent in Fig. 15) which was necessary
to avoid overly exciting the rotor-pylon dynam-
ies. ‘The pilots could comfortably generate
‘sizable inputs up to a frequency of about 4 Hz,

The frequency-sweep input is especially well
suited for frequency-donin identification proce-
dures because:

(1) The input autospectrum is generally
constant over the desired frequency range.

(2) The wave form is roughly symmetric, so

‘the mean and linear drift can be extracted by

noniterative algebraic means--a requirement for
nonparametric identification.

(3) The input and‘wtput wave forms are
smooth and regular, so the resulting spectral
funstions are well behaved. (Muiti-step inputs,

“if not conditioned properly, are not suitable for

frequency-domain identification because the abrupt

_wave form generates undesirable side-lobes in the

spectral functions.)

(4) The frequency buildup is slow and steady
{as seen in Fig. 15) which allows the sweep to be
terminated if structural mode excitation is
encountered. Multi-step inputs may "ring” the
airoraft natural modes simultaneously uniess oon-
ditioning is used.

. Soms problems encountered with frequency~
sweep testing are:

(1) The long testing run needed to identify
low-frequency dynamics generally requires that the
hover tests be conducted with the stability aug-
mentation system engaged. Thus, the extraction of
open-loop dynamics is sensitive to correlation of
the excitation signal (e.g., surface deflection)
with the feedback signal. Success in extracting
open-loop dynamics from closed-loop testing is
umtmly a signal-to-noise problem that can be

cgo if the feedback gains are not very
high.

(2) For highly coupled (e.g., single-rotor)
helicopters, off-axis excitation is unavoidable
and sust be regulated by some movement of the
"nonswept® controls. (This diffioulty is




A

particularly noticeable in the hover oconditiom.)
Such secondary regulation is acceptable and ocan be
acoounted for in the analysis irthcawepta%
nouuopt inputs are not fully correlated.

(3) As seen in PFig. 15, the pilot's input
amplitude ohangea as a function of frequency. In
hover, for example, large low-frequency inputs are
not possible. High-frequency input amplitudes are
also often reduced because rotor or structural
resonances and actuator authority limits are
encountered. Thus, nonlinear characteristics may
not be exposed consistently across the frequency
range, or from one repeat run to the next. In
gemeral, these inconsistencies are msldered
acoeptable since the pilot's input amplitude
during the frequency sweeps is representative of
his normal operating control technique. The
resulting models are describing-functions which
reflect the "average" dynamics of the rotorcraft
in its normal oporntlng envelope

While the sweep can be computer-generated (as
in Ref. 40), pilot-generated mpues have some
important advantages:

(1) Since pilot test te‘chniqu‘o differs some-
what in each repeat run, the concatenated records
generally ocontain good spectral content over the
entire frequency range of interest. The differing
input amplitudes for each run yield s model which
reflects the average vehicle dynamics over a wide
operating range of amplitude and input forms.

(2) Although computer-geneérated sweep inputs
are sysmetric, the responses will not be symmetrio
and can cause the airoraft to drift significantly
avay from the reference trim condition. This
behavior is apparent in the computer-generated
sweeps of Ref. §0. When the pilot generates the
sweep input, low-frequency trim inputs can be used
to correct the drifts in the reference condition.

(3) Finally, the manual sweeps give the
pilot full control over the conduct of the tests
and the magnitudes of the inputs which is a par-
ticular concern in hovering tests.

Some useful guidelines were compiled by the
pilots who executed the hoquong;—mep tests on

the teetering rotor helicopter. They are given
in the Appendix.
oraft- tification

Dynamiocs identification methodologies gener-
ally fall into two categories: frequency-domain
and time-dommin. Each approach has its inherent

strengths and weaknesses which msake it best suited
for partioular applications. Time-domain (maximm
likelihood) identification (Fig. 17) uses Kalman-

7 state-space model parameters.

‘less rotor helicopter.

filter technology to obtain unbiased estimates of
Such a model facil-
itates a direct comparison between stability
derivatives obtained in the wind tunnel and those
of the actual flight vehicle. Transfer functions
and frequency responses are by-products of time-
domain identification since they are calculated
from the extracted state-space model but are not
identified explicitly. Thus, models which provide
a good fit in the time-domain do not necessarily
yield transfer functions that accurately reflect
the frequency-domain behavior. One reason for
this is that time-domain identification uses
least-squares fitting along a linear time scale,
while transfer functions and frequency responses
are displayed on a logarithmic scale of fre-
quency. Therefore, time-domain identification
techniques weight their results more heavily at
low frequency where the majority of the data
points are concentrated.

While time-domain identification methods have
been extensively applied to fixed-wing vehicles,
similar experience with rotorcraft is limited. In |
the Federal Republic of Germany, the German Aero-
space Research Establishment (DFVLR) has conducted |
extensive studies in parameter identification of
rotororaft dynamics using maximum likelihood time-
domain techniques. Much of this research has been
associated with the n151011¥ coupled BO-105 hinge-

In the National
Research Council of Canada, a time-domain, quasi-
linear response-error method was used for identi-
fication of h:uoopber stability and control
derivatives. Recent work in time-domain identi-
fication of rotorcraft has also been reported by
researchers at the Royal Aircraft Establishment
(RAE), Bedford, England.2!

The frequency-domain-identification approach
depicted in Fig. 18 uses spectral methods to
extraot the frequency responses between selected
input and output pairs. The identification
results are presented in Bode-plot format: magni-
tude and phase versus frequency. These nonpara-
metric identification results are very useful for
flight-control system design and handling quali-
ties studies. Currently proposed handling-
qualities criteria for the LHX (Ref. 41) are based
on frequency-domain parameters which can be read
directly from these graphical results. Frequency
responses obtained from real time and nonreal time
simulations can be compared directly with the
flight data to expose limitations and discrepan-
cies in the simulator models. ‘The fact that this
comparison can be made without an a priori assump-
tion of model structure or order is especially
important for verifying mathematical models of new
aireraft configurations. Tabulated frequency
responses are fitted with analytical transfer-
function models to extract modal characteristics




which are useful for handling-quality specifica-
tions given in lower-order equivalent system terms
and for transfer function-based control system
design studies. Since this fitting procedure is
completed after the frequency response is
extracted, the order of the transfer function can
be carefully selected to avoid an overparameter-
ized model. Multi-input/multi-output frequency-
response methods are suitable for extracting a
transfer matrix which includes the important cou-
pling effects.30

Once the transfer functions are identified,

state-space models given in terms of modal or
canonical coordinates can be realized. State-
space models can also be extracted in terms of the
physical state variables using least squares fit-
ting of the transfgr-function parameters or fre-
quency responses.z Finally, the extracted models
are driven with the flight data to verify the
time-domain characteristics. The semilog fre-
quency format of the Bode-plot presentation and
subsequent transfer-function fit makes the identi-
fied transfer-function and state-space models most
accurate at mid and high frequency (initial time
history transients). The low-frequency and
steady-state response prediction of the extracted
models is generally not as good as in the time-
domain identification approach.

While frequency-domain identification of
fixed-wing aircraft has been conducted for many
years, its application to rotorcraft identifica-
tion is fairly recent:

1. XV-15 tilt rotor aircraft.29:30
2. Bell-214-s1.39

3. NASA/Army CH-u47B.'8

4. Canadian NRC-205.40

The first three aircraft are being investigated by
the authors and are discussed in the following
sections.

Frequency-Domain Identification of the XV-15

The frequency-domain identification of the
XV-15 tilt-rotor aircraft (Fig. 19) is an exten-
sive on-going research effort. The objectives of
this project, begun in 1983, are to identify and
dooument the open-loop dynamics of the XV-15
throughout its flight envelope, to compare the
simulation and flight responses, and to develop
and verify a transfer-function model description
for future use in control-system development.
Identification methodologies, computational tech-
niques, and discussion of results are covered in
detail in Refs. 29 and 30. Included in this
research have been multi-input/multi-output

identification, multi-axis transfer-function
fitting, and structural-dynamics identification.
The current work involves the comparison of
frequency-domain and time-domain identification
results for the hover condition.

Identification of Lower-Order Equivalent Transfer
Functions of Bell 214-ST

Frequency-domain testing of the Bell 214-ST
single-rotor helicopter (Fig. 20) was completed in
October 1985 in support of the Army's development
of an updated Mil-H-8501 and LHX handling-
qualities specification. L These tests were
intended to demonstrate the frequency-domain iden-
tification procedure on a single-rotor helicopter
since much of the previous methodology development
had been completed on the (twin-rotor) XV-15 air-
craft. A discussion of the testing procedures and
identification results for the Bell-214-ST is
presented in Ref. 39. This project showed the
feasibility of frequency-sweep testing and fre-
quency-domain identification for use in helicopter
handling-qualities specifications. Further, the
results showed that very low order transfer-
function models can accurately predict the large
motion time-domain behavior of helicopters--even
in hover. An example of the results excerpted
from the report on the Bell-214-ST test’’ is given
below to illustrate the frequency-domain identifi-
cation approach.

The lateral stick frequency-sweep input and

" the corresponding input auto spectrum for the

hover-flight condition (with the control system
engaged) was previously presented in Figs. 15

and 16, The associated roll rate response for
these two frequency sweeps is shown in Fig. 21.
The maximum roll rate is about £15° per sec, with
somewhat lower values for very low and very high
frequency inputs. The corresponding output auto
spectrum (Fig. 22) shows that the roll rate exci-
tation is roughly constant in the frequency range
of 0.3 to 7.0 rad/sec, which corresponds to the
frequency range over which the input auto spectrum
is constant (Fig. 16). At high frequency, the
spectral response drops off owing to the K/s
response roll-off of the rigid body helicopter
dynamics and to the reduced pilot inputs at high
frequencies (Fig. 15). The peak which occurs at
w = 11.9 rad/sec is due to the excitation of the
rotor-pylon structural mode. The output auto
spectrum drops sharply for frequencies below

0.1 rad/sec since there is very little pilot input
at these low frequencies.

The frequency response of roll rate to lat-
eral stick (p/&;,r) is shown in Fig. 23. At the
higher frequencies considered, the response exhib-
its a K/s characteristic which indicates that a
constant roll acceleration results from an initial




input of lateral stick. The presence of the
rotor-pylon mode at w = 11.9 rad/sec is clearly
seen in the figure, At very low frequencies, the
roll rate is reduced significantly because of the
large lateral velocity perturbations.

The quality of the identified frequency
response can be assessed from the coherence
function shown in Fig. 24. This frequency-
dependent parameter may be interpreted as that
fraction of the output spectrum estimate which can
be accounted for by linear relation with the input
spectrum estimate. Thus, when the process under
investigation is perfectly linear and the spectral
estimates are noise free, the coherence function
will be unity for all frequencies in the excited
input spectrum range. A value of the coherence
function less than unity will result from
nonlinearities in the system, input/output noise,
or cross-coupled control inputs. As can be noted
in Fig. 24, good frequency-response identification
is achieved in the range of 0.2 to 12.0 rad/sec.
The oscillation in the coherence function for
frequencies greater than 12.0 rad/sec and the
rapid decline in coherence function for fre-
quencies below 0.3 rad/sec are strong indications
of reduced spectral estimate accuracy. The
identification at low frequency can be improved by
reducing the period of the first two frequency
sweep cycles (Fig. 15). High-frequency excitation
for the Bell-214-ST tests was restricted because
of the excitation of the rotor pylon mode.

The next step in the identification procedure
is the fitting of lower-order transfer-function
models. In the case of the XV-15 study, the open-
loop coupled dynamics were sought. Therefore, the
selected model orders corresponded to the physical
order of the coupled open-loop dynamics. 0 This
i{s consistent with the earlier discussion on model
order selection in the present paper. In the
Bell-214-ST study, closed-loop transfer-function
models were sought. The overall effect of the
closed-loop augmentation is to drive the open-loop
poles into the zeros, thereby suppressing th:
open-loop inter-axis coupling and reducing the
residues of some of the open-loop modes. An
appropriate closed-loop representation for the
purposes of this study was one that accurately
modeled the dominant on-axis closed-loop responses
and ignored the off-axis responses and nearly
canceled modes. Therefore, the transfer-function
order was selected as a minimum order which would
yleld a reasonable fit of the flight data. In the
case of the roll (and pitch) closed-loop attitude
dynamics of the Bell-214-ST, the following second-
order transfer-function form was found to ade-
Quately reflect the dynamics of the helicopter
both in hover and cruise:
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The exponential term in the numerator is included
to account for the phase lag due to high-frequency
dynamics such as the rotor and actuators.

The maximum frequency range usable for
transfer-function fitting corresponds to the
reglon of maximum coherence (0.2-12.0 rad/sec) in
Fig. 24. However, the 2nd-order model of Eq. (i)
only accounts for the rigid body dynamics, so the
fit must be restricted to the frequency range
which excludes the rotor-pylon resonance. Thus,
the "frequency range of model applicability” is
0.2 to 10.0 rad/sec. This approach is consistent
with the earlier discussion of vertical
acceleration models.

Applying the transfer-function form of
Eq. (4) to fit the roll rate response of Fig. 23
in the range of 0.2 to 10.0 rad/sec yields the
following numerical parameters:

K = 35.41 deg/secz/in. h

T = 0.050 sec

1 (5)
T c 0.38 rad/sec

1
%— = 2,83 rad/sec J

2

Referring to Eq. (5), it can readily be seen
that the roll response is heavily damped (no
complex-valued roots) with a dominant response
time constant of T, £ 0.3 sec. The small effec-
tive time delay of 't = 0.050 sec shows that the
rotor, actuator, and structural dynamics do not
cause significant phase lag in the frequency rate
of concern for piloted handling qualities (about
0.1 to 10.0 rad/sec). As shown in Fig. 23, the
extracted model fits the data very well in the
frequency range of applicability (0.2-10 rad/sec).

The ability of this simple transfer-function
model to predict the time-domain roll response
characteristics in hover was tested using aircraft
response to step inputs. This input was selected
for the verification study to show the robustness
of the extracted model in predicting response
characteristics to input forms other than the
frequency-sweep form used in the identification
process. However, as discussed earlier, the step
input has high-frequency spectral content which
excites aircraft modes outside of the transfer-
function model's range of applicability
(0.2-10.0 rad/sec). Most important is the
unwanted excitation of the rotor-pylon resonance




(w = 11.9 rad/sec). Therefore, the input and
output flight data are low-pass filtered to atten-
uate the spectral content for frequencies beyond
w 3 10.0 rad/sec. The filtered step input flight
data are used to drive the transfer-function model
for comparison with the filtered output flight
data. These filtered time histories are shown in
Fig. 25.

A fairly large step input of & ,¢ = 0.75 in.
was applied and held constant until a maximum
steady-state roll rate was achieved (about 7°/sec
as seen in Fig. 25). The transfer-function model
is seen to closely reflect the filtered roll rate
response over the entire time history including
the recovery phase. The differences which are
apparent in the regions of maximum roll rate
mostly result from using a single-axis model
(Eq. (4)), which ignores the contribution of the
off-axis inputs. The very good overall match
between the flight data and the transfer-function
model response shows the utility of this fairly
low-order model in characterizing the closed-loop
dynamics of the Bell-214-ST. The fact that the
prediction is very good for this (smoothed) step
input form, which is markedly different in shape
from the frequency sweep, shows the robustness of
this identification approach and the advantage of
using minimum-order transfer-function models.

Identification of CH-47B Vertical Dynamics Model

in Hover

The same frequency-domain procedure used in
the identification of the two preceding aircraft
was also applied to the identification of the
vertical dynamics of the CH-UTB research aircraft
(Fig. 26) in hover. A varying frequency input in
collective pitch was employed to identify first
the frecuency response of the vertical accelera-
tion to collective input. Figure 27 shous a
sample of typical frequency sweeps of the input
with frequency varying from about 0.05 Hz to about
2 Hz. The normal acceleration response with a
discernible lead in low frequency is also shown in
the figure. Because of some sharp edges in the
frequency sweeps, substantial power in the collec-
tive input beyond 2 Hz (slightly above 3 Hz) is
present, as can be seen in the input auto-spectrum
and input-output cross-spectrum plots shown in
Fig. 28.

The extracted frequency response as shown in
Fig. 29 and the accompanying coherency function
(Fig. 30) indicate that the nonparametric identi-
fication is good between the frequency range of
0.2 to 20 r/s. The transfer-function amplitude
plot shows that there is a resonant peak at around
17 r/s as predicted earlier in Fig. 7. The pre-
dicted phase lead in the low-frequency region

shown in Fig. 7 also appears in the identified
transfer-function phase plot in Fig. 29.

Guided by the analytical modeling efforts
discussed in the previous section, a series of
parametric transfer-function models, ranging from
1st to 5th order was fit to the identified fre-
quency-response plots. The results which are
listed in Table 7 are classified according to the
order of the denominator. The 1st-order model
corresponds to the quasi-static model shown in
Table 3. The next higher-order model selected for
fitting the frequency-response plots is a 3rd-
order model which corresponds to the no dynamic-
inflow case (Case (b) in Table 3); no 2nd-order
models were used. Two 4th-order models were
used: one with 4th order in numerator (which
corresponds to Case (a) in Table 3) and the other
with 3rd order in the numerator (which corresponds
to the case having no direct control effective on
the verticgl acceleration due to blade pitch
changes).1 The Sth-order model was used to
account for possible effects due to variation in
rotor RPM.

The frequency-response fits for a 1st- and a
4th-order model (models (a) and (e) in Table 7)
are shown in Fig. 31. For the l1st-order model, it
proved to be difficult to fit the model accurately
over the entire frequency range; the fit was,
therefore, limited to the range of 0.1 to 3 r/s,
instead of 0.1 to 20 r/s as applied to all other
models. This causes the 1st-order model to match
the flight data better at low frequency than the
higher-order models, as can be seen in Fig. 31.
All the higher-order models exhibit a nonminimum
phase characteristic as predicted in the analyti-
cal modeling previously shown in Table 3. The
index for the fitting error improves as the order
of the transfer-function numerator and denominator
increases because of more free parameters avail-
able for fitting the data. It is noted in
Ref. 42, however, that a model with more free
parameters, though in general achieving a better
fit to a set of given data, does not necessarily
provide a better predictive capability (which,
after all, is the very purpose of developing a
model).

As a means for testing the predictive capa-
bility of those six identified models, the
vertical-acceleration responses to a step input in
collective input (0.62 in.) were generated from
the models. (In calculating these responses, the
small time delay (or advance) contained in the
models was neglected.) These responses of the
identified models (Fig. 32) compare very favorably
with those of the analytical model (Fig. 6). The
responges of the two identified 1st-order models
(a and b), a 4th-order model (e), and the Sth-
order model (f) are plotted together with flight




data (of Fig. 5) in Fig. 33. As expected, the
1st-order model (a), because of its limited fre-
quency range of applicability, fails completely to
predict the overshoot of the vertical acceleration
owing to the high-order effects of inflow and
flapping dynamics. However, the long-term
response matches well with the flight data. The
other identified 1st-order model (model (b)),
which fits over the entire frequency range with a
large fitting error, produces a response that
attempts to compromise the initial and final
responses of the flight data. As a result, its
response is inconsistent with the responses of
other models and its range of applicability and
usefulness becomes rather uncertain. The 4th-
order model provides a much better predictive
capability than does the 1st-order ones for the
initial transient. The response of the 5th-order
model matches even better with the flight data in
the initial transient, but its long-term response
becomes somewhat worse than that of the Uth-order
model, indicating that overparameterization may be
present in the 5th-order model.

Concluding Remarks

This paper has discussed in some detail the
importance of recognizing that each lower-order
model used for rotorcraft-parameter identification
has a limited range of applicability. Awareness
of this fundamental limitation is of paramount
importance in designing flight-test experiments,
in processing the test data, and in interpreting
the identification results. Test-input signals
must not only be designed to optimize the informa-
tion content in the rotorcraft response measure-
ments but also be properly conditioned such that
the highest frequency content of the flight-test
inputs is consistent with the frequency range of
applicability of the model. Examples have also
been given to illustrate the potentials of using
multi-axis test inputs to enhance the parameter
identifiability.

Also discussed in great length are the bene-
fits of using frequency sweeps as input-test sig-
nals for identification of frequency-response for
the rotorcraft and for subsequent fitting of para-
metric transfer-function models. The frequency
aweep provides a good control over the frequency
range of interest and it lends itself naturally to
nonparametric frequency-domain identification.
Analytical modeling and understanding of the
physics involved in rotorcraft flight dynamics,
especially understanding the limitation of lower-~
order models, can be more important than merely
relying on the identification algorithms in the
final stage of fitting parametric transfer-
function models to the flight-extracted frequency
response data.

Pilots:

Two Flights Completed 2 August 1985

Appendix:

Pilot Comments on Freguency Sweep
Inputs in BHT1 214ST Helicopter

CW4 Robert A. Williams and Cpt. Randy
Cason, USAAEFA Edwards AFB, CA

Hover Flight 1.2 hours
Level Forward Flight 90 KCAS 1.6 hours

Recommendations

Recommend that yaw inputs be performed prior
to other inputs since the yaw rates were very
low and it will aid in the pilot learning
curve. The test should be done in order of
increasing difficulty: yaw, collective,
longitudinal, and then lateral inputs.

Recommend that aircraft gross weight be at a
minimum during the collective inputs. Maxi-
mum gross weight for the Bell 214ST is
17,500 1b and the test was conducted at
approximately 13,000 lb. Torque readings
were consistently greater than 90% (above
100% constitutes an overtorque).

Recommend that the pilot be "coached" during
the input. It is very easy to remain at one
frequency too long, having the engineer tell
the pilot to dwell on a specific frequency
longer or increase frequency during a data
run aided data acquisition. This assumes the :
engineer has real time data. ;

Recommend that the copilot or flight test
engineer coach the pilot for the low fre-
qQuency responses by counting seconds for
timing the quarter period. This should only
be done for the lowest frequencies. It was
found that if the copilot tried counting at
the higher frequency, it only mixed up the
pilot and resulted in the pilot following the
copilot's counting rather than increasing the
frequency as required by the test.

Recommend that pilots practice the inputs
utilizing external power supply (hydraulic
and electrical power) on the ground prior to
testing. This should significantly reduce
test flight time.

Recommend a "scope" with "freeze" capability
be installed in the test aircraft unless
"real time" TM is available.

Recommend that the test team be briefed on
all “"aireraft" natural frequencies below
4.0 Hz and any resultant problems which may
be encountered at these frequencies.




10.

During flights that require longitudinal
inputs the instrumented A/S boom must be
monitored closely for deflection beyond
limits or removed.
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Teble 1a F and G matrioces for 10th order teetering rotor helicopter in hover
Matrix P
0 1.0 0 0 0 0 0 0 o ]
0 0 1.0 0 0 0 0 0 0
A71.6  -21.18 -53.95 0 0 -22.02 -56.69 0.1116 -0.3493
-22.67  53.78 -20.77 0 0 56.45 -21.55 -0.342 -0.1036
0 0 0 0 0 1.0 0 0 0
0 0 0 o 0 )] 1.0 0 0
-2.627 -0.09731 -0.04358 0 0 -0.1122 -0.05643  0.001908  -0.001641
21.65 0.2083 -0.4865 0 0 0.2822 -0.5612  -0.008207 -~0.00954
13.52 0.5009  O0.2243 -32.2 O 2.344 1.282 -0.00982  0.00845
2.27 0.2243 -0.5009 0 32.2 1.811  -2.3u4 -0.008452  ~0.00982
Matrix G Eigenvalues
, Real Imag.
T o 1 -10.62 £51.76
0 : -9.288 £3.519
571.7 -1.226
-10.1 -1.832
0 _ ~0.075 20,5454
0 0.1330 $0.3736
2.627
9.648 State vector = (a, by &y By 0 ¢ qpuv)'
-13.52 Control = Ay,
[ 9.931 '

Table 1b F and G matrices for simplified, quasi-static
6th order helicopter model

Matrix F
{ ) 0 1.0 0 0 o
0 0 0 1.0 0 0
/] 0 -0.4557 0.3538 0.008082  0.0006605
0 0 -1.877 -2.262 0.0084030 -0,02070
-32.2 0 N.110 -0.8290 ~0.02100 =0.003391
! 0 R.2 -0.4106 -£.008 0.004138 -0.02129-
Matrix G Eigenvalues
Real Imag.
o0 «0.9909
0 «2.009
0.2538 -0.01147  £0.5408
32.06 0.1315  20.3713
-1.305
L32'98 State vector = (6 ¢ q p u v)'
< control = Ay,
o




Table 2 Three vertioal dynamic models
a. Dymapio inflow-flap-vertical motjon

v -8.225 o -109.466  5.473 1311.4

H 0 0 1 o {ls]| 0

- ‘ ]
) s (7 |-1.155 —6or.m21  -26.116  1.1s5]\;s 629,004 | °

o

-0.069 -514.579 -3.924 0.069 | (w 94.510
o per rad

-10.567 £3 17.475
Ay = § -12.855
-0.284
b. Constant inflow-flap-vertical motion
$ () 1 o (¢ 0 _
-607.421  -26.116 0.387 4 »+ | 4us.8T4] 0, Ay =
-518.579  -3.924 0.023 83.51
c. Quasi-static vertical dynamics '

w s -0.304w - 293.338 o, ' “ Aq = -0.304

-12.893 j 20.837
-0.308

-
L]

Table 3 Vertical acceleration to collective transfer-functions of the three vertical
dynamic models

a. _‘_z= -3;"-2;3*911132¢n§305 .
8 s+ 34,3834 698.3 82 + 5556 s + 1520.3 Hth-order model
- (dynamic inflow-flap-

-3(0)(-52.611 68 ll11‘ vertical sotion)
10.51&; 20 821 i‘i‘lz.ESHOJ&T ‘

2,783 - 1.15% 457914 5

2
b. - —=
8¢ 33+ 26.003 2 + 608.334 s + 184.853 3rd-order model
(no inflow dynamics)
. -2.7(0)(-43.661) (48
0.526; 24.503)(0.3
. c. - ) . J2.784 s
8 s+ 0.308 1st-order model

{quasi-static model)

12,7840




Table & Comparison of aileron inputs and rudder inputs

RUODER INPUTS AILERON INPUTS
DOUBLET
8.2
16
1
PARA. rad, sec)
L -2.32 0.4458
[ 1122 03733 0.2625 0.1716 0.1196
Lg 8918 1.1085 0.8253 0.1278 0.1562
Ls, 0.2761 0.0201 0.0100 - -
Ls, 3631 - - 0.0382 0.0529
N, -0.03211 0.0785 0.0664 0.0084 0.0008
N, -0.1232 0.0856 0.0462 0.0308 0.0211
Ng 1.238 0.2084 0.1462. 0.019¢ 0.0151
N, -0.2121 0.0033 0.00278 - -
Nj, 0.01686 - - 0.0061 0.0000
(Yp/Vo) +ag | 0.03331 0.0437 0.0224 0.0107 0.0133
(YN, -1 | -0.9082 0.0353 0.0140 0.0149 10.0088
YoV, -0.06148 0.1188 0.0644 0.0341 0.0478
Vs No - 0.00822 0.00299 0.00440 - -
YsNo -0.00286 - - 00162 0.0208
zo? 1.7656 0.8783 0.0618 0.0484
VARIABLES: P r ¢ $
MEASUREMENT ERROR, o: O.1deg/sec  0.02 deg/esc 0.075 deg 0.075 deg




Table 5 Suboptimal inputs - simultaneous use of aileron and rudder

O.h {18-ssc DATA)
Ly 0.02183 0.0240
L 0.04170 0.0474
L 0.07008 0.08886
- Ly, 0.00838 0.00821
L, , 002004 0.0282
Ny -0.03211 - 0.00373 0.00420
N, -0.1232 , . 0e0MMY 0.00844 -
- Ng 128 | ' 001188 0.01194
Ng, 02121 . 000078 0.000732
N, 0.016865 000082 0.00483
(Yp/Vo) +o5 | 0.0331 0.00410 0.00477
(YN -1 | -0.9082 0.00877 0.00808
Yoo -0.08146 ' 001228 0.01380
s, No 0.00822 0.00188 0.00147
Ys/No -0.00286 0.00832 '0.00742
zo? 0.00841 0.00899
{ VARIABLES: ' P ’ ¢ [
MEASUREMENT ERROR,0:  O.1deg/mc  0.02deg/sec 0.075deg  0.075 deg




-
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Table 6 Recommended practical aileron and rudder input

st
co?  ‘ s ) 1"

MEASUREMENT ERROR, o:

”e
PARAMETER -‘:": Y S S
©as ‘\-——J‘ ' o
o o
PARA. "“:'2;‘ ' O i (16 30¢ DATA)
Lp 2n (¥
L, 1122 wn
L .18 ...
L3, 0.2761 oo
Ls, e N
N, -o0mn o
N, -0.1232 o
Ng 129 (TN
N3, onn (Y=
N3, 0.01688 a.00
(NP, | o0 soom
(VNo)-1 | -0seez a0
YoV 0,088 0.0
Y5,/No 0.00822 0.002¢
s, No -0.00288 o012
| = oo
VARIABLES: " r ¢ [
O.1degisec  002depiec  0.078dey  0.075 deg
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Fig. 1 Comparison of the frequency responses of P/_A,c for 10th and 6th order systems.
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Fig. 2 Comparison of the frequency responses of q/l,c rorimind6word»cyat-.




i
|
b

80 [ ——— 10TH ORDER MODEL : 201
«++++++ 6TH ORDER MODEL
’ §
§ 0 + + i 2o + —+
s >
-80 - -20 *
5 [- 2 B
) —
0 B
<
-. L _.2 . 9 d d
) 2 4 e
imr TIME, sec

Pig. 3 Comparison of the transient responses of the 10th and 6th order models to a low
frequency (1.6 rad/sec) doublet input.
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Fig. ¥ Comparison of the transient responses of the 10th and 6th order models to a high
frequency (9 rad/sec) doublet input.
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Fig. 5 Vertical acceleration response of the CH-U7B helicopter to a step collective input,
48, = 0.62 in. {408y = 0.0201 rad).

107, ORDER MODEL

TIME, sec

Fig. 6 Calculated vertical acceleration response to 0.62 in. (0.0201 rad) step collective
input: (a) Mth-order wodel, (b) 3rd-order model, (c) 1st-order, quasi-static model.
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Fig. 7 Calculated frequency response of vertical acceleration (ft/3?) to collective input
{(in.): (a) Uth-order model, (b) 3rd-order model, (c) 1st-order, quasi-static model.




40
8 20
<> |
& 0] .
-20 -
100 1 .
¥ so]
&
& o]
-50 . .
R 1.0 10 100
FREQUENCY, rad/sec
Fig. 7 Concluded,
TIME HISTORY FREQUENCY DISTRIBUTION
2 -
b=
2 1
Z
o L L ———
2 0
[
=}
S o0 $ $ [ — [
2 : . ' ) Vet AP .
0 2 4 8 8 0 5 10 15

TIME, sec FREQUENCY, rad/sec

Fig. 8(a) Time history and frequency distribution of a pulse and a "3-2-1-1" multistep test
input.
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Fig. 8(b) Time history and frequency distribution of a smooth test input and a multistep

test input.
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Fig. 9 Schematic diagram for input signal conditioning.
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Fig. 10 Comparison of the transient responses of the 10th and 6th order models to a high
frequency (9 rad/sec) doublet shaped with a 2nd order filter (wy = 2,5 rad/sec, g = 0.7).
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Fig. 11 Aircraft réspohae to a rudder doublet input.
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Fig. 12 Alrcraft response to an aileron doublet input.
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Fig. 13 Aircraft response to the lateral-directional suboptimal input II.




Tig. 18 Afrcraft response to the reccamended aileron and rudder input.
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Fig. 16 Lateral stick input autospectrum.
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~ Pig. 17 System identification procedurs (from Ref. 21).
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Pig. 18 Frequency-domain identification methodology.




Fig. 19 The _!'415 tilt-rotor airoraft in hover configuration.

Fig. 20 Bell 214-ST helivopter.
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Fig. 21 Roll rate during the lateral stick frequency sweeps (Bell 214-ST).
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7ig. 2% Coherence function for roll rate response identification (Bell 21N-ST).
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Fig. 25 Comparison of filtered aircraft response and transfer function model response to
filtered-step input (Bell 214-ST): (a) lateral stick deflection, (b) roll-rate response.

Fig. 26 CH-TB variable-stability research helicopter.
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Fig. 27 Collective control input and vertical acceleration response (CH-UTB flight-test
: data). '
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Fig. 28 Auto-spectrum of collective input and cross-spectrum of collective input and
vertical acceleration response (CH-47B flight data).
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Fig. 29 Frequency responses of vertical acceleration to collective input (CH-47B flight
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Fig. 30 Coherence function associated with transfer-function identification.
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Fig. 31 Transfer-function models fit to flight extracted frequency-response data:
(a) magnitude, (b) phase.
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Fig. 32 Predicted a, responses to step collective input (0.62 in.) from the six
: identified models.
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Fig. 33 Flight data, predicted responses of 1st, 4th, and 5th order models.







