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Abstract K gain

The importance of recognizing that each
lower-order model used for rotorcraft parameter rolling moment derivatives
identification has a limited range of applicabll- N yawing moment derivatives
ity Is illustrated in some detail. Examples are I
given to illustrate the use of conditioning the p roll rate, rad/sec (or deg/see)
test input signals and the potential of using
mlti-eais test inputs to enhance the parameter q pitch rat, tad/sec (or dog/see)
identifiability. The paper discusses the benefits
and limitations of using frequency sweeps as
ftlht-test input signals for identification of
frequency response for rotororaft and for the
subsequent fitting of parametric transfer-function
models. This paper demonstrates the major role T time constant, a"
played by analytical modeling and the understand- i
ing of the physics involved in the rotororaft U longitudinal airspeed component, ft/sec
flight dynamics, particularly understanding the
limit of lower-order models, in achieving success- u control vector
ful rotororaft parameter identification.

v lateral airspeed component (also inflow
Notation  \velocity), ft/sec

V airspeed, ft/sec40  blade cning angle, ad Varpef/*

w vertical airspeed component, ft/sec
a1  longitudinal first-harmonic flapping

coefficient, rd x state vector

as normal acceleration, ft/seo2  Y1 side force derivatives

Ala lateral cyclic pitch, red quasi-static, vertical damping, 1/see

b, lateral first-harmonic flapping coeffi- quasi-static collective effectiveness,
clent, red 0 ft/seo2/rad

10 longitudinal cyclic pitch, red 9 pitch attitude, red

F stability derivative matrix roll attitude, rad 0
S contro derivative matrix

O ontrol derivative mtrix ot  tail-rotor collective pitch red

s0 collective pitch, rad
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a rudder pedals displacement, in. parameters of the fixed-wing airorat, by comparl-
son, progress has been relatively slow in its

&c collective stick displacement, In. rotery-wing counterpart. Several important issues
and problem are still racing rotororaft parameter

4r  rudder actuator displacement, des identification which need to be resolved if major
advancements are to be achieved.

as  aileron actator displaceent, des
Unlike the flight dynamics of fixed-wing

T time delay, sec aircraft, rotary-wing aircraft's are characteris-
tically those of a high-order system. Significant

a standard deviation Inter-axis couplings exist for single man-rotor
helicopters 7 ; dynamic interactions are present

0 side slip (also flapping angle), red (or between the engine and drive train/rotor systemP.
deg) and high-order effe9sa1 uh as rotor dynamis9-11

and Inflow dynamics ' - are inherently present in
undamped natural frequency, rad/seo the system. The large number of degrees of free-

don associated with the coupled high-order dynam-
damping ratio ice leads to a large number of unknown parameters

that have to be identified, making it extremely
eigenvalues difficult to achieve a successful application of

system or parameter-identification techniques.

Special purpose lower-order models, valid for

Introduction a limited range of frequencies or input-output
magnitudes, may be used to reduce the nmber of

For many years, research has been conducted unknown parameters to be identified. The selec-
by the helicopter industry and goverrment agencies tion of a lower order model is often dictated by
to develop global oemputer models such as C-81, 1  its usage. For flight-ontrol applications, for
RIXOR, 2 and CANRAD,J which include comprehensive exaple, a model valid for a higher frequency
aerodynamics, structural dynamics, engines, and range is required for the design and anallsis of
flight-control systems. For flight dynamics and high bndwidth flight-control systemst -.4; like-
control applications, the validity of these inter- wise, a model valid only for a lower frequency
disciplinary, global computer codes can only be range such as one of quasi-static rigid-body
established by comparing their predicted responses dynamic models can be quite adequate for low band-
with those actually measured in flight. Because width flight-control systems. Given a frequency
of the numerous assumptions and approximations range of interest, the determination of an appro-
used and the large number of parameters involved priate dimensionality (or system order) for a
in a global computer code, it ie extremely diffi- lower-order helicopter model is not a simple task,
cult to fully establish its credibility by adjust- however. Generally, in mathematics, the higher
ing these assumptions and parameters to fit the the order of a model, the better the fit to the
measured data. observed input-output data over the range of

frequencies of interest. What role, then, is to
Simplified, special-purpose analytical models be played by physics and what by mathematics (or

that are easier t operate and to OumrAehe cm identification algorith ms)? What type of a lower-
satisfy the needs in dealing with many aspects of order model should one use, parametric or
flight-dynamio problem uch as helicopter flying- nonparamtric?
qualities evaluation, design of stability and
control augentation systin (SCAS), and ground Whether a parametric or a nonparametric model
simulator validation. lbgse simplified analytical is to be used for Identification depends on the
models my be directly deloped from the flight- usage of the model and the identification proce-
test data by using modern system or parameter- dure selected. For flight dynamics and control
identification teommiqmes. applications, parametric models such as state-

space models or transfer-function models are pre-
Significant adVancement has been made in the ferred over nonparametrio models such as impulse

field of aircraft state estimation and parameter or frequency response. Identification of a param-
ident fication in the last two deoadpe. Two sym- etrie model can be conducted in eithel the time
posia and an ACAND lecture series have domain 19 -27 or the frequency domain. 2" The latter
reviewed the state of techmology in this field, can also be employed for identification of a non-
Thes symposia and lecture series indicated that, paramejigomodel first, then a parametric
whlle significant progress has been made in the model. -' Sophisticated software packages for
identification of the stability and control both time- and frequency-domain system (or



p W.ite) Identification have oommeroially appropriate oandidate model would be nonlinear,
avalile in the post rew years he key to t a linear model. If, on the other hand, the
a monpeeful rotororaft parvaotr identification model is to be used for correlation with flying-
My lie In the seleotion of appropriate lower- qualities evaluation results or for flight-oontrol
order models di -uagd bove, and in the design or system design involving possible use or high
proper st input . - 5 pins, then a better candidate would be a linear

time-invariant model, not a nonlinear model. Two
The design of control input signals for lower-order, linear, time-invariant models are now

Sflight tsting is crucial for the identification examined to illustrate their validity in terms of
of lower-order helicopter flight-dynamics
model. Test inputs my be designed to optimize frequcy range.

* the Information content in the helicopter response Validity and Limitation of a Qai-Static
Measurements within the frequency range of inter- Six-Deree-of-Freed. Risid-Body Model
est and, at the same time, minimize the excitation
of the helicopter modes outside the frequency Consider a linear, time-invariant, nine DOF
range of the model valid for its intended usage. representation of the helicopter dynamics, which
Helicopter responses to a control input can be includes six DOF rigid-body dynamics and three DOF
cnqlgrably nonlinear, especially in the vertical tip-path plane dynamics for flapping ation. This
axs. Care, therefore, mst be exercised to model is useful for the delign of high bandwidth
dfvi the size of the test inputs so that the flight-control systems. 10 1 1  The model has the
megaitude of the helicopter response Is comensu- following form:
rate with the intended use of the identified
model. To maximize the information content in the rxi [ G
heliapter respme data and thereby snhanc the f 11 F12

Identifiability of the uomm parameters, espe- 2 - u ()
ially those a slated with interaxis coupling, [

it my be deilrable to employ mUlti-axis, instead '21of sinle-axia, test inputs.

where uRx (ao a, b 1 ; i0  il I P
Other difficultiesassociated with rotorat XF a ( # q p r u v w)', respectively,

paraOmter-identiflation Include the relatively representing the state vector of the rotor and the
high noise level contamination in the response body dyamlo; u (A 0 e) is the

onto, and the Inherent instability of the rotor control vector; Ij and Gi are mtric of
basic aircraft. Mans of overooming ame of these stability and control derivativs. Table (a )
difficulties will be discussed in conjunction with shows a set of numerical values of the stability
the design of test Inputs in the remainder of the and control derivatives of a representative tee-
Paper. tering rotor helicopter in hover. The representa-

tion is a 10th-order system (the decoupled coning,
yaw, and vertical degrees of freedom are not

Mde lin liooter Dnmis for Included).
Parameter Identifigat

A simplified six DOF model which assumes
It Is impoetant to reo ise that eao a- Instantaneous response of the rotor may be devel-

lytical madel used to fit the finite Input-output aped from the nine DOF model (1) using the steady-
data has a limited range of applicability. Reoo state equation for the rotor dynamics. The resul-
nizing this fact is of special importance in nd- tant quasi-static six DOF rigid body dynamics
eling helicopter dynmics for parameter identifi- model has the following form:
cation, because a helicopter Us a relatively

*large noer of depree of freedom. hmaren of '? (r22 - F2 I 71IF 12 )x 7 , (G2 - F21F11G,)u (2)
the limitations of the analytieal model is also of
vital importance in the design of flight-test The reduced lower-order model (6th-order) is shown
experiments, in processing the test data and in Table 1(b). The two low-frequenoy complex
selecting of parameter identification algorithm, modes a" the sa for both models, but the real
and in correlation and int pretation of the aden- roots are oe widely separated for the lower-
tifioation results. order model. The differences between these two

The selection of, the ra of applicability models are more clearly shown in their frequency

of the model Is, of course, dictated by the moti- responses.

vatien behind the identification. for exmle, if A comparison of the frequency response of the
the model is to be used to validate a groad fuselage pitch-an-roll rate to the lateral cyclic
hildation involving large maneuvers, t the input for the 0th-ordefr system and the 6th-orer



system as given in Tables l(a) and l(b) are shown To provide sam background for the results to
in Figs. 1 and 2. It Is worth noting from these be discussed In the subsequent sections, it is
figures that, although the characteristic frequen- important to compare the calculated vertical-
ales ot the rotor dynamics and the body dynamics acceleration responses trom the three models in
are well separated (by more than a factor of 10), Table 2 with that measure16 from flight using a
the trequency range of applicability of the aim- CH-417B research airoraft. Shown in Fig. 5 is a
plitled 6th-order model is good only up to approx- typical vertical acceleration response to caliac-
Iately twice that ot the highest rigid-body char- tive step input with a magnitude ot 0.62 in. (or
acterlstle frequency. In fact, If the amplitude 0.0201 red collective pitch change). The data
ratio miss-match ot a 6 dB or phase differential were taken initially with a sampling frequency of
ot 120 (whichever is more stringent), is used as 107.75 Hz, then passed through a 5 Hz filter to
the criterion, the maximum frequency that satis- remove the 3/rev (11 Hz) and higher harmonic
ties this criterion is approximately 2.5 r/a. vibratory noise. The filtered data were then
Thus, it cannot be overemphasized that a simpli- decimated by a factor of 5 to yield 21.55 Hz data,
tied six DOE analytical model such as Eq. (2) has as plotted In Fig. 5. As can be seen, the tran-
a limited frequency range of applicability. sient Is characterized by an cershoot, which

Imediately follows the abrupt change in collec-
To further demonstrate the point, consider tive pitch. The response of the rotor RPM was not

two longitudinal cyclic inputs, one "doublet" with recorded, but sme small variations in rotor RPM
the dominant frequency content of approximately on the order ot 3%, were observed trm a video
1.57 r/a which is within the frequency range of recording of the cockpit instrumentation during
applicability of the 6th-order model, and the the flight. The response of the RPM is slower
other input with a dominant frequency content of than that of normal acceleration, typically droop-
9 r/3 which is beyond the frequency range of Its ing dowm to its mininum at about I so after an up
applicability. Figures 3 and 4 show a comparison collective, and the transient lasts for about
of the 6th- and 10th-order models using the two 3 see before iecLng steady state.
inputs mentioned above. These figures clearly
indicate the importance of reognizing the fre- The calculated perturbation of the vertical
quency range of applicability of a simplified acceleration responses to a 0.62 in. step input in
analytical model In designing and conditioning collective pitch Is shown In Fig. 6 for the three
test inputs. Input design will be discussed later models scnem in Table 2. The 4th-order model,
in the paper. which Includes dynamic inflow, flapping, and the

vertical motion of the helicopter, matches the
Limitation of Quasi-Static Vertical Dynami flight data reasonably well. The 3rd order model,
Models in Hover which neglects the Inflow dynamics, results in a

degraded mtch with the flight data in the initial
Now consider a linear time-invariant three transient; and the quasi-static lt-order model

DOE representation of the helicopter dynamics, completely fails to capture the initial overshoot,
which includes dynamic inflow, fla ipng, and the which is a result of the combined effect. of the
vertical motion of the helicopterf in hover. two higher freq modes, the inflow mode and
Again, this model may be useful for flight-oontrol the flapping moe.
system design involving possible use of high gains
in the vertical axis. A set of rstability and The validity, in term of frequency range, of
control derivatives of an articulated rotor hell- the two lower-order models can be seen more
copter1 8 for this 4th-order system is shown in clearly by comparIng their frequency responses
Table 2. Following the procedure used to reduce with those of the 4th-order model as shown in
Eq. (1) to Eq. (2), two reduced-order analytical Fig. 7. The calculations cover the frequency
models, one without inflow dynamics, and the other range of 0.1 to 100 tad/se. A resonant peak at
without inflow and flapping dynamics are calou- the frequency of about 17 rad/see Is evident from
lated, with the results shown also in Table 2. the 4th-order model. This is attributable to the
These two reduced order models are represented by destabi ised flapping mode induced by the dynamic
a 3rd-order and a 1st-order system, respectively, inflowl and can clearly be seen by comparing
the latter being the conventional (quasi-static) Fig. 7 (a) and (b). The frequency range of appli-
vertical dynamics, cability of the 1st-order, quasi-static model is

considerably lower compared to the 3rd-order
2 ZWW + Z0e0  (3) model. If the criterion described previously for

the six DO rigid-body model is applied here, the
with a• -0.301 (1/sn), and frequency range of applicability is less than

Z0 2 -293.34 ft/s /red. 5 r/s. The transfer functions of the vertical
0 acceleration to the oollective stick displacement

are shown in Table 3. It is interesting to note



that both the th-order and the 3rd-order models would be very difficult to interpret and to corre-
e*hibIL nounmnimm phase characteristics. late with those generated from a more complete

model. Experience in applying the method outlined
in Ref. 341 to a variety of aircraft has shown that

Selection og Test Inputs the dominant frequencies contained in the test
input signals are all lower than the highest char-

The test input is one of the most important acteristic frequency of the model, thus assuring
factors affecting the accuracy with which model the consistency of the input frequency distrLbu-
parameters can be Identified. In fact, for a tion and the frequency range of applicability of
specified measurement system there is a theoreti- the model. However, to insure that the high fre-
oally achievable maximum parameter identification quenoy content of these input signals does not
accuracy corresponding to each flight test input exceed the frequency range of applioability of the
used to excite the helicopter. In the design of model selected for parameter identification, a
flight-test inputs, two important questions mst low-pass filter my be used to operate on the
be answered: (1) What should the input function pilot input or on an automtic input device as
be so that all the helicopter dynamic modes within schematically shown in Fig. 9.
the frequency range of interest are properly
excited? (2) For how long should the data record The validity of this concept my be seen by
be taken to enable identification of the param- comparing Fig. 10 with Fig. 4 as discussed in a
eters to a desired level of accuracy? preceding section. In Fig. 10, the high-frequenoy

(9 r/s) doublet input applied in Fig. 4 was prop-
Many time-domain and frequency-domain erly shaped using a 2nd-order filter with

approaches to the design of flight-test inputs for an a 2.5 na and ' z 0.7. To achieve a better
aircraft parameter identification hu eeeten- comparison, the amplitude of the doublet in Fig. 4
sively discussed in the literature. These is increased so that the filtered input in Fig. 10
methods Invariably involve mauimization of some has the same peak amplitude as that in Fig. 4.
function of Fisher's information mtrix or minimi- Because of the attenuation of the high-frequenoy
zation of some function of the covariane matrix content of the input, a significant improvement is
of the parameter-identification error. Since all Smen.
the input-design procedures begin with a set of
a priori values of the very pammaters that are to Wulti-axs. Test Inputs
be identified, no input-desLgn procedure can truly
be optimal in practice. For time-domain identifi- Nultl-axis test inputs my be designed to
cation of aircraft stability and control pari- enhance the identifiability of the helicopter
eters, some practical approaches to the design of unknown parameters, particularly those associated
Rmulti-step" test inputs have been developed using with the interaxis oupling. For example, the
frequency analysis 3 5 or Wlsh functions.-" Identification of the lateral-directional stabil-
Figure 8 shows some typical multi-step input ity derivatives of a large fixed-wing cargo air-
signals and their frequency distribution plots, plane may be considerably Improved with test
For comparison purposes, a pulse input and a inputs Involving simultaneous use of aileron and
smooth test signal designed using the method of rudder. Shown in Table 4 are the separate aileron
Ref. 33 are also shown in the figure. For the inputs and rudder inputs, both with a doublet and
pulse or the multi-stop input signals, there is a pulse having their dominant frequency tuned to
considerably more power in the high-firequency that of the Dutch-roll mode. For this particular
region because of the sharp edges associated with example, the aileron inputs are much more effeo-
these signals. Proper conditioning of these tive than the rudder inputs in achieving mller
signals is, therefore, required if a successful errors in identification of the lateral-
identification of lower-order models is to be directional stability derivatives. The aircraft
achieved, responses to these inputs are not excessive and

are on the same order of magnitude. Figures 11
Conditionina of Innut Signals and 12 show the aircraft responses to the rudder

doublet and the aileron doublet, respectively.
Because of the limited fraquency range of

applicability for lower-order models, proper The practical Walsh-funotion method of
design of flight-test inputs for identification of Ref. 34 was then used to design test inputs with
stabilityand-oontrol parameters of the helicopter simultaneous use of aileron and rudder. Two sets
is even more important. The highest frequency of "suboptimlw inputs are shown in Table 5. It
content of the flight-test inputs should be prop- is evident from Tables 4 and S that for the same
erly controlled so as to be consistent with the data length of 16 sea, the suboptimal inputs pro-
frequency range of applicability of the model. vide better identification results than the con-
Otherwise, the results of parameter identification ventlnal pulse and doublet inputs. Because of



the suteosseof both the aileron and the The input autospeotrua. (a()) in Fig. 16
rudde, the auboptimal inputs also permit simlta- displays the frequency distribution of the ooncat-
.Uecus $dgiftcatiow of all the control deriva- tnatd excitation signal (SLAT of Fig. 15). The
it : ei addition to all the stability deriva- frequency-sweep produces nearly constant power in
ti. ee. Thus, they are effective and economical. the range of 0.3-7.0 red/sec. The spectral con-
Figure 13 shows the aircraft responses to the tent apparent below the minima average Input
subopti al input II of Table 5. frequency of u a 0.4 rad/sec (T a 16 sec)

results from the various nonsinusoidal low-
For comparison purposes, an evaluation was frequency input signal details. At high frequency

also mods for an alternate set of rudder and (a > 7 rad/sec), the reduced autospectru. reflects
aileron inputs devised years ago by flight the deliberate reduction In input amplitude (this
research ensineers. This set of inputs an easily is also apparent in Fig. 15) which was necessary
be perfW ed by a test pilot by ssply observing to avoid overly exciting the rotor-pylon dynam-
the bank angle. As shown in Table 6, a rudder too. The pilots could comfortably generate
step is first applied. When the bank angle sizable inputs up to a frequency of about 4 ft.
reaches a prescribed value, say 20", an aileron
step Is then applied to return the bank angle to The frequency-sweep input is especially well
00. At this point the rudder step is taken out, suited for frequency-domain Identification proce-
leaving in the aileron input. The aileron is dures becoause:
later reversed to bring the bank angle back to
00. As shown in Table 6, this set of practically (1) The input autospectrum is generally
ipleoentable inputs by the pilot, though not as constant over the desired ftrequenoy range.
effective as the suboptimal inputs of Table 5, is
significantly better then either the conventional (2) The wave fom is roughly m tri, so
aileron Inputs or rudder inputs. Figure 14 show the mean and linear drift can be extracted by

the simulated ao erraft response to this set ofor

practical lateral-directional Inputs. nonpirmetric identification.

Another practical Input sigal that has ben (3) The input and output wave forms are
Another practialbinput signa othat hasgbee mooth and regular, so the resulting spectral

used sfa ly In a nuber of rotorcraft flight ~ o saewl eae.(dise nus
29., , 0 and nonrotoccraft flight f__atIft a" well baved. (Nt-stp Inputs,

testa 3 7 38 is the "frequency sweep." The fro- if not conditioned properly, are not suitable for

quemncy sweep provides good control over the fre- frequency-domain identification because the abrupt
wave form generates undesirable side-lobes in thequency range of interest and so lends itself nat- specta functos

rally to frequency-domin identification. spectral functions.)

(4) The frequency buildup is slow and steady
Fr c :Swes (As sen in Fig. 15) which allows the weep to be

Two typical concatenatd latral stick (4L...) terminated if structural mode excitation isfrequwy iups onleted during the stver T anoumntered. Nulti-stp inputs my "ring" theof a teetering rotor heliooptri are hom it aircraft natural modes siaultaneously unless on-

Fig. 15. These tests used pilot-enerated rather ditioning is used.
than oomputer-generated inputs. The sweep is Bow problems encountered ith frequency-
initiated with two low-froquency sinusoidal haped 0 8op tasting are:
cycles, with the periods corresponding to the low-
frq*en bound of the desired identification (1) The long testing run needed to identify
range. For these particular tests, a nominal low-frequency dynamics generally requires that the
identification range of 0.4-15.0 rad/seo was hover tests be conducted with the stability aug-
desired, so the low-frequency period was mentation system engaged. Thus, the extraction of
T x 16 sec. After the Initial two low-frequenOy open-loop dynamics is sensitive to correlation of
cyoles, the control is moved at gradually inore s- the excitation signal (e.g., surface deflection)
ing frequency for another 50 sec. By the end of with the feedback signal. Success in extracting
the run, the control is being driven quite rapidly open-loop dynamics from closed-loop testing is
(about 4 H in Fig. 15) with generally maller essentially a signal-to-noise problem that can be
displeemants. The control Is then returned to overeg if the feedback gains are not very
trim, ending the approximately 90 sec testhi.
period. At least two repest sweeps are performed
oeMctively for each control to ensure a suffti- (2) For highly coupled (e.g., single-rotor)

aient am ut of dynamic data for the identifloa- helicopters, off-axis excitation Is unavoidable
tuon process, and must be regulated by some movement of the

"nonawept" controls. (This difficulty in



particularly noticeable in the hover condition.) filter technology to obtain unbiased estimates of
Such secondary regulation is acceptable and oan be state-spaoe model parameters. Such a model faeil-
accounted for in the analysis If the swept a itates a direct comparison between stability
nonawept Inputs are not fully orrelated. 19 ',  derivatives obtained in the wind tunnel and those

of the actual flight vehicle. Transfer functions
(3) As seen in Fig. 15, the pilot's input and frequency responses are by-products of time-

oplitude changes as a function of frequency. in domain Identification since they are calculated
hover, for example, large low-frequenoy inputs are from the extracted state-space model but are not
not possible. High-frequency input amplitudes are identified explicitly. Thus, models which provide
also often reduced because rotor or struotural a good fit in the time-domain do not necessarily
resonances and actuator authority limits are yield transfer functions that accurately reflect
encountered. Thus, nonlinear characteristics my the frequency-domain behavior. One reason for
not be exposed consistently across the frequency this 1 that time-domain identification uses
range, or from one repeat run to the next. In least-squares fitting along a linear time scale,
general, these inconsistencies are considered while transfer functions and frequency responses
aeptable since the pilot's input amplitude are displayed on a logarithoio scale of fre-
durin the frequency sweeps is representative of quency. Therefore, time-domain identification
his normal operating control technique. The techniques weight their results more heavily at
resulting models are describing-functions which low frequency where the majority of the data
reflect the *average" dynamics of the rotororaft points are concentrated.
in its normal operating envelope.

While time-domain identification methods have
While the sweep can be computer-generated (as been extensively applied to fixed-wing vehicles,

in Ref. 4O), pilot-generated Inputs have same similar experience with rotororaft Is limited. In
important advantages: the Federal Republic of Germany, the German Aero-

space Research Establishment (DFVLR) has conducted(1) SInce pilot test technique differs -os extensive studies in parameter identification of
nalt in eaoh repeat run, the onatented records rotororaft dynamics using maximum likelihood time-

gnerally oentain gd spectrl ontent over the domain techniques. Much of this research has been
enti e fmreque fra of interest. The differing associated with the hihlg ooupled B0-105 hinge-
input s litudes for eace run yield a model whih los rotor helicopter. In the National
reflect the average vehicle dynamics over a wide Research Council of Canada, a time-domain, quasi-
operating range of amplitude and input form. linear response-orror method was used for identi-

(2) Although omputer-enerated sweep input. fication of h~lioopter stability and control
are symmetric, the respons wil not be s etric derivatives.2 Recent work in time-domain identi-and an amue the airsonrs to drit signifb imtly fication of rotororaft has also been reported by

amy from the reference trim condition. This researchers at the Royal Aircraft Establishment
behavior is apparent in the oqaater-generated (RAE), Bedford, England. 2 7

sweeps of Ref. o. When the pilot generates thThe frequency-domain-identification approach
sweep input, low-frequency trim inputs can be used depicted in Fig. 18 uses spectral methods to
to correct the drifts In the reference condition. extratt e frequency responses between selected

(3) Finally, the mnual sweeps give the input and output pairs. The identification
pilot ftll control over the conduct of the tests results are presented in Bode-plot format: magni-
and the magnitudes of the inputs which is a par- tude and phase versus frequency. These nonpara-

tioular concern in hovering tests. metric identification results are very useful for
flight-oontrol system design and handling quali-

Some useful guidelines were compiled by the ties studies. Currently proposed handling-
pilots who executed the frequen-swep tests on qualities criteria for the Lu (Ref. 1) are based
the teetering rotor holioopter.a' They are given on frequency-domain parameters which can be read
in the Appendix. directly from these graphical results. Frequency

responses obtained from real time and nonreal time
simulations can be compared directly with the

Rotororaft-Parameter Identification flight data to expose limitations and discrepan-
ies in the simulator models. The fact that this

Dynamics identification methodologies goner- comparison can be made without an a priori assump-
ally fall into two categories: frequency-domain tion of model structure or order is especially
and time-domain. Eoch approach has its inherent important for verifying mathematical models of new
strengths and walmsses which make it best suited aircraft configurations. Tabulated frequency
for particular applications. Time-domain (maximm responses are fitted with analytical transfer-
likelihood) identification (Fig. 17) uses Kalman- function models to extract modal characteristics



which are useful for handling-quality specifica- identification, mlti-axis transfer-function
tions given in lower-order equivalent system terms fitting, and structural-dynamics identification.
and for transfer function-based control system The current work involves the comparison of
design studies. Since this fitting procedure is frequency-domain and time-domain identification
completed after the frequency response is results for the hover condition.
extracted, the order of the transfer function can
be oarefully selected to avoid an overparameter- Identification of Lower-Order Equivalent Transfer
lied model. Iulti-input/multi-output frequency- Functions of Bell 214-ST
response methods are suitable for extracting a
transfer matrix which includes the important oou- Frequency-domain testing of the Bell 214-ST
pling effects.30  single-rotor helicopter (Fig. 20) was completed in

October 1985 in support of the Army's development
Once the transfer functions are identified, of an updated Ml-H-8501 and LHX handling-

state-space models given in terms of modal or qualities specifioation.4 1 These tests were
canonical coordinates can be realized. State- intended to demonstrate the frequency-domain iden-
space models can also be extracted in terms of the tification procedure on a single-rotor helicopter
physical state variables using least squares fit- since much of the previous methodology development
ting of the transf1r-function parameters or fre- had been completed on the (twin-rotor) XV-15 air-
quency responses.2 3 Finally, the extracted models craft. A discussion of the testing procedures and
are driven with the flight data to verify the identification results for the Bell-214-ST is
time-domain characteristics. The semilog fre- presented in Ref. 39. This project showed the
quency format of the Bode-plot presentation and feasibility of frequency-sweep testing and fre-
subsequent transfer-function fit makes the Identi- quency-domain identification for use in helicopter
fied transfer-function and state-space models most handling-qualities specifications. Further, the
accurate at mid and high frequency (initial time results showed that very low order transfer-
history transients). The low-frequency and function models can accurately predict the large
steady-state response prediction of the extracted motion time-domain behavior of helicopters--even
models is generally not as good as in the time- In hover. An example of the results excerpted
domain identification approach. from the report on the Bell-214-ST test39 is given

below to illustrate the frequency-domain identifi-
While frequency-domain identification of cation approach.

fixed-wing aircraft has been conducted for many
years, Its application to rotorcraft identifica- The lateral stick frequency-sweep input and
tion is fairly recent: the corresponding input auto spectrum for the

hover-flight condition (with the control system
1. XV-15 tilt rotor aircraft.29 '30  engaged) was previously presented in Figs. 15
2. Be11-214-ST.39 and 16. The associated roll rate response for

these two frequency sweeps is shown in Fig. 21.

3. NASA/Army CH-47B. 18  The maximau roll rate is about ±150 per see, with

somewhat lower values for very low and very high

4. Canadian NRC-205.40 frequency inputs. The corresponding output auto
spectrum (Fig. 22) shows that the roll rate exci-

The first three aircraft are being investigated by tation is roughly constant in the frequency range
the authors and are discussed in the following of 0.3 to 7.0 rad/sec, which corresponds to the
sections. frequency range over which the input auto spectrum

is constant (Fig. 16). At high frequency, the
Frequenoy-Domain Identification of the XV-15 spectral response drops off owing to the K/s

response roll-off of the rigid body helicopter
The frequency-domain identification of the dynamics and to the reduced pilot inputs at high

XV-15 tilt-rotor aircraft (Fig. 19) is an exten- frequencies (Fig. 15). The peak which occurs at
sive on-going research effort. The objectives of w = 11.9 rad/sec is due to the excitation of the
this project, begun in 1983, are to identify and rotor-pylon structural mode. The output auto

document the open-loop dynamics of the XV-15 spectrum drops sharply for frequencies below
throughout its flight envelope, to compare the 0.1 rad/seo since there is very little pilot input
simulation and flight responses, and to develop at these low frequencies.
and verify a transfer-function model description
for future use in control-system development. The frequency response of roll rate to lat-
Identification methodologies, computational tech- eral stick (P/6LAT) is shown in Fig. 23. At the
niques, and discussion of results are covered in higher frequencies considered, the response exhib-
detail in Refs. 29 and 30. Included in this its a K/s characteristic which indicates that a
research have been multi-input/multi-output constant roll acceleration results from an initial



input of lateral stick. The presence of the Ks e- 1s

rotor-pylon mode at w = 11.9 rad/sec is clearly - S) ( (s + 1/T)(s + /T)4)

seen in the figure. At very low frequencies, the 6LAT
roll rate is reduced significantly because of the
large lateral velocity perturbations. The exponential term in the numerator is included

to account for the phase lag due to high-frequency
The quality of the identified frequency dynamics such as the rotor and actuators.

response can be assessed from the coherence
function shown in Fig. 24. This frequency- The maximum frequency range usable for
dependent parameter may be interpreted as that transfer-function fitting corresponds to the
fraction of the output spectrum estimate which can region of maximum coherence (0.2-12.0 rad/sec) in
be accounted for by linear relation with the input Fig. 24. However, the 2nd-order model of Eq. (4)
spectrum estimate. Thus, when the process under only accounts for the rigid body dynamics, so the
investigation is perfectly linear and the spectral fit must be restricted to the frequency range
estimates are noise free, the coherence function which excludes the rotor-pylon resonance. Thus,
will be unity for all frequencies in the excited the "frequency range of model applicability" is
input spectrum range. A value of the coherence 0.2 to 10.0 rad/sec. This approach is consistent
function less than unity will result from with the earlier discussion of vertical
nonlinearities in the system, input/output noise, acceleration models.
or cross-coupled control inputs. As can be noted Applying the transfer-function form of
in Fig. 24, good frequency-response identification E. p)oit the rraeresponse ofis ahieed i th rane o 0.2to 2.0 ad/ec. Eq. (4) to fit the roll rate response of Fig. 23
is achieved in the range of 0.2 to 12.0 rad/sec.e yields the
The oscillation in the coherence function for inltheirane of02t e00rs y
frequencies greater than 12.0 rad/see and the following numerical parameters:
rapid decline in coherence function for fre- K 2 35.41 deg/se2/in.
quencies below 0.3 rad/see are strong indications
of reduced spectral estimate accuracy. The
identification at low frequency can be improved by 0.050 sec
reducing the period of the first two frequency (5)
sweep cycles (Fig. 15). High-frequency excitation 1 0.38 rad/se
for the Bell-214-ST tests was restricted because T1
of the excitation of the rotor pylon mode.

proedue 1 2.83 rad/sec
The next step in the identification procedure T2 =

is the fitting of lower-order transfer-function
models. In the case of the XV-15 study, the open- Referring to Eq. (5), it can readily be seen
loop coupled dynamics were sought. Therefore, the that the roll response is heavily damped (no
selected model orders corresponded to the physical complex-valued roots) with a dominant response
order of the coupled open-loop dynamics. 30 This time constant of T2 S 0.3 see. The small effec-
is consistent with the earlier discussion on model tive time delay of T = 0.050 sec shows that the
order selection in the present paper. In the rotor, actuator, and structural dynamics do not
Bell-214-ST study, closed-loop transfer-function cause significant phase lag in the frequency rate
models were sought. The overall effect of the of concern for piloted handling qualities (about

closed-loop augmentation is to drive the open-loop 0.1 to 10.0 rad/sec). As shown in Fig. 23, the
poles into the zeros, thereby suppressing the extracted model fits the data very well in the
open-loop inter-axis coupling and reducing the frequency range of applicability (0.2-10 rad/sec).

residues of some of the open-loop modes. An The ability of this simple transfer-function
appropriate closed-loop representation for thepurposes of this study was one that accurately model to predict the time-domain roll response
modeled the dominant on-axis closed-loop responses characteristics in hover was tested using aircraft

and ignored the off-axis responses and nearly response to step inputs. This input was selected
ancled gn es.Therefore the o-ir ns anderl n for the verification study to show the robustness
canceled modes. Therefore, the transfer-function oftexraedmelipeicngesne

order was selected as a minimum order which would ch racteic et inp rms o epnte

yield a reasonable fit of the flight data. In the frqueysweep form the tiatio

case of the roll (and pitch) closed-loop attitude frequency-sweep form used in the identification
dynamics of the BelI-214-ST, the following second- process. However, as discussed earlier, the step

order transfer-function form was found to ade- input has high-frequency spectral content which
quately reflect the dynamics of the helicopter excites aircraft modes outside of the transfer-qutey hoeree the dynis ofunction model's range of applicability
both in hover and cruise: (0.2-10.0 rad/sec). Most important is the

unwanted excitation of the rotor-pylon resonance



(m a 11.9 rad/se). Therefore, the input and shown in Fig. 7 also appears In the Identified
output flight data are low-pass filtered to atten- transfer-function phase plot in Fig. 29.
uate the spectral content for frequencies beyond
: a 10.0 rad/see. The filtered step input flight Guided by the analytical modeling efforts

data are used to drive the transfer-function model discussed in the previous section, a series of

for comparison with the filtered output flight parametric transfer-function models, ranging from

data. These filtered time histories are shown in 1st to 5th order was fit to the identified fre-

Fig. 25. quency-response plots. The results which are

listed in Table 7 are classified according to the

A fairly large step input of 
6LAT 2 0.75 in. order of the denominator. The 1st-order model

was applied and held constant until a maximum corresponds to the quasi-static model shown in

steady-state roll rate was achieved (about 70/sec Table 3. The next higher-order model selected for

as seen in Fig. 25). The transfer-function model fitting the frequency-response plots is a 3rd-

is seen to closely reflect the filtered roll rate order model which corresponds to the no dynamic-

response over the entire time history including inflow case (Case (b) in Table 3); no 2nd-order

the recovery phase. The differences which are models were used. Two 4th-order models were

apparent in the regions of maximum roll rate used: one with 4th order in numerator (which

mostly result from using a single-axis model corresponds to Case (a) in Table 3) and the other

(Eq. (4)), which ignores the contribution of the with 3rd order in the numerator (which corresponds

off-axis inputs. The very good overall match to the case having no direct control effective on

between the flight data and the transfer-function the vertitl acceleration due to blade pitch

model response shows the utility of this fairly changes).1 The 5th-order model was used to

low-order model in characterizing the closed-loop account for possible effects due to variation in
dynamics of the Bell-214-ST. The fact that the rotor RPM.
prediction is very good for this (smoothed) step

input form, which is markedly different in shape The frequency-response fits for a 1st- and a

from the frequency sweep, shows the robustness of 4th-order model (models (a) and (e) in Table 7)

this Identification approach and the advantage of are shown in Fig. 31. For the 1st-order model, it

using minimm-order transfer-function models. proved to be difficult to fit the model accurately
over the entire frequency range; the fit was,

Identification of CH-i7B Vertical Dynamics Model therefore, limited to the range of 0. 1 to 3 r/s,

in Hover instead of 0.1 to 20 r/s as applied to all other
models. This causes the 1st-order model to match

The sam frequency-domaln procedure used in the flight data better at low frequency than the

the identification of the two preceding aircraft higher-order models, as can be seen in Fig. 31.
was also applied to the identification of the All the higher-order models exhibit a nonminimum

vertical dynamics of the CH-4IB research aircraft phase characteristic as predicted in the analyti-

(Fig. 26) in hover. A varying frequency input in cal modeling previously shown in Table 3. The

collective pitch was employed to identify first index for the fitting error improves as the order

the frevuency response of the vertical accelera- of the transfer-function numerator and denominator

tion to collective input. Figure 27 shows a increases because of more free parameters avail-

sample of typical frequency sweeps of the input able for fitting the data. It is noted in

with frequency varying from about 0.05 Hz to about Ref. 42, however, that a model with more free

2 Hz. The normal acceleration response with a parameters, though in general achieving a better

discernible lead In low frequency is also shown in fit to a set of given data, does not necessarily

the figure. Because of some sharp edges in the provide a better predictive capability (which,

frequency sweeps, substantial power in the collec- after all, is the very purpose of developing a

tive input beyond 2 Hz (slightly above 3 Hz) is model).

present, as can be seen in the input auto-spectrum

and input-output cross-spectrum plots shown in As a means for testing the predictive capa-

Fig. 28. bility of those six Identified models, the
vertical-acceleration responses to a step input in

The extracted frequency response as shown in collective input (0.62 in.) were generated from

Fig. 29 and the accompanying coherency function the models. (In calculating these responses, the

(Fig. 30) indicate that the nonparametric identi- small time delay (or advance) contained in the

floation is good between the frequency range of models was neglected.) These responses of the

0.2 to 20 r/s. The transfer-function amplitude identified models (Fig. 32) compare very favorably

plot shows that there is a resonant peak at around with those of the analytical model (Fig. 6). The

17 r/s as predicted earlier in Fig. 7. The pre- responses of the two identified 1st-order models

dicted phase lead in the low-frequency region (a and b), a th-order model (e), and the 5th-
order model (f) are plotted together with flight

L . . . " -



data (of Fig. 5) in Fig. 33. As expected, the Appendix: Pilot Comments on Frequency Sweep
1st-order model (a), because of its limited fre- Inputs in BHTl 214ST Helicopter
quency range of applicability, fails completely to
predict the overshoot of the vertical acceleration Pilots: CW4 Robert A. Williams and Cpt. Randy
owing to the high-order effects of Inflow and Cason, USAAEFA Edwards AFB, CA
flapping dynamics. However, the long-term
response matches well with the flight data. The Two Flights Completed 2 August 1985
other identified 1st-order model (model (b)), Hover Flight 1.2 hours
which fits over the entire frequency range with a Level Forward Flight 90 KCAS 1.6 hours
large fitting error, produces a response that
attempts to compromise the initial and final Recommendations
responses of the flight data. As a result, its
response Is inconsistent with the responses of A. Recommend that yaw inputs be performed prior
other models and its range of applicability and to other inputs since the yaw rates were very
usefulness becomes rather uncertain. The 4th- low and it will aid in the pilot learning
order model provides a much better predictive curve. The test should be done in order of
capability than does the 1st-order ones for the increasing difficulty: yaw, collective,
initial transient. The response of the 5th-order longitudinal, and then lateral inputs.
model matches even better with the flight data in
the initial transient, but its long-term response B. Recommend that aircraft gross weight be at a
becomes somewhat worse than that of the 4th-order minimum during the collective inputs. Maxi-
model, Indicating that overparameterization may be mum gross weight for the Bell 214ST is
present in the 5th-order model. 17,500 lb and the test was conducted at

approximately 13,000 lb. Torque readings
were consistently greater than 90% (above

Concluding Remarks 100% constitutes an overtorque).

This paper has discussed In some detail the C. Recommend that the pilot be "coached" during
importance of recognizing that each lower-order the input. It is very easy to remain at one
model used for rotorcraft-parameter identification frequency too long, having the engineer tell
has a limited range of applicability. Awareness the pilot to dwell on a specific frequency
of this fundamental limitation is of paramount longer or increase frequency during a data
importance in designing flight-test experiments, run aided data acquisition. This assumes the
in processing the test data, and in interpreting engineer has real time data.
the identification results. Test-input signals
mast not only be designed to optimize the informa- D. Recommend that the copilot or flight test
tion content in the rotorcraft response measure- engineer coach the pilot for the low fre-
ments but also be properly conditioned such that quency responses by counting seconds for
the highest frequency content of the flight-test timing the quarter period. This should only
inputs Is consistent with the frequency range of be done for the lowest frequencies. It was
applicability of the model. Examples have also found that if the copilot tried counting at
been given to illustrate the potentials of using the higher frequency, it only mixed up the
malti-axis test inputs to enhance the parameter pilot and resulted in the pilot following the
identiflability, copilot's counting rather than increasing the

Also discussed in great length are the bene- frequency as required by the test.

fits of using frequency sweeps as input-test sig- E. Recommend that pilots practice the inputs
nals for identification of frequency-response for utilizing external power supply (hydraulic
the rotororaft and for subsequent fitting of para- and electrical power) on the ground prior to

metric transfer-function models. The frequency testing. This should significantly reduce
sweep provides a good control over the frequency test flight time.
range of interest and it lends itself naturally to
nonperametric frequency-domain identification. F. Recommend a "scope" with "freeze" capability
Analytical modeling and understanding of the be installed in the test aircraft unless
physics involved in rotorcraft flight dynamics, "real time" TM is available.
especially understanding the limitation of lower-
order models, can be more important than merely G. Recommend that the test team be briefed on
relying on the identification algorithms in the all "aircraft" natural frequencies below
final stage of fitting parametric transfer- 4.0 Hz and any resultant problems which may
function models to the flight-extracted frequency be encountered at these frequencies.
response data.



H. During flights that require longitudinal 11. Chen, R. T. N., and Hindson, W. S., "Influ-

inputs the instrumented A/S boom must be ence of High-Order Dynamics on Helicopter

monitored closely for deflection beyond Flight-Control System Bandwidth," AIAA J.

limits or removed. Guidance, Vol. 9, No. 2, March-April 1986,

pp. 190-197.
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Table Is F and G matrioes for 10th order teetering rotor helicopter in hover

Ihtrix F
0 0 1.0 0 0 0 0 0 0 0

0 0 0 1.0 0 0 0 0 0 0

4.5394 -71.6 -21.18 -53.95 0 0 -22.02 -56.69 0.1116 -0.3493

560.7 -22.67 53.78 -20.?? 0 0 56.45 -21.55 -0.342 -0.1036
0 0 0 0 0 0 1.0 0 0 0

0 0 0 0 0 0 0 1.0 0 0

41.33 -2.627 -0.09731 -. 004358 0 0 -0.1122 -0.05643 0.001906 -0.001641

13.114 21.65 0.2083 -0.4865 0 0 0.2822 -0.5612 -0.00820 -0.00954

-22.27 13.52 0.5009 0.2243 -32.2 0 2.344 1.282 -0.00982 0.00845

13.52 22.2? 0.2243 -0.5009 0 32.2 1.811 -2.3."4 -0.00852 -0.00982

Natrix G sizenvalues

Real 13mg.
0 -10.62 *51.76

0 -9.288 *3.519
571.? -1.226

-10.1 -1.832

0 -0.01475 *0.5454

0 0.1330 *0.3736

2.627

9.648 State vector z (a1 b1, 6 1  q p uv)

-13.52 Control : Alo

9.931

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

Hatrix F

0 0 1.0 0 0 0
0 0 0 1.0 0 0

0 0 -0.4557 0.3538 0.004062 o.o006605
0 0 -1.87 -2.262 0.004030 -0.02070

-32.2 0 4.110 -0.829 -0.02100 -0.003391
0 32.2 -0.4106 -4.0 0.006138 -0.02129

matrix G 9nvls

Real lmg.

0 -0.9909
0 -2.009

0.2538 -0.01147 *0.5408

32.06 0.1315 *0.3713

-1.305

32.96 State vector a (9 * q p u v)'
ocontrol z Al



Table 2 Three vertical dynamic models
a..Dinamlo iatlw -laa-itcal motiom

4 -. 225 0 -109.4166 5.1473C 11.148

1155 -607.421 .26.16 1. 155 629,00

per rad

-10.567 tj 17.475

"12 .855

-o.284

b. Constant Inflow-flau-vertical motion

~ r 1 o[0 1-12.893tj 20.837
S -607.21 -26.116 0.38? K . ,4.874 o 1.030

1-514.579 -3.924 o.0231 J l 83.51 J
c. Quasi-static vertical d1namics

U -0.304w - 293.338 eo  11x -0.304

Table 3 Vertical acceleration to collective transfer-notions ot the three vertloal
dynamic models

as -3 s4 - 22 s3 + 8771 s2 + 47630 a

a o s4 + 34.3 s3 + 698.3 s2 + 5556 a + 1520.3 th-order ode

(dynamic inflow-flap-

-0) -52.611)(51.)5.111 vertical motion)
r(.511; 20.021]*(12.05)(O.2*

az -2.7 - 14.1 s2 + 5791.4 a

0 a3 + 26.093 s2 + 608.331 a + 181.853 3rd-order model
(no inflow dynamics)

[0.526; 24.503](0.306)

% 12.784 a

40 a + 0.3041 1st-order model
(quasi-static model)

12784(0)
•(0.304)

On]; %]



TWOle 4 Cslarison of allem inputs and rudder inputs

RUDDER INuTS AILERON INPUTS

DOUBLET PULSE DOUBLET PULSE

If-1 ; 1 1 1I mNPARAMETER 0 O------I

-1 US -1 - 1

PARA. (UNIT IN (16 we DATA)
red, oft)

Lp-2.32 0A45 0.31n 0.0402 G.5
Lr  1.122 0.373 0.22 0.1715 0.11 0
LIP -4.910 1.1065 0.323 0.1276 0.162
Lr 0.2761 0.0201 0.0110 - -
Las 3.031 - 0.02 0.0629

S-.03211 0.05 0.0664 0.0064 o.0o
Nr  -0.1232 0.006 0.0482 0.6306 0 1
Np 1.238 0.2064 0.1462 0.0196 0.01 1

Nr -0.2121 0.0033 0.002 -
No$ 0.016 - 0.0061 0.006
(Yp/v o ) + % 0.03331 0.0437 .0224 0.0107 0.0133
(YrN) -1 - 62 0.0353 0.0140 o.o o.oo6
YPIvo -0.616 0.1155 0044 0.0341 o475
YoeV 0.0052 0.00209 0.00440 -
YaVo -0.002 - 0.0162 o.Om

Zoj1 1.7651 o.em0 0.0618 0.0464

VARIABLES: p r #
MEASUREMENT ERROR, 0: 0.1 dleumo 0.02 d@Wsn 0.075 dft 0.078 dm



Table 5 Suboptim inputs - simultaneous use of aileron and rudder

OWOPTUIAL INPUT I SUOOPTNAL INPUT II

15 1.5
CANE i1 0 3n57n9 f

VALUI
PARA. (UNIT 3 [jt n (1C7 DATA)Oi. L - 0

LP-2Xt3130*4
I., 1.122 &04170 0.0474
Lr -4.16 0.07000 0.011m

02701 0&owl 0.0O1

LS&310*36.03
-003211 0.00420

Np 123301116 001194
Nar  -0.2121 0.0057l 0.000732

a8 omm &SOW &om
(YPNo) + % 0 1 am141 ,477
(Yv) -1 -. N 0.07 .OOeo0
Yp/V o  -0.0814 01225 0.01330

oarVo 00.00n oeu 0.00147
YQV, .~GANS=3 0.00742

Z02 0.00341 0.00693

VARIABLES: p r p

fMEASUREMENT ERROR, o: 01 dufus 0.02 €lin. 0.07 dug 0.07 dug



v-Is

PARAMETER

PARA. (UNIT IN wagn IM as DATA)

Lare 00)61M

LIP 4.122

%YN - I -032 .6

IY~o VA IASS -DAM

MEASUREMENT ERROR, o: 0.1 dig/ 0.02 dug/u 0.075du 0.05dug
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FU-. 3 Comparison at the transient responses ot the 10th and 6th order models to a low
ftrequency (1.6 tad/eec) doublet Input.
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Fig. 4 Camprison of the translent responus ot the 10th and 6th order models to a high
frequency (9 rad/sea) doublet input.
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Fig. 5 Vertical acceleration response of the C-117B helicopter to a step oollective input,
age 0.62 in. (e 0 z 0.0201 rad).
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Fig. 6 Calculated vertical acceleration response to 0.62 in. (0.0201 rad) step collective
input: (a) 4th-order model, (b) 3rd-order model, (a) 1st-order, quasi-static model.
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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) Tim history and frequency distribution of a smooth test input and a mltistep
test input.
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Fig. 9 Sctwmatic diagram for input signal conditioning.



20 - 10TH ORDER MODEL 50
........ 6TH ORDER MODEL

-20 40.

5 .5

-6 -.2

0 2 4 6 0 4
TIME, no TIME. m

Fig. 10 Coalrison of the transient responses ot the 10th and 6th order models to a high
frequency (9 rad/sec) doublet shaped with a 2nd order filter ( a 2.5 rad/se, . * 0.7).
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Fig. 11 Airoraft response to a rudder doublet inputi
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Fig. 12 Aircraft response to n aileron doublet input.
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Fig. 13 Aircraft responhe to the lateral-directional suboptimal Input II.
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Fig. 19 The XV-19 tilt-rter &irmeft is bern omifiguration.

Fig. 20 bell 214-8 helidop ter.
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TIME,.n

Fig. 21 Bo11 rate during the lateral stick frequency sweeps (Dell 214a).
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fig. 24 Cohu'Ono tamable. tr roll rats, respons. identification (Sell 214-CT).
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Fig. 25 Comarson at fltered aircraft response and transfer function model response to
filtered-step Input (3.11 2144?).- (a) lateral stick deflection, Mr) roll-rate response.

Fig. 26 CH-478 variable-stability research helicopter.



TIME, e

Pig. 2? Collective control input and vertil al acceleration response (CH-4i7 flight-teat
data).
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Fig. 28 uto-pectrus of collective input and orous-spectrum of oollective input and
vertical acceleration response (CH-4iTB flight data).
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Fig. 29 Frequency responses of vertical acceleration to collective input (CH-478 flight
data).

.11.0 10 30
FREQUENCY, md/ass

Fig. 30 Coherence funotico associated with tranafer-function identification.
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Fig. 31 Tranafer-function models fit to flight extracted frequency-reaponse data:
(a) magnitude, (b) phase.
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