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Identification and Verification of ¥requency-Domain Models
for XV-15 Tilt-Rotor Aircraft Dynamics in Cruising Flight

Mark B. Tischler*
" Aeroflightdynamics Directorate, U.S. Army Aviation Research and Technology Activity
NASA Ames Research Center, Moffett Field, California
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Frequency-domain methods are used to extract the open-loop dynamics of the XV-15 tilt-rotor aircraft from
flight test data for the cruise condition (V=170 knots). The frequency responses are numerically fitted with
transfer-function forms to identify equivalent modal characteristics. The associated handling quality parameters
meet or exceed level II, category A requirements for fixed-wing military aircraft. Step response matching is used
to verify the time-domain fidelity of the derived transfer-function models. The transient responses of the model
and aircraft are in close agreement in all cases, except for the normal acceleration response to elevator deflection
in cruise. This discrepancy suggests that center-of-rotation corrections in the normal acceleration model are
highly sensitive to small changes in flight condition and input form, and should be omitted if a robust model is
desired. The utility of the frequency-domain approach for dynamics identification and amalysis is clearly

demonstrated.

Introduction

HE identification of XV-15 tilt-rotor dynamics (Fig. 1)
from flight test data is an extensive ongoing effort to sup-
port the development of the next generation of tilt rotors, the
Joint Services V/STOL aircraft (JVX). The key concerns of
the effort are the documentation of open-loop XV-15
dynamics and the validation of generic tilt-rotor models.? A
frequency-domain-based identification approach was
developed and successfully applied for the hover flight condi-
tion.® Transfer-function models describing the open-loop
response characteristics of the XV-15 aircraft were extracted
and compared with the simulation characteristics. Reference 3
presents a detailed description of the frequency-domain
methodology and the results for the hover flight condition.
As in all identification research, a key concern of this effort
is the fidelity of the extracted models for input forms other
than those used in the identification process. The flight testing
technique of Ref. 3 uses a pilot-generated swept sine wave in-
put to excite the vehicle dynamics. This yields excellent iden-
tification of frequency responses and transfer functions for
sinusoidal-like  inputs. Such information is needed for
frequency-domain-based handling quality specifications such
as the bandwidth and equivalent systems criteria of the pro-
posed MIL Handbook for fixed-wing military aircraft* and
the proposed Army LHX specification.” However, for time-
domain specifications’’ such as Mil-H-8501, Mil-F-83300,
and some elements of the proposed LHX specification,
criteria are largely based on responses to step and pulse inputs,
so extracted tilt-rotor models must accurately reflect these
characteristics as well. The validity of these linearized
transfer-function models for large inputs is a question of
special concern to the helicopter community.
This paper discusses the identification of transfer-function
models for the cruise flight condition (170 knots). This is a
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good limiting case for comparison with the previous hover re-
sults.? Frequency-domain results are compared with proposed
Mil spec handling qualitities boundaries to illustrate the com-
pliance testing procedure. Time-domain matching is presented
to verify the transient response characterisics of the extracted
models for the cruise flight condition. These results show the
utility of relatively simple transfer-function models for handl-
ing qualities and control system applications.

Review of Identification Methodology

This section reviews frequency-domain identification and
time-domain verification techniques. The details of the iden-
tification approach are extensively discussed in Ref. 3 and are
only outlined in the present paper. '

Frequency-domain identification is based on the spectral

" analysis of input and output time histories using fast Fourier

transform technique. This analysis produces describing func-
tions which are (complex-valued) linear descriptions of the
input-to-output processes. The identification . results are
presented in Bode plot format: magnitude and phase vs fre-
quency. System bandwidth and effective time delay, impor-
tant metrics in current handling qualities specifications, can be
read directly from these plots. Tabulated frequency response
results are fitted with analytical transfer-function forms to ex-
tract modal characteristics for handling qualities specifica-
tions given in terms of- lower-order (equivalent) system
models. Also, the transfer-function models can be driven with
step inputs to extract familiar time-domain metrics such as rise
time, overshoot, and settling time.

The swept sine wave (frequency sweep) input is a good ex-
citation for the frequency-domain identification approach.
This excitation results in bounded and reasonable excursions
of the aircraft, suitably exciting the important rigid body
modes over the entire frequency range of interest (0.2-6.0
rad/s). The input is generated by the pilot in one axis at a
time, with minimal regulation of the remaining axes. Starting
from a trim condition, the pilot first executes two 20-s-
period inputs to ensure good low-frequency identification.
Then the frequency of the inputs is slowly increased up to a
maximum of about 6 rad/s, yielding a total run length of
about 90 s. Repeat runs are executed to allow concatenation
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of the 90-s records in the analysis; this technique minimizes
the effects of random noise. Two concatenated longitudinal
sweeps are shown in Fig. 2.

Once the flight data have been digitized and pfeprocessed
the input, output, and cross-spectra—G,, (f), Ly (), and
G,, (f), respectively—are calculated using modern Chirp z-
transform methods.? Specific transfer functions G(f) are
obtained from the ratio of the appropriate cross and input
auto spectra;

G =82 )
G, ()

and are presented in Bode format. The coherence function
v%,, defined as

IG,, |2
2 Xy
TG, 11G,,| @

is a good indication of the input-to-output linearity and
measurement noise. 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. When the process under in-
vestigation is perfectly linear and the spectral estimates are
noise free, the coherence function will be unity for all fre-
quencies in the excited input spectrum range. A value of the
coherence function less than unity will result from non-
linearities in the system, input/output noise, or cross-
coupled control inputs. The magnitude and phase responses
are then fitted with analytical transfer-function models to
obtain closed-form descriptions of the input-to-output pro-
cesses. In order to obtain a unigque fit of the frequency
responses, certain physical restraints on the commonality of
the transfer-function denominator factors are imposed.
Small decibel deviations in frequency-domain matching can
sometimes produce surprisingly large time-domain discrepan-
cies. Therefore the derived transfer-function models are
driven with step and doublet-input data from the flight tapes
to check their time-domain fidelity.

a) cruise configuration

b) hover configuration

Fig. 1 The XV-15 tilt-rotor aircraft.
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Dynamics Identification for the
Cruise Flight Condition

In this section, the SCAS-OFF (i.e., open-loop)
characteristics for the cruise flight condition are considered,
with V=170 knots (indicated), nacelle incidence=0 deg,
altitude=8000 ft. The longitudinal and lateral flight
dynamics are fully decoupled in this condition. The primary
longitudinal bare-airframe transfer functions of interest are
pitch rate and normal acceleration (at the center-of-gravity)
responses to elevator deflection, ¢/8, and a ./, Tespectively.
The important lateral- dlrectlonal transfer functlons are roll
rate response to aileron, p/8,, and sideslip (at the center-of-
gravity) response to rudder, 8,,/5,.

Longitudinal Dynamics

The longitudinal stick displacement for two concatenated
frequency sweeps were shown in Fig. 2. The sinusoidal stick
deflection is regular with a nearly constant amplitude of
roughly +5%. The elevator signal is also regular, with a
nearly constant amplitude of 2 deg. These data are typical of
the transition-flight and forward-flight condition results. The
relative stability of the longitudinal and lateral axes made ex-
ecution of the frequency sweeps a very rapid and acceptable
flight test procedure.

The pitch rate signal (conditioned with a 2.5-Hz low -pass
filter for output presentation only) is shown in Fig. 3. The
pitch rate excutsions are very regular, with a roughly con-
stant peak-to-peak amplitude of 5 deg/s. These oscillations
were considered very acceptable to the research pilots and
are comparable with those encountered during the hover
flight test.> The elevator surface to pitch rate open-loop fre-
quency response q/d, is shown in Figs. 4a-b. The smooth
spectral data over the majority of the frequency range are
typical of the excellent results obtained from the Chirp z-
transform algorithm.? Because of the short-period-mode ex-
citation, there is a peak in the pitch rate response at about
2.0 rad/s, with an associated phase lag of 45 deg. At higher
frequencies, the magnitude response rolls off at 20 dB/
decade and the phase shift approaches — 90 deg owing to the
K/s pitch rate characteristic and negligible flexibility/servo-
lag effects. The drop in the magnitude response and associated
positive phase response for frequencies below 0.3 rad/s are
due to the phugoid dynamics.

The coherence function shown in Fig. 5 is strong over the
frequency range of interest (0.2-6.0 rad/s), as shown. For in-
put frequercies above 7.0 rad/s, the coherence function
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Fig. 2 Two longitudinal stick (®pon) frequency sweeps in cruise.

5
(13
s
go
©
¢
-5 1 T T T T T T T T L]
50 100 150 200
TIME, sec

Fig. 3 Pitch rate response ¢ during longitudinal frequency sweeps.
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becomes érratic and the transfer-function identification is
less accurate. For low-frequency inputs (less than 0.3 rad/s),
the pitch rate response decreases; even for the nearly cons-
tant input amplitude, owmg to the effect of the phugoid
dynamics. This results in a decrease of information transfer
and an associated drop in the coherence function. This
coherence function roll-off is also attributable to atmosphere
turbulence effects, which become more important at low fre-
quency where the turbulence spectrum peaks.

Recently proposed military specifications for piloted
handling qualities* are based on two key frequency-domain
parameters: bandwidth wgw and phase delay 7,. For a par-
ticular stick response transfer furiction, the bandwidth is
deéfined as that frequency where the phase margin is 45 deg
or the gain margin is 6 dB, whichever is lowest. As discussed
in Ref. 4, the bandwidth is a measure of the speed of
response. A high bandwidth reflects quick response and ac-
.curate trackmg capability; a low bandwidth suggests sluggish
response and pilot-induced oscillation tendencies. The phase
delay is a measure of the slope of the phase curve for fre-
quencies near the bandwidth value. A large phase delay (e.g.,
greater than 100 ms) results in a significant degradation of
piloted handling gualitiés. !

For longitudinal control, a key transfer function is pitéh at-
titude response to longitudinal stick, 8/8; oy, Which is easily
derived from the elevator-to-pitch rate transfer function as

8(s) - d.(s) a(s)
Sion(8)  bron(s) S5.(s)

@)

where s is the Laplace operator.

The first term in Eq: (3), & . (5)/810n (8), reflects the SCAS-
OFF dynamics between the COCkplt stick deflection &; oy and
the elevator surface deflection 8,. These dynamics result
from surface actuators and mechanical linkages.
Frequency response identification of & (s)/BLON ($)-—and
8,(8)/6. 57 (5) and 6, (s)/épED (s)—showed that the effective
transfer function is a pure gain with an equivalent iime delay
of less than 10 ms (negligible). In the following discussion,
thereforé, the results obtained for the response to surface
deflection are also convertéd to effective COCkplt control
response by simply applying a scale factor.

The Bode plot for pitch attitude response to elevator may
be obtained from the pitch rate respomnse by rotating the
magnitude curve about the w=1 rad/s point by a slope of 20
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Fig. 4 Pitch rate response to elevator (g/—4é,) in cruise: a) transfer-
function magnitude and b) transfer-function phase.
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db/decade. The phase curve is shifted by a constant value of
—90 deg. With reference to Fig. 4, the critical bandwidth
criterion is the phase margin, which is 45 deg at a frequency
of wBWa—Z 5 rad/s. The effective time delay is negligible,
since the phase curve is nearly flat where it is near 180 deg.
These bandwidth and time delay values are well within the
level II, category A  specifications (adequate handling
qualities for high-precision tracking tasks) of Ref. 4 and cer-
tainly reflect satisfactory characteristics for SCAS failure
(open-loop) conditions.

The Bode plot for normal acceleratton response to
elevator, a,/5,, is shown in Figs. 6a-b. The response is
dominated by the classical second-order short-period mode
over ‘the majority of the frequency range. The magnitude
curve is flat at mid-frequency, indicating a constant normal
acceleration response to a step elevator input, with a roll-off
ir response for frequencies beyond the short-period mode.
The fall-off in normal acceleration response for frequericies
below 0.3 rad/s is probably due to the dominance of the
phugoid dynamics. The phase curve exhibits the classical
second-order response, i.e., 0 deg of phase lag at low fre-
quency, 180 deg of phase lag‘at high. frequericy, and 90 deg
of phase lag at the second-order mode (w=2.0 rad/s). This is
consistent with the previous pitch rate results. The coherence
function for the normal acceleration response shown in Fig:
7 is strong over the frequency range 0.3-10.0 rad/s, with thé
fall-off at low frequency, again owing to the dominance of
phugoid dynamics and turbulence effects. As before, this
suggests excellent identification over the entire frequency
range of interest. '

Lotigitudinal Transfer-Function Fitting

Analytical transfer-function forims are selected for each
degree of freedom based on configuration and flight condi-
tion factors. In the hover flight condition, vehicle dynamics
are dominated by the hovering cubic and decoupled heave
and yaw modes. In wing-borne flight, the conventional
longitudinal and lateral quartic equations doininate. Thus
transfer-function models which are appropriate for the hover
flight condition are not necessarily applicable to forward-
flight conditions. Obviously, if a model of high enough
order is selected, the parameters can be adjusted to .ac-
comodate each flight condition. However, such transfer-
function models no longer retain thé physical significance of
the classical lower-order parameters and are often not
unique. Also, highet-order transfer-function models tend to
be strongly tuned to the specific inputs which are used in the
identification procedures (e.g. a frequency sweep) and can be
very poor predlctors of other test inputs (e.g., step and pulse
inputs) and nearby flight conditions. Therefore, hlgher order
models are not desirable. In the approach taken in Ref. 3,
the  minimum-order transfer-function models which can
satisfactorily fit the frequency responses are used with the
upper limt taken as the physical order of the system.

Examination of the longitudinal frequency responses of
Figs: 4a-b and 6a-b shows that the longitudinal dynamics of
this flight condition are dominated by the short-period modé
(ws, =2 rad/s). Therefore we adopt the classical pitch rate and
center-of-rotation normal acceleration responses to elevator§:

() _ My, (1/Ty)e~
63(5) [g‘sp’wsp]

“

where q(s)/8.(s) is the Laplace-transforined pitch rate
_ response to elevator surface deflection (deg/s/deg—elevator),

M;, is the elevator pitch semsitivity, 1/Ty, is the first-order
numerator inverse time constant, {,, and w,, are the

§Shorthand notation: [{w] implies s2+2{ws+w2, where ¢ is the

damping ratio and « the undamped natural fréquency (rad/s); and
(1/7T) implies s+ 1/T (rad/s).



JULY-AUGUST 1986

104

O JE A s e o T — T
.1 ) 1 ) 10
FREQUENCY, rad/sec

Fig. 5. Coherence function v},, for pitch rate response
identification.
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Fig. 6  Vertical-acceleration response to elevator (a./8,) in cruise: a)
transfer-functionn magnitude and b) transfer-function phase.
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equivalent short-period mode damping and natural frequency,
réspectively, and 7, is the effective tinie delay; and

a, (S ) - alﬁee—_razs

6e(s) - [g-sp’ wsp]

&)

where a,(5)/8,(s) is the Laplace-transformed vertical
(positive downward) acceleration response at the  instan-
taneous center of rotation to elevator surface deflection
(g/deg—elevator), a;; is the elevator vertical sensitivity and
the denominator parameters are identical to those of Eq. (4).
The effective time delay for the vertical acceleration response
is 7, .

er ignore the low- frequency phugmd dynamics; smce, as
seen from Figs. 4 and 6, these are important only for inputs
of the very lowest frequency.

The longitudinal transfer functions of Eqs (4) and (5)
have the same denominator factors, so simultaneous fitting
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of these responsés, while imposing the restriction 6f com-
monality of deneminator parameters, makes good physical
sense. Also, the analyses of Refs. 3 and 8 suggest that such
simultanéous fitting techniques are needed to ensure unique
and physically mieaningful values for the numerator factors.
For the longitudinal transfer functions, this avoids the so-
called ‘‘fixed.or free”’ L, problem.*

" The transfer-function parameters of Eqs “@ and' (3) are
iteratively varied in order to obtain a best least-squares fit
between the equations and the frequency responses of Figs. 4
and 6 over the selected frequency range. For a first-cut
model, the center-of-gravity (cg) and longitudinal instan-
taneous center-of-rotation (ICR) are assumed to be coinci-
dent. The iterative fitting procedure is completed using the
computer program LONFIT developed by Givan et al.” For
the present case, the selected range for simultaneous fitting
of thé pitch rate and normal acceleration responses is 0.3-7
rad/s. In this frequency range, the dynamics are clearly
dominated by the short-period mode and the coherence is
strong for both transfer functions. Once the short-period
damping and natural frequency Soo and Wgp are obtained for
the simultanéous fit, the hlgh-frequency gain for the normal
acceleration response @, is varied, holding the damping and
frequency constant. This optlmlzes the a, fit over the fre-
qilency range 0.3-10.0 rad/s; since the coherence flinction
for this measurement tremains strong out to higher frequen-
cies. The transfer-function parameters forthe pitch rate and
normal accelerdtion responses are finally obtained as

a(s) 7.727(1.035)e 0016 ©
5.(s)  [0.554, 2.179)
) .597¢—0-018s

a,(s) - 1.597e7%% .

5,(s)y  [0.554, 2.179]

A comparlson of these lower- order models with ‘the flight
test results is presented in Figs. 4 and 6. The pitch response
model matches the data very well over the selected fitting
range (0.3-7.0 rad/s for q/8,), which shows that the shoft-
period. approximation adequately represerits the high- and
mid-frequency dynamics. For low-input frequenc1es (w<0:3
rad/s), the phugoid mode causes a drop in the pitch
response; a- characteristic which is not ‘‘captured’’ by the
shert-period inodel: The match between the normal accelera-
tion transfer function and the flight data is not nearly as
good in theé fitting range and shows a noticeable discrepancy
in the magnitude response for frequencies greater than 2
rad/s. ‘ ‘

Such an error in the mid/high frequency @, model could
arisé if the cg and-ICR are not coincident. Then the vertical
acceleration response at the eg-is’ given approxiniately by

a, 2acr q . '
f(s) *_ale_“’ ~Xa$3(6) ®

where Xeg 1S the (unknown) ax1a1 location of the cénter-of-
gravity relative to the iristantaneous center- of-rotation,

. ICR

5 ~———(s) =acceleration response at the ICR

e

q =
—Sj(S) =Eq. 4

The frequency responses of Figs. 4 and 6 are refit with the
models of Egs. (4) and (8), with Xeg included in the
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parameter search. The resulting models are

q(s) _ —7.376(0.890)e~0.005
8. (5) [0.536, 2.021]

®

The vertical acceleration response at the center-of-rotation
[Eq. (58)] is

a,(s) 1.166
5,(s)  [0.536, 2.021]

- (75,=0) 10

and the location of the cg relative to the ICR is

Xeg=—3.73 ft (cg behind ICR)

The resulting acceleration response at the cg is obtained from
Eq. (8):

2, (5) —0.023(— 6.699)(7.589)e~ >%% an
0. (5) [0.536, 2.021]

which shows the nonminimum phase (right-half plane) zero
that results from the cg located behind the ICR.

The pitch rate model of Eq. (9) is shown in Fig. 4 for
comparison with the previous results. Neither the frequency
response nor the transfer parameters of the g/5, model are
significantly altered by including the x ., degree of freedom.
However, the cg acceleration model of Eq. (11) fits the ex-
tracted frequency response much closer, as shown in Fig. 6.
Thus the noncoincident ¢g and ICR appear to be a likely
source of the discrepancy obtained when the simple model of

Eq. (7) is used—rather than the engine rpm response as -

postulated in the original version of this paper.!°
Lower-order systeni parameters are useful in characteriz-
ing the vehicle dynamics for comparison with the dynamics
of other aircraft. The identified short-period damping and
frequency (§,=0.536 and w,, =2.021 rad/s) are consistent
with preliminary observations, which are based on the raw

Bode plot information. The relatively high degree of damp-

ing is a reflection of the small response peak of the pitch rate
transfer function. The small effective time delays (in the
pitch attitude and normal acceleration transfer fits) indicate
that the high-frequency flexibility effects are not important
for this flight condition, as noted earlier. The MIL Hand-
book requirements for lower-order equivalent system pitch
response are given in terms of the parameters wg,Tp,, {p»
and 7,. The values of these parameters given in Eq. (9) are
well within the level I, category A handling qualities re-
quirements. The bandwidth criteria, which earlier indicated
“level II SCAS-off handling qualities, are thus more
conservative.
Time-domain verification of the longitudinal transfer-
" function models will be addressed after lateral response
models are presented.

Lateral Dynamics

The open-loop Bode plot for roll rate response to ailerons,
p/8,, is shown in Figs. 8a-b. This is a classical first-order
system in which aileron inputs produce a constant roll ac-
celeration at high frequency and a constant roll rate at low
frequency. The corner frequency is about 1 rad/s, with an
associated phase lag of roughly —45 deg, as expected. The
dominant time constant is thus roughly 1 s, implying about
2-3 s to reach a steady-state roll rate. The coherence function
shown in Fig. 9 is very strong over the frequency range
0.1-9.0 rad/s, indicating excellent identification of the roll
rate dynamics. v

Specifications for the lateral handling qualities of military
aircraft are given in the MIL Handbook,* based on a lower-
order equivalent system model for the roll attitude dynamics
(¢/81 o7). When roll-yaw coupling is minor, the specification
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on the equivalent system roll mode time constant 7, can be
interpreted as the reciprocal of the roll response bandwidth
wpw,- With reference again to Fig. 8b, the bandwidth for
roll attitude response to ailerons is wgy, . =0.9 rad/s, yielding
a dominant time constant of about 1.1 s. Since aileron surface
deflection and lateral stick inputs are related by a constant
gain, with negligible time delay, the results of Fig. 8b also
apply to the pilot’s control response. The handling qualities
specification of 7,<1.4 s for level 1, category A in Ref. 4 is
thus satisfied.

Aerodynamic sideslip measurements are obtained from a
sideslip indicator located roughly 18 ft ahead of the aircraft
cg. The sideslip at the cg B, is calculated by correcting the
measured signal for position error based on yaw rate and
airspeed (no flow distortion corrections were made). Also,
no corrections are made for sensor dynamics, because these
are not felt to be significant within the identification
bandwidth.

The Bode plot for sideslip response (at the cg) to rudder
inputs, f./6,, is shown in Figs. 10a-b. The response is
characterized by a lightly damped second-order mode with a
frequency of about 1.6 rad/s. High-frequency rudder inputs
yield a constant sideslip acceleration, while low-frequency
rudder inputs yield a constant sideslip angle corresponding to
a steady-state yaw rate. The coherence function for this case,
shown in Fig. 11, is'strong over the frequency range 0.1-5.0.
rad/s, falling off sharply in the high-frequency range. This
rapid and relatively low-frequency decline of the coherence
function results because the sideslip response falls off at a
rate of —40 dB/decade, compared to a roll-off of —20
dB/decade for the other response variables. However, since
the yaw mode of interest has a natural frequency of roughly
1.6 rad/s, the falling coherence for frequencies greater than
5 rad/s is not a severe limitation.
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As in the roll axis, handling qualities specifications for the

yaw axis response are given in terms of equivalent system’

models. These are derived in the following section.

Lateral Transfer Function Fitting

Equivalent system fitting using decoupled lateral/direc-
tional models have been considered in detail by Bischoff and
Palmer.!! With the decoupled model, the responses are fit
independently, using a first-order roll rate and a second-
order sideslip transfer function. The coupled model ap-
proach is based on simultaneous fitting of the roll and
sideslip responses to obtain the following fourth-order
transfer functions:

p(s) _ LgS[Ey wgle™™
5(1(5) (I/Ts)(l/Tr)[{d) wd]

12)

where p(s)/8,(s) is the Laplace-transformed roll rate
response to aileron surface deflection (deg/s/deg—aileron),
L,, is the aileron roll sensitivity, ¢, and «, are the second-
order numerator damping and natural frequency, respectively,
1/T, and 1/T, are the equivalent spiral and roll subsidence
modes, {, and w, are the equivalent Dutch roll mode damping
and natural frequency, respectlvely, and 7, is the effective
time delay; and

) _ W, (VT U T )0 Ty e
8, (s) (V/TH (/T 5 4]

13)

where (., (s)/8,(s) is the Laplace-transformed sideslip
response to rudder surface deflection (deg/deg—rudder), Y,
is the rudder sideslip sensitivity, 1/ Tm, 1/Tg,, and 1/Tg, are
the first-order numerator inverse time constants, and the
denominator parameters are identical to those of Eq (12). The
effective time delay for the 51deshp response is 7. The
simultaneous ﬁttmg approach is consistent with that used in
the longitudinal axis and allows the identification of the w, /v,
“coupling effect’’ in the roll response [Eq. (12)], which is im-
portant in the handling qualities assessment.

The coherence function results of Figs. 9 and 11 show a

satisfactory identification of both roll and sideslip responses

" in the frequency range 0.1-5.0 rad/s. Based on this fitting
range, the computer program LATFIT!? was used to obtain
the parameters of Egs. (12) and (13) simultaneously. Since the
‘coherence for the roll response is satisfactory over the entire
range of 0.1-10.0 rad/s, this degree of freedom was refit
alone, holding the denominator factors constant at the values
obtained from the simultaneous solution. This procedure is
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Fig. 10 Sideslip response to rudder (Bcg/é )} in cruise: a) transfer-
function magnitude and b) transfer-function phase.
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analogous to that used in the longitudinal case and optimizes
the values of the high-frequency gain and numerator

" parameters in the roll transfer function. The final results for

the parameters of Eqs. (12) and (13) are

)

p(s) _ 4.486s[0.313, 1.887]e~0045s
5,(s)  (0.063)(1.090)[0.248, 1.581]

(14

Beg () —0.051(0.086)(0;818)(47.94_6)e‘-°'°26‘
5(s) (0.063)(1.090)[0.248, 1.581]

1s)

The lateral/directional transfer-function fits are plotted as
dotted lines for comparison with the flight data of Figs. 8 and
10. The matching of the roll response magnitude (see Fig. 8) is
excellent over the entire frequency range. Only a slight anom-
aly in the phase matching is apparent for low-frequency in-
puts. The agreement between the sideslip fit and the flight data
is also excellent (see Fig. 10).

As a result of the simultaneous fitting of the roll and yaw
responses, the transfer-function parameters of Eqgs. (12) and
(13) have clearly retained their physical significance. The in-
verse roll mode time constant 1/7,=1.090 rad/s is roughly
equal to the roll response bandwidth, as expected; both are
well within the level I roll response requirements, as men-
tioned earlier. The equivalent Dutch roll mode is lightly
damped, with a natural frequency roughly corresponding to
the peak in the sideslip Bode magnitude plot (see Fig. 10a).
The small effective time delays for the roll and sideslip
responses reflect negligible high-frequency dynamics and are
consistent with the previous longitudinal results. The small
time delay in the sideslip response also supports the omission
of corrections for sideslip sensor dynamics.

The ratio of the natural frequency of the numerator com-
plex zero, w,, to that of the denominator complex pole, w,, is
one measure of roll-yaw coupling in response to aileron in-
puts. When w;=w,, the numerator and denominator
quadratic factors roughly cancel, and the resulting decoupled
roll response is characterized entirely by the roll mode time
constant. This case leads to the best handling qualities for a
nominal value of the roll mode time constant. As the roll-yaw
coupling increases, the numerator and denominator quadratic
factors of Eq. (12) no longer cancel and an undesirable
oscillatory component of roll rate is generated. With reference
to Eq. (14), the near-unity value w,/w, =1.19 suggests no such
concern for roll-yaw coupling. Therefore a simple, decoupled
first-order roll rate model could be adopted for future studies.

Time-Domain Verification of
Transfer-Function Models
The transfer function is the minimum realization descrip-
tion of a linear input-output process. The transfer-function
models developed previously can be used to generate all
other frequency- and time-domain information. Therefore a
set of verified transfer-function models is a useful output

¥ LA B B O M B T

FREQUENCY, rad/sec

Fig. 11 Coherence function VBchg for. sideslip response
identification.
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Fig. 12 Co’mbarison of aircraft and transfer-function model
responses to a step elevator input in cruise (7, =2800 ft): a) elevator
surface deflection and b) pitch rate response.

format for the linear identification-procedure. However, the
adequacy. of ‘these linearized transfer-function models for
predicting thé time-domain dynamics of nonlinear systems is
at question. For such nonlinear systems, the transfer func-
tion is actually a describing function that is strictly valid only
for the input amplitudes which were used in the flight test
experiment. Also, since identification procedures tend to be
tuned to the type of test inputs used (e.g., a sine sweep),
their accuracy in predicting responses to other classes of in-
puts (e.g., steps, doublets) is often uncertain. Lastly,
although the mismatches observed in the previous section
between the transfer-function fits and the frequency response
flight data never exceeded the suggested handling quality
specifications, the importance of these discrepancies in

predicting time response behavior is still at issue. These ques- -

tions are addressed in the following section.

For most of the flight tests, frequency sweeps and step in-
puts were performed consecutively for each flight condition,
thus maintaining constant altitude, airspeed, and loading
condition.- Unfortunately, the open-loop - elevator step
response data for V=170 knots were taken at H,=2800 ft
(density altitude), compared to H,;=10,000 ft for the
sweeps. Since the indicated airspeed was constant, and
therefore also the dynamic pressure, the derived pitch rate
model is valid for the lower-altitude step responses.
However, the significant difference in true airspeed (about
20 knots) and associated centripetal acceleration (=U,q)

. makes an a, step response comparison invalid for these data

(major source of discrepancy in Fig. 20c of Ref. 10). The .

responses to. elevator doublet inputs, obtained from closed-
loop (SCAS-ON) tests, for V=170 knots and H,;= 12,000 ft
is used to validate the @, model, although the aircraft
loading condition (and altitude) is still not exactly matched.
The SCAS-OFF (open-loop) pitch rate response to step
elevator deflection (Hy= 2800 ft) is shown in Figs. 12a and b.
The elevator input corresponds to about 40% of the maximum
control deflection. The comparison between the model
response [Eq. (9)] and the flight data is seen to be excellent
over the majority of the time history. The slight deviations oc-
curring toward the end of the run are due to the inadequacy of
the short-period approximation in modeling the low-
frequency (phugoid) dynamics (see Fig. 4). Even so, the short-
" period approximation clearly gives an excellent characteriza-
tion of the important initial response dynamics.
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Fig. 13 Comparison of aircraft and transfer-function model
responses to-a doublet elevator input in cruise (h,;=12,000 ft): a)
elevator deflection and b) normal (positive downward) acceleration
response.

The comparison of the ICR-corrected transfer-function
model [Eq. (11)] and flight data for the normal acceleration
response to an elevator doublet input, shown in Fig. 13a, is
not as good as it is in the pitch axis. With reference to Fig.
13b, the initial reversal predicted by the model (effect of the
X correction) does not occur in the flight response. In fact,
if the original center-of-rotation model of Eq. (7) is used, the
match with the flight data is much better, as is also shown in
Fig. 13b. These results indicate that the a,, /8, model which
includes the center-of-rotation correction [Eq. (8)] is highly
tuned to the measured frequency response for sinusoidal in-
puts (see Fig. 6) and is not robust to small changes in flight
condition and input form. The fact that acceleration is a
higher-order state derivative compared to the other angular-
rate derivatives further exaggerates the sensitivity of this
model, especially for the initial (high-frequency) response
dynamics. Therefore the lower-order model of Eq. (7) should
be used for future handling qualities and control system
analyses of this flight condition. This is a good example of
the dangers of model overparameterization.

Guidelines are given in the MIL Handbook* for the max-
imum allowable mismatch in lower-order system modeling.
The discrepancies shown with the simple normal acceleration
model [Eq. (7)] in Figs. 6a-b are well within these allowable
guidelines, so the identified parameters should be useful in-
dicators of piloted handling qualities. The capability to

. evaluate directly the effect of model order on response fitting

is clearly seen in this example, again representing a unique
advantage of the frequency-domain approach for this type of
comparison.

The aircraft roll rate response to a step aileron input is
shown in Figs. 14a-b. The transfer-function model shown in
the dashed line accurately predicts that the response will be
predominantly first order, with no overshoot or oscillatory
tendency. This corroborates the same conclusion made
earlier on the basis of the small w,/w, ratio. The sideslip
response to a step rudder input is shown in Figs. 15a-b with
the appropriate corrections for the nose-boom position. The
transfer-function model shown in the dashed curve matches
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2.5 —-— TRANSFER FUNCTION MODEL The following are some specific conclusions from this

. study of the open-loop dynamics of the XV-15 tilt-rotor air-
.§’ 0- - — craft in the cruise flight condition:

& 1) The response characteristics are very-stable and de-

SR coupled. The handling quality parameters meet or exceed

=25 fa) T : — T . proposed level II, category A requirements for fixed-wing

aQ
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Fig. 14 Comparison of aircraft and transfer-function model
responses to a step aileron input in cruise: a) aileron surface deflec-
tion and b) roll rate response.
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Fig. 15 Comparison of aircraft and transfer-function model
responses to a step rudder input in cruise: a) rudder surface deflec-
tion and b) sideslip response (at the cg).

the flight data fairly well for the first 10 s. Thereafter the
responses diverge, probably owing to a gust encounter or
some other aerodynamic interference effect at the sideslip
vane during the recovery phase. Once again, the character of
the step response is well predicted.

The step response run lengths of roughly 10 s emphasize
the high- and mid-frequency ranges, allowing only enough

time for about one time constant. Thus the low-frequency

mismatches never really have enough time to build up.
Clearly, however, the response in the first few seconds is the
key concern of the pilot. This is reflected in the mismatch
guidelines* being most stringent in the mid-frequency range.

This verification study shows that simple transfer-function
models extracted from spectral data are accurate in predic-
ting the transient responses to relatively large and varied
inputs. .

military aircraft.

2) Standard lower-order equivalent models adequately
match the identified dynamics in all degrees of freedom ex-
cept for the normal acceleration responses to elevator deflec-
tion. While a center-of-rotation correction is needed to ac-
curately fit the @,/6, frequency response data, the resulting
higher-order model is not robust to small changes in flight
condition and input form.

3) The step responses of the identified transfer functions
and the aircraft generally match very well.

The frequency-domain approach has proven to be a
relatively simple and accurate means for extracting the bare-
airframe dynamics of the XV-15. The utility of the derived
lower-order transfer-function models for handling qualities
and control system studies has been shown in the frequency
and time domains.
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