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System Identification Requirements for High-Bandwidth
® L]
Rotorcraft Flight Control System Design
Mark B. Tischler*
Aeroflightdynamics Directorate, U.S. Army Aviation Research and Technology Activity,
Ames Research Center, Moffett Field, California 94035
The application of system identification methods to high-bandwidth rotorcraft flight control system design is
examined. Flight test and modeling requirements are illustrated using flight test data from a BO-105 hingeless
rotor helicopter. The proposed approach involves the identification of nonparametric frequency-response
models followed by parametric (transfer function and state space) model identification. Results for the BO-105
show the need for including coupled body/rotor flapping and lead-lag dynamics in the identification model
structure to allow the accurate prediction of control system bandwidth limitations. Lower-order models are
useful for estimating nominal control system performance only when the flight data used for the identification
are band-limited to be consistent with the frequency range of applicability of the model. The flight test results
presented in this paper are consistent with theoretical studies by previous researchers.
Nomenclature w3 = upper frequency of transfer function fitting range,
GM = gain margin (of open-loop response), dB rad/s
K, = roll angle feedback gain, %/rad .
K, = roll rate feedback gain, %/rad/s Introduction
L, = roll damping derivative, 1/s YSTEM identification procedures provide an excellent tool
D = roll rate = ¢ (linear model), rad/s for improving mathematical models used for rotorcraft
7§ﬂ,, = coherence from lateral control inputs to roll rate flight control system design. Dedicated flight tests of a proto-
outputs type helicopter can be conducted to update the flight mechan-
04 = lateral control input, % ics models and to optimize control system gains early in the
¢ = damping ratio development process. Such an approach has already been
T = time delay, s taken by Kaletka and von Grunhagen! in the development of
Tp = phase delay (of closed-loop response), s a fly-by-wire BO-105 and by Bosworth and West? in the devel-

®,.,, = Phase angle in degrees of closed-loop system when
the frequency = 2 X wg

¢ = roll angle, rad

b = roll angle command input to command model, rad
b, = roll angle error signal = ¢,, — ¢, rad

D = roll angle command input to stability loop, rad

w = frequency, rad/s

Whw = bandwidth frequency (of closed-loop response),

rad/s; for attitude command systems, the band-
width is defined as the frequency at which the
phase angle is — 135 deg

@e = design crossover frequency (of open-loop response)
to give 45 deg phase margin, rad/s
w, = frequency at which instability occurs due to

increasing feedback gain, rad/s (frequency value
at which the root locus branch crosses the imagi-
nary axis)

@180 = frequency where the phase angle of closed-loop
system is — 180 deg, rad/s

opment of the X-29A.

The identification of models for use in flight control system
design involves requirements that are considerably different
from those encountered in other applications such as piloted
simulation and wind tunnel validation. Models identified for
use in simulation and wind tunnel validation must be generally
accurate over a wide spectrum of frequencies from trim (zero
frequency) and phugoid (low frequency) to the dominant tran-.
sient responses of the longitudinal short-period and roll-subsi-
dence modes (mid/high frequency). Therefore, in terms of
stability and control derivatives, the low-frequency parameters
such as the speed derivatives may be just as important to a
pilot’s perception of simulation fidelity as an accurate value of
roll damping.

Practical flight control system design requires models that
are 1) highly accurate in the crossover frequency range—to
exploit the maximum achievable performance from the heli-
copter—and 2) robust in the crossover range with respect to
flight condition and input form and size—to ensure that

Mark B. Tischler received BS and MS degrees in Aerospace Engineering from the University of Maryland.
He joined the staff of Systems Technology, Inc., in 1980, where he conducted analyses on a variety of fixed-wing
and rotary-wing vehicles. In 1983, he joined the Army Aeroflightdynamics Directorate at the Ames Research
Center as a Staff Scientist. He received his PhD in 1987 from the Department of Aeronautics and Astronautics
at Stanford University, under the Honors Co-op Program. His dissertation research, conducted under the
guidance of Professor Arthur E. Bryson Jr., concerned the identification of the XV-15 tilt-rotor aircraft
dynamics. Dr. Tischler currently serves as Army Rotorcraft Group Leader, leading research activities in
rotocraft system identification and high-bandwidth flight control.

Received June 13, 198?; revision received March 16, 1990. Copyright © 1990 by the American Institute of Aeronautics and Astronautics, Inc.
No copyright is asserted in _the United States under Title 17, U.S. Code. The U.S. Government has royalty-free license to exercise all rights under
the copyright claimed herein for Governmental purposes. All other rights are reserved by the copyright owner.



836 M. B. TISCHLER

closed-loop stability/performance is maintained; the control
system design can be made sufficiently robust to compensate
for poor model robustness, but at the expense of performance.

These requirements are especially difficult for advanced
high-bandwidth control systems where the crossover range oc-
curs at frequencies near the limit of current identification
capabilities.

This paper examines in detail these requirements for system
identification application to high-bandwidth flight control de-
sign. Much of this paper discusses the need in control system
design for higher-order models that include rotor dynamics. It
is interesting to note that the inclusion of rotor flapping dy-
namics in an optimal control system design methodology was
investigated by Hall and Bryson? many years ago.

The roll response of the BO-105 helicopter (Fig. 1) at a trim
condition of 40 m/s is used throughout to illustrate the main
points of the analysis. The high-bandwidth/highly coupled
rotor system of the BO-105 presents the control system de-
signer with a ‘““most difficult case’’ scenario. Flight data pre-
sented in this paper were collected by the DLR Institute for
Flight Mechanics as part of the AGARD WG18 on rotorcraft
system identification.

Simple Model-Following Control System

Figure 2 shows a simple design of the roll channel for the
control system based on an explicit model-following concept.
An attitude-command/attitude-hold configuration is shown,
with only roll angle feedback for the present. The error signal
is formed from the difference between the actual roll angle
response and that of the desired command model.

The control law design problem for this simple system in-
volves the selection of the stabilization loop gain K and an
appropriate command model. Design requirements based on
the U.S. military handling qualities specification* are for an
overall closed-loop roll attitude bandwidth ¢/¢. (based on a 45
deg phase margin) in the range of wy,, = 2-4 rad/s. The desired
stabilization loop bandwidth of ¢/¢,, is selected as twice this
range (@, )san = 4-8 rad/s to achieve good model following
and gust rejection.’ This implies a stabilization loop crossover
frequency (of ¢/¢.) in the same range, with associated satis-
factory phase and gain margins. The following section ad-
dresses the identification and modeling aspects for achieving
these desired stabilization -loop characteristics ¢/¢,,. Com-
mand model selection (¢,,/¢.) is not addressed herein, because
it is not an identification issue.

Identification Models for Control System Design

Identification models for use in control system design can be
categorized as nonparametric (e.g., frequency response) or
parametric (e. g., transfer functions and state-space models).
Both types of models are discussed in this section.

Fig. 1 BO-105 case study helicopter.
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Fig. 2 Simple explicit model following control system.
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Fig. 3 Flight data of roll axis frequency sweep: a) pilot lateral stick
input 3;; b) roll rate p.

Nonparametric Frequency-Response Model

Nonparametric identification models are highly useful as
starting points for control system design because they contain
no inherent assumptions on model order or structure. The
frequency response is complete and accurate (within the fre-
quency range of good coherence) and provides the fundamen-
tal open-loop characteristics needed for both classical and
modern frequency-domain-based design models. The identi-
fied frequency response is a describing function model of lo-
cally linearized nonlinear behavior. The severity of this as-
sumption can be checked by comparing extracted describing
functions for different input amplitudes.

A robust control system design requires a model that is
accurate over a frequency range that spans the intended
crossover region. However, the helicopter’s dynamics and thus
the achievable crossover frequency are unknown at this stage.
Thus a nonparametric model that is accurate over a broad
frequency range is desirable. Pilot-generated frequency sweeps
are especially well suited for this purpose.®’ Piloted frequency
sweeps of the BO-105 were conducted over a range of frequen-
cies from 0.1 to 5 Hz (0.63-31.4 rad/s) to excite all the dy-
namic modes of concern (Fig. 3).

The identified open-loop (¢/6,) frequency response of the
BO-105 body/rotor/actuator system for the 40 m/s flight con-
dition shown in Fig. 4 was obtained using the spectral analysis
techniques of Refs. 8 and 16. The spectral analysis was opti-
mized for accuracy in the frequency range of 1-30 rad/s,
which covers all modes of concern near the crossover range.
The associated coherence (see Fig. 4¢) indicates accurate iden-
tification in this frequency range. The Bode plot of Fig. 4
shows that with roll attitude feedback only, a maximum
crossover frequency (¢/¢,.) of w. = 5.72 rad/s can be achieved
for phase and gain margins of 45 deg and 6 dB, respectively.
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Fig. 4 Frequency-response identification.

These characteristics meet the design specifications for this
simple system. However, roll rate feedback will be necessary to
offset additional lags in a practical design implementation.’

Parametric Model

A parametric model of the roll response is useful to facilitate
detailed control design studies. The fundamental consider-
ations in deriving such a parametric model are 1) desired fre-
quency range of validity, 2) model order, 3) estimate of model
accuracy, and 4) model robustness.

Frequency Range of Validity

The frequency range of model validity should extend sub-
stantially on either side of the crossover frequency. As a rule
of thumb, dynamics modes with frequencies of 0.3-3.0 times
the crossover frequency will contribute substantially to the

closed-loop response. In the present case, this indicates that
the parametric model should be valid in the frequency range of
2-18 rad/s, which includes all of the classical attitude response
modes (short period, dutch roll, and roll subsidence), the re-
gressing rotor modes (flapping and lead-lag), and the dynamic
inflow (for lower speed conditions). Accurate characterization
outside of this frequency range is not important to control
system design for the design bandwidth selected here. Closed-
loop control suppresses all low frequency open-loop response,
so that accurate knowledge of the speed derivatives (phugoid
and spiral dynamics) is of little importance.

Model Order

The model order must be high enough to capture the impor-
tant dynamic characteristics in the frequency range of model
validity. In the frequency domain, this means a sufficient num-
ber of states to achieve a ‘‘good fit”’ of the nonparametric
response of Fig. 4 are needed in the desired frequency range.
However, if the model order is excessive, model parameters
will exhibit large variability to small changes in flight condi-
tion, input form, and input size, which will compromise ro-
bustness.’

Estimate of Model Accuracy

Flight control design requires an estimate of the accuracy of
the aerodynamic parameters. Modern multi-input/multi-out-
put methods that feed back all outputs to all controls require
a consistent level of accuracy in the characterization of all of
the on- and off-axis responses. Metrics such as the Cramer-
Rao lower bound, multi-run scatter, and frequency-response
errors are useful for assessing model accuracy.

Model Robustness

Models must be robust with respect to flight condition, in-
put form, and input size. Model structure determination meth-
ods are useful in reducing parameter insensitivity and correla-
tion, which in turn improves model robustness. Also, model
verification with alternative input forms and magnitudes are
useful in this regard.

High-Order Model for Roll Response

A seventh-order model is selected as the ‘‘baseline model”’
that captures the key dynamics in the frequency range of con-
cern (2-18 rad/s): 1) coupled roll/rotor flapping dynamics
(second order), 2) lead-lag/air resonance (second order), 3)
dutch roll dynamics (second order), 4) roll angle integration
(first order), and 5) actuator dynamics (equivalent time delay).

Dynamics inflow modes are not explicitly included in the
preceding list because of their small influence at this forward
flight speed (40 m/s). (Implicit effects of inflow on the rotor
modes are captured in matching the frequency-response data.)
The roll angle response to lateral stick transfer function for the

Table 1 Roll response models, ¢/,

Mode Fitting range Transfer function? Fit cost
R R , 3. X , 2 —~0.0225s
Baseline model 1-30 rad/s 2.62[0.413, 3.07}{0.0696, 16.2le 12.1
seventh order (0)[0.277, 2.75]10.0421, 15.8][0.509, 13.7]
.47[0.490, 3.11)e —0-0218s
Coupled body/rotor 1-30 rad/s 2.4710.4%0, 3.11)e 26.8
fifth order (0)[0.319, 2.71][0.413, 13.5]
. 0.200[0.283, 2.04]e —0-0743s
Broadband quasisteady 1-30 rad/s L le 102.3
fourth order (0)[0.214, 2.131(9.87)
~0.0838s
13 rad/s band-limited 1-13 rad/s 0.300 =995 442

quasisteady second order

(0)(14.6)

*Shorthand notation: [{,w] implies 5%+ 2{ws + w?, {= damping ratio, » = undamped natural frequency (rad/s); and (1/7T)

implies s + (1/T), rad/s.
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Table 2 Comparison of performance estimates

Open-loop metrics, Closed-loop metrics,

b/ be O/ bdm
Model we, rad/s GM, dB wy, rad/s whw, rad/s Tp, S
Data sm 6.39 11.4 8.58 0.0658
Baseline model 5.32 6.51 11.8 9.46 0.0659
Coupled body/rotor 5.33 5.70 11.5 9.62 0.0682
Broadband quasisteady 4.28 10.2 10.2 6.98 0.0545
13 rad/s band-limited 5.26 7.96 11.1 8.33 0.0600
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baseline model is then fourth-order numerator and seventh-or-
der denominator. The model parameters shown in Table 1
were obtained from a frequency response fit of Fig. 4 from 1
to 30 rad/s using 50 points. The frequency-response compari-
son with the data is seen in Fig. 5 to characterize the dynamics
accurately in the range of concern, thus, indicating that the
model is of sufficiently high order. The mismatch near the
lead-lag mode (13 rad/s) reflects the reduced accuracy (lower
coherence) of the flight data in this frequency range (Fig. 4).
The 45-deg phase margin crossover frequency for the baseline
model is taken from Fig. 5 as w. =5.32 rad/s, which is within
7% of the data, and the baseline gain margin and the fre-
quency for closed-loop instability (w,) matches the data (see
Table 2).

The transfer function model indicates a highly coupled
body-roll/rotor-flapping mode (¢ = 0.51, w = 13.7 rad/s) as is
expected for the hingeless rotor system (high effective hinge
offset) of the BO-105. Helicopters with low effective hinge
offset rotors (or equivalently low flapping stiffness), such as
some articulated systems, will generally exhibit two essentially
decoupled first-order modes: 1) body angular damping
(L,, M,) and 2) first-order rotor regressing. The decoupled
rotor mode is often modeled by an effective time delay. The
degree of body/rotor coupling is determined by the flapping
stiffness as illustrated in Fig. 6 from Heffley.!? The lead-lag
mode is very lightly damped ({ = 0.0421) due only to structural
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Fig. 5 Comparison of baseline model (seventh-order) and flight data.

damping of the hingeless rotor and the low aerodynamic
damping. The total modal damping (0 = — {w = — 0.666 rad/s)
agrees very well with previously published experimental data.!!
Significant roll/yaw coupling is apparent from the separation
of the complex pole/zero combination of the dutch roll mode.
Finally, the equivalent time delay corresponds well to known
control system hydraulics and linkage lags.

Figure 7 shows the root locus for variation in the roll angle
gain K, (of Fig. 2). The pole at the origin moves to the
crossover range, and the dutch-roll mode is driven into the
neighboring zero in the stable manner. The lead-lag mode is
also driven toward the neighboring complex zero and is slightly
stabilized ({= 0.0440) for the nominal crossover frequency
(w; = 5.32). The attitude feedback gain K, is limited by the
destabilization of the rotor/flapping mode. Added time delay
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Fig. 6 Short-term eigenvalue locations as a function of flapping stiff-
ness (from Ref. 10).
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to account for unmodeled dynamics does not change these
results significantly.

The closed-loop frequency response of ¢/¢,, (from Fig. 2)
shown in Fig. 8 for K, =322.9%/rad indicates that good
model following will be achieved out to the desired stabiliza-
tion-loop bandwidth frequency (4-6 rad/s). The closed-loop
data curve also shown in the figure was generated by calculat-
ing KG/[1 + KG] for each frequency, using the open-loop data
curve of Fig. 4. The good agreement between the closed-loop
baseline model response and the (calculated) data over the
broad frequency range (1-30 rad/s) further demonstrates the
validity of the seventh-order model for predicting high-band-
width flight control system performance.

Two important quantitative metrics of closed-loop perfor-
mance (¢/¢,,) are bandwidth (w,w) and phase delay (7,).
Closed-loop bandwidth wy,, is defined in the handling-qualities
community* as the frequency at which phase margin of the
closed-loop response, ¢/¢,, in this case, is 45 deg. (This defini-
tion applies for attitude command systems as in the present
study.) The phase delay is a measure of the phase rolloff near
the bandwidth frequency and reflects the total effective time
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Fig. 7 Stabilization loop root locus, varying roll attitude feedback

gain K.
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delay of the high-frequency dynamic elements (rotor and actu-
ator in this simple case). The phase delay is defined as*

5,5, + 180 deg

57.3 x 2‘-‘-’180

The bandwidth and phase delay metrics are well predicted by
the higher-order model as shown in Table 2. )

An additional feedback of roll rate will be required in the
control system to offset lags and time delays associated with
practical design implementation. Figure 9 shows a root locus
for variation of roll rate feedback gain K,. For no additional
time delay, rotor/flapping mode stability remains the limita-
tion on rate feedback gain, although the lead-lag mode damp-
ing is clearly reduced for moderate gain levels. When 50 ms of
additional time delay are included to account for filters and
computational delay in a practical digital control system im-
plementation,’ the lead-lag mode becomes rapidly destabilized
and sets the limit on rate feedback. (A lag and a pure delay
have the same effect on destabilizing the lead-lag mode for this
case.) This result illustrates the need for accurate knowledge of
the lead-lag dynamics in high-bandwidth control system de-

T, = —
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sig\n'. Analytical studies by Diftler,'2 Miller and White,'* and .

Curtiss'* have made the same conclusions. A flight test investi-
gation by Chen and Hindson'® using a variable-stability CH47
helicopter demonstrated the importance of rotor dynamics and
control system lags in determining feedback gain bandwidth
limits.

Lower-Order Models for Broadband Roll Response

Two levéls of approximation that are commonly made in
formulating models for identification are considered in this
section: 1) omit lead-lag dynamics (fifth order) and 2) quasi-
steady rotor dynamics (fourth order).

A fifth-order roll-attitude response model was obtained by
refitting the frequency résponse data without the lead-lag
mode (see Table 1). The transfer function result is consistent
with the seventh-order model, with only slight variations in the
remaining parameters. This indicates that the lead-lag/air-res-
onance mode can be modeled as a one-way-coupled (parasitic
mode), similar in nature to an aircraft structural mode. Thus,
the lead-lag transfer functions (quadratic dipoles) could be
appended onto an eight -degree-of-freedom  identification
model (flapping dynamics only). This approach has been suc-
cessfully applied in the state-model identification of BO-105
dynamics.'6

The frequency-response matches of the fifth-order model
matches the high-order model very well {(see Fig. 10), except of
course for the omission of the lead-lag mode. The fitting error
shown in Table 1 indicates only a slight degradation relative to
the seventh-order model. The roll angle gain is again limited by
destabilization of the. coupled roll/flapping mode. Of course,
roll rate limitations due to lead-lag instability will not be de-
tected by this model. Comparison of the closed-loop response
(¢/¢m) of the fifth-order and the seventh-order model (see Fig.
11) shows that the reduced-order model is very accurate éxcept
for the lead-lag mode omission. The quantitative metrics
match the baseline model results (see Table 2).

A fourth-order model is obtained by adopting a quasisteady
assumption for the roll dynamics and treating the rotor as an
equlvalent time delay. The resulting transfer function model
fit is given in Table 1. The time delay of 0.0743 s now accounts
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Fig. 11 Closed-loop responses of lower-order broadband models.
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for 0.023 s from the hydraulics/actuator system and 0.051 s
from the effective rotor delay. The quasisteady .roll damping
mode is estimated at L, = — 9.87 rad/s. The dutch roll pole/
zero quadratic has beeri detuned for this single axis fit. (This
could be improved by considering a simultaneous match of
/8., which will enforce thé correct dutch roll location.®) The
frequency response of this model is seen in Fig. 10 to be a poor
approximation, especially at a higher frequency, as expected
by the adoption of a crude rotor flapping approximation. This
is further emphasized by the three-fold increase in the fitting
cost relative to the fifth-order model (see Table 1). The 45-deg
phase margin crossover frequency is underpredicted by 20%
relative to the baseline model, whereas the gain margin is over-
predicted by 57% (see Table 2).

The root locus vs attitude gam for this model (see Flg 12)
indicates that the gain limitation is due to the destabilization of
a coupled second-order pure rigid body mode. Thus, the qua-
sisteady fails to capture key dynamics of the coupled roll/flap-
ping mode. Finally, the closed-loop bandwidth is underesti-
mated by 26% as indicated in Fig. 11 and Table 2. Overall, the
use of the fourth-order model to match the full frequency
range (1-30 rad/s) is seen to be inappropriate.
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Quasisteady Models for Low-Frequency Roll Response

The utility of the quasisteady approximation in characteriz-
ing the lower-frequency dynamics was investigated. For this
study, the dutch roll dynamics were omitted. Flgure 13 shows
the variation L, and the fitting cost for changes in the upper
fitting frequency w, from 8 to 30 rad/s. The roll damping rises
fromL, = —9. 3 for w, = 8rad/s, to L, = — 20.4 for @, = 15
rad/s; however, the cost function remains fairly constant in
this range For w, beyond 14 rad/s, the cost function rises
dramatlcally, indicating ‘a poor characterization of the dy-
namic response. Note that for the w, = 30 rad/s, the roll damp-
ing' drops to L, = — 9.6, which closely corresponds to the
fourth-order model of Table 2. The extreme sensitivity in the
madel parameters and cost function for values of w, greater
than 14 rad/s shows that. this frequency is the limit of the
validity of the quasisteady assumption. For w, below 14 rad/s,
the cost function remains fairly constant at CF = 45, which
roughly corresponds with the fifth-order fitting error; the
hlgher-order model is more accurate as expected. The variabil-
ity'in L, seen even for w, = 7-13 rad/s will be limited by the
snmultaneous fit of multiple responses in the full model identi-
fication.'® The ¢/6, frequency response for the w, = 13 rad/s
case is shown in Fig. 14 to have comparable accuracy as the
baseline model in the range of 1-13 rad/s (except for the
omission of the dutch roll mode). The estimated crossover
frequen_cy is nearly identical to the high-order baseline model.
Also, the closed-loop performance metrics are much closer to
the baseline model than was the fourth-order model (see Table
2). The first-order model for w, = 30 rad/s, also shown in Fig.
14, is seen to poorly characterize the response at both low and
high frequency. The frequency range of the fit is clearly inap-
propriate for the quasisteady model structure. A similar anal-
ysis conducted on the pitch response indicates a useful band-
width for the quasisteady assumption of 13 rad/s. Thus, the
overall useful bandwidth of the quasisteady model structure is
13 rad/s.

This analysis indicates that improved utility of the quasi-
steady models can be achieved if the data are band-limited to
below the rotor-flapping frequency (13 rad/s in this case) be-
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fore the identification is completed. This band limitation is
easily accomplished in frequency-domain identification meth-
ods, since the fitting range is an explicit function of fre-
quency.'®!” In time-domain methods, the data should be fil-
tered to eliminate the high-frequency dynamics.® Although the
coupled rotor/flapping instability can still not be replicated
with such band-limited quasisteady models, the nominal con-
trol system performance may be adequately estimated.

Conclusions

An accurate model for helicopter control system studies
requires coupled body/rotor flapping and lead-lag dynamics.
The lead-lag response may be treated as a one-way coupled
parasitic mode for the case study evaluated herein.

For a single-rotor hingeless helicopter, the coupled body/ro-
tor-flapping mode limits the gain on attitude feedback,
whereas the lead-lag mode limits the gain on attitude-rate feed-
back.

Quasisteady models that approximate the rotor response by
an equivalent delay are useful for estimating nominal control
system performance if the data used in the identification are
band-limited to frequencies below the coupled body/rotor
response. ‘

References

IKaletka, J., and von Grunhagen, W., “Identification of Mathe-
matical Derivative Models for the Design of a Model Following Con-
trol System,”’ 45th Annual National Forum of the Amencan Heh-
copter Society, Boston, MA, May, 1989.

2Bosworth, J. T., and West, J. C., ‘“Real-Time Open-Loop Fre-
quency Response Analy51s of Flight Test Data,”’ AIAA Paper 86-9738,
April 1986.

3Hall, W. E., Ir., and Bryson, A. E., Jr., “Inclusion of Rotor
Dynamlcs in Controller Design,’ Journal of Aircraft, Vol. 10, No. 4,
1973, pp. 200-206.

4Hoh, R. H., Mitchell, D. G., Aponso, B. L., Key, D. L., and
Blanken, ‘C. L., Proposed Specification for Handling Qualities of
Military Rotorcraft Vol. I—Requirements, USAAVSCOM TR-87-
A-4, May 1988.

5Tischler, M. B., ‘“‘Digital Control of Highly Augumented Combat
Rotorcraft,”” NASA TM-88346, May 1987.

6Chen, R. T. N., and Tischler, M. B., ‘“The Role of Modeling and
Flight Testing in Rotorcraft Parameter- Identlﬁcatlon,” Verttca Vol.
11, No. 4, 1987, pp. 619-647.

7Tlschler M. B., Fletcher, J. W., Diekmann, V. L., Williams, R.
A., and Cason, R. W., “Demonstration of Frequency-Sweep Testing
Technique using a Bell 214-ST Helicopter,” NASA TM-89422, 1987.

8Tischler, M. B., ‘‘Frequency-Response Identification of XV-15
Tilt-Rotor Aircraft Dynamics,”” NASA TM-89428, May 1987.

9Taylor, L. W., Jr., “Application of a New Criterion for Modeling
Systems,”” AGARD CP-172, Nov. 1974.

10Heffley, R. K., Bourn¢, S. M., Curtiss, H. C., Jr., Hess, R. A,,
“Study of Helicopter Roll Control Effectiveness Criteria,”” NASA
CR-177404, April 1986.

'Warmbrodt, W., and Peterson, R. L., ‘“‘Hover Test of a Full-Scale
Hingeless Rotor,”” NASA TM-85990, Aug. 1984.

12Diftler, M. A., “UH-60A Helicopter Stability Augmentation
Study,”’ 14th European Rotorcraft Forum, Milan, Italy, Paper 74,
Sept. 1988.

13Miller, D. G., and White, F., “A Treatment of the Impact of
Rotor-Fuselage Coupling on Helicopter Handling Qualities,”” 43rd
Annual Forum of the American Helicopter Society, St. Louis, MO,
May 1987.

Curtiss, H. C., Jr., ‘‘Stability and Control Modeling,”” 12th Eu-
ropean Rotorcraft Forum, Garmisch-Partenkirchen, FRG, Paper 41,
Sept. 1986.

15Chen, R. T. N., and Hindson, W. S., ‘‘Influence of Higher-Order

Dynamics on Helicopter Flight Control System Bandwidth,”” Journal
of Guidance, Control, and Dynamics, Vol. 9, No. 2, 1986, pp.
190-197.
" 16Tischler, M. B., and Cauffman, M. G., ‘‘Frequency-Response
Method for Rotorcraft System Identification with Applications to the
BO-105 Helicopter,”” Dynamics I—Session, 46th Forum, American
Helicopter Society, Washington, DC, May 1990.

17Tischler, M, B., ‘‘Advancements in Frequency-Domain Methods
for Rotorcraft System Identification,’” Second International Confer-
ence on Basic Rotorcraft Research, College Park, MD, Feb. 1988.



