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SUMMARY

Values for stability and control parameters have been determined by use of
the equation error method and the maximum likelihood method from maneuvering
flight data for a low-wing, single-~engine, general aviation airplane. The air-
plane responses were excited from steady flights at different airspeeds using
the stabilator, aileron, and rudder deflections. The model of the airplane is
based on the equations of motion with the linear aerodynamics. From the repeated
measurements, the two standard-deviation confidence intervals for the estimated
parameters were established. These bounds are used for the comparison of param-
eters determined by both methods and also for the assessment of an effect of dif-
ferent input forms and power settings. The static parameters are also compared
with results from steady flights. Using these comparisons, the best values of
estimated parameters were determined and their accuracies specified.

INTRODUCTION

The National Aeronautics and Space Administration is currently involved in
extensive general aviation stall-spin studies. During the research program,
several airplanes have been tested in the wind tunnel and in flight, and more
tests with other airplanes are anticipated. 1In undertaking the stall-spin
research, the airplane dynamics in prestall regimes must be understood. For
that reason part of the overall program includes the measurement of airplane
transient maneuvers for the extraction of a complete set of stability and con-
trol parameters. These parameters include aerodynamic derivatives and the val-
ues of aerodynamic coefficients corresponding to steady flight conditions.

There have been several previous attempts using systems identification to
determine parameters of general aviation airplanes from unsteady measurements.
These attempts differ in the amount of data available, estimation techniques,
and verification of results obtained. 1In reference 1 the equation error method
(regression analysis) is applied to measured longitudinal data corresponding
to good excitation of the long- and short-period modes. The same technique
is used in reference 2 for the determination of the lateral derivatives from
flights with different values of thrust coefficients. The equation error method,
based on a least-squares technique, is very attractive because of its simplicity.
It can be easily applied to each of the equations of motion separately and pro-
vides direct estimates of the unknown parameters. The resulting estimates are,
however, biased as a consequence of the measurement errors in the input and out-
put variables.

A second procedure used in airplane parameter estimation is the output error
method. Because it usually uses the maximum likelihcod estimation, it is often
called the maximum likelihood method. The airplane longitudinal and lateral aero-
dynamic parameters obtained by this method are presented in references 3 and 4
and are compared with aerodynamic derivatives obtained from wind-tunnel tests
and theoretical predictions. The maximum likelihood estimates are theoretically



superior to those obtained from the equation error method. These estimates are
asymptotically unbiased, consistent, and efficient, provided that the model of
an airplane is correct and the input variables are measured without errors.
However, the maximum likelihood method applied to the problem mentioned is time
consuming because of its iterative nature and because all equations of motion
considered enter the estimation algorithm. In some experiments, small variances
of the measurement noise, unknown modeling errors, and a limited number of data
points could substantially reduce the superiority of the maximum likelihood
method to the equation error method. Under these conditions, both methods might
provide identical values for the estimated parameters. Detailed description and
comparison of both methods can be found in references 5 and 6.

The purpose of this report is to document estimates of the stability and
control parameters for one of the general aviation airplanes involved in the
stall-spin program. The parameters are extracted from longitudinal and lateral
maneuvers initiated from steady flights at different airspeeds. The airspeed
range extends from the minimum airspeed at which the airplane can still be maneu-
vered to the maximum airspeed in horizontal flight. The two methods already men-
tioned were applied to measured flight data in an attempt to obtain more accurate
values of the stability and control parameters for the test airplane.

This report first describes the test airplane, instrumentation, flight tests,
and data reduction. Then the mathematical model of the airplane is introduced,
and the estimation methods are outlined. The results from both methods are then
compared. The static parameters are also compared with the results obtained
from steady flights. Last, the effect of input form and power setting in the
estimated parameter values is demonstrated, the best values of parameters are
determined, and their accuracies are specified.

SYMBOLS
A wing aspect ratio

ay = 3Cg,, £/30¢

ax,ay,ay reading of longitudinal, lateral, and vertical accelerometer, respec-
tively, g units

b wing span, m

by constant bias error in variable vy
Cp drag coefficient, D/&s

Cr, 1lift coefficient, L/&S

Cr,t 1ift coefficient of tail, Lt/as

Cy rolling-moment coefficient, Mg/qSb
Cm pitching-moment coefficient, My/asa

N



Fx,Fy,Fy
Fy,Fp

£0)

IxrIy,Ig
Ixz

J
3

Kp

yawing-moment coefficient, Mz/aSb

thrust coefficient, T/&S

longitudinal-force coefficient, FX/&S

lateral-force coefficient, Fy/aS

vertical-force coefficient, Fz/is.

wing mean aerodynamic chord, m

drag, N

= Ehno/zn

forces along X, Y, and 2 body axes, respectively, N

terms in equations of motion defined by equations (A19) and (A20)
function which represents state-equation model

acceleration due to gravity, m/sec2

function which represents output-equation model
sensitivity matrix

stick-fixed center-of-gravity margin

distance of center of gravity aft of leading edge of wing mean chord
expressed in percent of c

distance of aerodynamic center aft of leading edge of wing mean chord
expressed in percent of ¢

moment of inertia about X, Y, and Z body axes, respectively, kg—m2
product of inertia, kg—m2

cost function

.=

term defined by equation (B16)

k8arkSrrk1nBrknip terms defined by equations (B17) to (B19)

L

1

lift, N

distance of aerodynamic center of tail aft of aerodynamic center of
airplane without tail, m



distance of aerodynamic center of tail aft of neutral point of
airplane, m

distance of aerodynamic center of tail aft center of gravity, m
Fisher information matrix

rolling, pitching, and yawing moments, respectively, N-m

mass, kg

main diagonal element of the M matrix

number of data points

measurement noise vector

roll rate, rad/sec or deg/sec

likelihood function

pitch rate, rad/sec or deg/sec

number of unknown parameters
1
dynamic pressure, Epvz, N/m?2

measurement noise covariance matrix

vaw rate, rad/sec or deg/sec

wing area, m?2

tail area, m2

standard error of variable vy

main diagonal element of the M~! matrix

thrust, N

time, sec

input vector

velocity along X, Y, and Z body axes, respectively, m/sec

airplane total velocity, m/sec



«"‘:@

Vi o indicated airspeed, knots

Ve modified tail volume defined by equation (B3)

>

X state vector

XarYo ¥x- and y-coordinates of angle-of-attack vane relative to airplane

center of gravity, m

%R, 28 X~ and z-coordinates of sideslip vane relative to airplane center of
gravity, m

>

Yy output vector

-5

z measurement vector

o angle of attack, rad or deg

Oy, angle of attack measured by wind vane, rad or deg

B sideslip angle, rad or deg

Bv sideslip angle measured by wind vane, rad or deg

ﬁa aileron deflection (one—-half of sum of left aileron deflection and
right aileron deflection), rad

Se stabilator deflection, rad or deg

S, rudder deflection, rad or deg

St trim tab deflection, rad or deg

€ downwash angle at tail, rad or deg

® unknown parameter

®p predicted value of unknown parameter

@ vector of unknown parameters

6 pitch angle, rad or deg

AY scale factor error of variable vy

Vy residual of variable vy

o) air density, kg/m3

(o standard deviation



¢ bank angle, rad or deg

¢yu phase—angle characteristics relating y and u variables, deg

w angular frequency, rad/sec

Aerodynamic derivatives (referenced to a system of body axes with the origin
at the aircraft center of gravity, which is located at 20.6 percent of c¢):

aCy, aCy, acy,
C = C = —— C = —
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aCY BCY aCz

C = — = — (o] =
B " 38 “Ysr ~ 3s, %q , o
2v
aCz 1 82CZ 3Cz
o 5 2 7 5 5 Crse * 5

Cﬁ,o' Cﬁu, Cﬁq, and CﬁGe defined in appendix A (egs. (A8) to (Al11)).

Subscripts:

E measured

o tr immed condition
t tail

Superscripts:

T transpose matrix
-1 inverse matrix
estimated values
mean

derivative with respect to time

vector
Abbreviations:
c.qg. center of gravity
EE equation error
ML maximum likelihood
rms root mean square

TEST AIRCRAFT AND INSTRUMENTATION SYSTEM

For this study, a four-place, low-wing, single-engine airplane was used.
The control surfaces included conventional ailerons, rudder, and all-movable
tail (stabilator). The basic geometric, mass, and inertia characteristics are



summarized in table I. The moments of inertia were measured for the airplane

in its early test configuration. The airplane was later modified by the instal-
lation of an onboard rocket system which is used primarily for spin recovery.
The resulting changes in the airplane configuration affected only its mass and
inertia characteristics. New moments of inertia were calculated from those pre-
viously measured.

An analog measurement system was installed in the airplane for recording
control surface deflections, stick and rudder forces, airplane response vari-
ables, and other quantities defining flight and engine conditions. Control posi-
tion motions (input variables) were measured by rotary potentiometers directly
attached to the control surfaces. BAn orthogonal triad of linear accelerometers
was rigidly mounted on the center line of the cockpit floor at a location close
to the allowable center-of-gravity range of the airplane (fig. 1). The sensitive
axes of all accelerometers were alined to the reference axes of the airplane.

Incidence angles were measured by a swiveling vane mounted on booms ahead
of each wing tip (fig. 1). Because the corrected readings of both vanes gave
identical results, only the angle-of-attack and angle-of-sideslip data from the
right vane were used for the analysis. The indicated airspeed was obtained from
the airplane's air data system which consisted of a simple total pressure orifice
located on each side of the fuselage. Total temperature was measured by a sensor
located on the top of the fuselage. The remainder of the instrumentation system
included three rate gyros, attitude gyros, signal conditioning, power supplies,
and tape recorder. These components were mounted on a rack behind the front
seats as shown in figure 1. A summary of measured quantities used in this study,
transducers, and static characteristics of corresponding channels is presented
in table II. The root-mean—-square (rms) errors were estimated from recorded
signals during the preflight and postflight ground operation of the instrumenta-
tion system with the airplane engine running. Both the resolution and the rms
errors are referred to the digitized data.

Table III presents dynamic characteristics of transducers used for the
measurement of airplane response. These characteristics were obtained from
dynamic calibration. The equivalent time constants given in the last column
of table III represent the approximation of the transducer dynamics by a first-
order system.

FLIGHT TEST AND DATA REDUCTION

Airplane responses were measured in six flights., Table IV summarizes per-
tinent flight test conditions and the average mass and inertia characteristics
of the airplane in these flights. Mass and inertia characteristics for each
run analyzed were determined from the airplane take-off weight and estimated
fuel consumption during the flight.

The longitudinal and lateral modes were excited separately, primarily from
the trimmed level flights at the airspeeds listed in table IV. For the investi-
gation of power effect, perturbations were initiated from a steady climb with
full power and from a steady descent with idle power.



In longitudinal flights, the inputs used were stabilator deflections having
the form of a pulse, a doublet, or a combination of both. 1In the lateral case,
both the rudder and aileron were applied simultaneously. Various forms of these
inputs are shown later. In all cases, the 0~ and B-traces were examined to
determine that the atmospheric turbulence was negligible.

The measured flight data were filtered with a 6~Hz low-pass filter and sam-
pled at the rate of 20 samples per second. The sampled data were used to pro-
duce automatic data tabulations, time history plots, and final tape for airplane
parameter estimation. This tape included the following variables: time, true
airspeed, incidence angles (right vane), angular velocities, attitude angles,
linear accelerations, control surface deflections, and incidence angles (left
vane) .

True airspeed was obtained from the indicated airspeed by applying correc-
tions for measured position error of the static pressure system and by using
the air density values computed from the measured air temperature and static
pressure. The angle-of-attack vane readings were corrected for air upwash by
a multiplication constant. This constant was estimated from steady horizontal
flights by comparing longitudinal accelerometer and wind vane readings. The
recorded linear accelerations were converted into the acceleration of the air-
plane's center of gravity. The effective aileron deflection was computed as
a mean value of the sum of the right and left aileron deflections.

The next step preliminary to airplane parameter estimation included a
compatibility check of measured response variables in steady and maneuvering
flights. The relationship between variables GQg, 8, agz, and ax, and ¢,
Byr and ay was examined from the initial steady parts of various test runs.
These data showed very small scatter in values of the longitudinal and lateral
accelerations and sideslip. It was, therefore, assumed that the measurements
of ayx, ay, and Bv were corrupted only by zero-mean random noise. Then the
bias errors in ay, 6, ag, and ¢ in the form of constant offsets were deter-
mined. Similar bias errors in p, g, and r were found by assuming steady
flight conditions. All these estimates were verified by the analysis of tran-
sient maneuvers. The compatibility check of aircraft response variables in
maneuvering flights included the prediction of V, By, 0Oy, ¢, and the esti-
mation of constant bias errors in measured data. The technique used is based
on airplane kinematic equations and an extended Kalman filter and is described
in reference 7.

Typical results from the compatibility checks are given in figures 2 to 5
and in tables V and VI. In figure 2 the measured and predicted responses in
Vv, 0Oy, and O are compared. A similar comparison for the variables V, BV,
o ¢, and 6 taken from one of the lateral maneuvers is presented in
figure 4. The resulting residuals and the standard errors of the measured
responses estimated from these residuals are included in figures 3 and 5. All
the residuals, in general, indicate good agreement between measured and pre-
dicted data. The larger discrepancy in measured and predicted airspeed is
still within the rms error of the measuring instrument, which was. estimated
to be equal to 0.89 m/sec. (See table II.)




Table V compares various estimates of bias errors in the longitudinal out-
put variables. The error estimates from transient data were unaffected by the
assumption that bax = 0 and were close to those from the steady data. Because

this pattern was observed in other maneuvers that were analyzed, only the esti-
mates from steady-state data were used for corrections of the longitudinal

responses.

For the lateral case presented in table VI, the estimated bias error in
ay 1is significantly different from the initially assumed zero. The inclusion
of baY as an unknown parameter in the model affected the estimate of b¢ only.

This particular run and other similar runs analyzed indicated some differences
between the bias errors estimated from steady-state and transient data. These
differences had, however, no significant effect on the estimated stability and
control parameters. The errors estimated from steady-state data were, therefore,
used for corrections of measured time histories of p, r, and ¢.

MATHEMATICAL MODEL OF AIRPLANE

A mathematical model of the airplane was formulated in the form of the state
and output equations as

.
>
X

£(x,u,0,t) (1)

and

> > > é
Yy g(x,u,0,t) (2)

> > > . .
where x, y, and u are the state, output, and input vectors, respectively, and

is the vector of unknown parameters. For the longitudinal motion, the four
vectors in equations (1) and (2) have the form

3 = e
YT = [V.oysa.8,a5,ag)
uT = Se

oT =

E:x,o'CXa'CZ,o'CZa'CZq'CZ5e'Crﬂ,orcﬁbrcx{\qrcﬁlae]

and for the lateral motion
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xT = [v,p,r,0]

yT = [Bysprr,d,ay]
uT = [8,,8,]

er =

[CY,O’CYB ICYPICY6rICZ '°'CZB'CZp'CZr'CZGa'c26r'

Cn,0CnprCn,rCn_+Cnys.rCn
R/ Dp’ Ny "™N§4 ' ~N§r

The equations of motion are presented in detail in appendix A. Their form
resulted from an examination of measured responses of the test airplane, and
from wind-tunnel and flight-test results on similar airplanes. The coupling
between the lateral and longitudinal motion during the measurement of lateral
responses is included in the lateral equations by replacing the variables u,
w, d, and © with their measured values.

ESTIMATION METHODS

The equation error (EE) method represents an application of regression
analysis to each state equation separately; it is a method which minimizes the
sum of squared errors satisfying the equation. The cost function for the state
equation has the form

Jp =

N
. > > 2
25 [eri - fri<xErurérﬂ (3)

i=1

NP =

where N is the number of data points and E denotes the measured quantity.

The least squares solution for 6r is obtained by finding the minimum of J,.
The standard errors of the parameters are obtained from the information matrix

. > > >
in the so-called normal equations and from the residuals x,pj - fri(xE,u,C&).
(See ref. 2.)

In the airplane force equations the variables irE were replaced by
measured linear accelerations as indicated by equations (A12), (A13), and
(A23) to (A25). 1In the moment equations the angular accelerations were cal-
culated from measured angular rates using splines.

Detailed descriptions of the maximum likelihood (ML) method and of the
computing program can be found in references 8 and 9. The ML method is based

1



»> >
on the maximalization of the log-likelihood function 1log p(z/). The comput-
ing starts with the approximate values for the unknown parameters in the state
equations and then iterates until the minimum of the cost function

N
1 > 4 \p ~q(* 4
J=5 <zi'Yi R zj - ¥i (4)

i=1

> > -> > >
is found. 1In equation (4), 2z is the measured vector z =y + n, where n

is the measurement noise vector. The measurement noise covariance matrix R
is estimated as

N
~ ) 1 > >
R = diag ﬁ Vi Vi (5)
i=1
> > .
where Vvj = zj - yj are the residuals.

After the kth iteration the new estimates of unknown parameters are found
as

O

5 5
k = O-1 + A (6)

A
S5
where the vector A®y is computed from the expression

A _ aJ T
A8y = -M~ 1 (@_1) = (7)
30/0=0y_

The matrix M 1is the Fisher information matrix. The inverse of the infor-
mation matrix gives a lower bound on the error covariance matrix for the esti-
mated parameters. Using the modified Newton-Raphson method, described in refer-

ence 6, this matrix is approximated as

N
M= z B R H;
1

i=1
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In this expression H is the sensitivity matrix whose elements are 8;/8®j,

where j =1, 2, . . ., g9 and where gg is the number of unknown parameters.
The main diagonal term of the information matrix mys defines the sensitivity
of measured output variables with respect to the parameter @j. (See ref. 10.)

The main diagonal term of M1, S5 is, therefore, the Cramér-Rao lower

bound on the variance of the parameter @j. It can be shown that

where the equal sign holds for the uncorrelated parameters.

RESULTS AND DISCUSSION
Longitudinal Characteristics

The first part of the longitudinal data consists of 16 runs measured at
different airspeeds. 1In these runs the transient motion of the airplane was
excited from level flights by using the stabilator deflection in the form of
a single pulse or doublet. Estimated parameters and their standard errors from
one run at Cy = 0.61 are summarized in table VII. All parameters included
in the model indicate satisfactory identifiability as expressed by their stan-
dard errors or lower bounds on these errors. Significant differences in the
estimates using the EE method and ML method exist in the derivatives Cza

and Cma' From calculated parameter covariance matrices a strong correlation

(the correlation coefficient about 0.94) was observed between the parameters
CZq and Czse and between Cmq and CmSe’ regardless of the estimation

method.

Measured time histories and those computed by using parameters obtained
by the EE method are given in fiqure 6. Considerable disagreement is apparent
only between measured and computed outputs V and ayx. The bad fit in these
variables is not important because their variations are small. Plots similar
to those in figure 6 are presented in figure 7, where the parameters used were
obtained by the ML method. The resulting residuals in the output variables are
plotted in figure 8. 1In this figure the standard errors of the output variables
estimated from the residuals are also given. If the model of the airplane were
correct, the residuals would form a white random sequence. Examination of their
time histories in figure 8 indicates, however, the influence of certain modeling
errors (incorrect form of aerodynamic model equations, uncorrected bias errors
in measurement data, external disturbances). The incorrect model resulted in
bias errors }n the estimated stability and control parameters and in an increase
of the Cramer-Rao lower bound.
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The parameters obtained from all 16 ‘runs mentioned are presented in fig-
ures 9 and 10. PFigure 9 includes the estimates by the EE method plotted against
lift coefficient. The range of Cj corresponds to the change in the angle of
attack from approximately 0° to 119, A distinction has been made between the
resulting points where a pulse or doublet input was used. Each plot of a param-
eter against Cy was fitted by a first- or second-order polynomial, or by a com—
bination of both. The change in the functional relationship from linear to qua-
dratic was based on results from steady~state data as is shown later.

In figure 10 the results from both estimation techniques were compared.
The 20 bounds on the EE estimates were computed from the differences between
the estimates and the fitted curves. The 20 bounds can be used for an assess-
ment of significant differences in results from both methods. As in table VII,
the most pronounced difference exists in the estimates of Cza' The large dif-

ferences in Cg_  and CZGe at higher values of Cj, are not important because

these parameters have small effect only on the resulting motion of the airplane.
For the remaining parameters, both techniques provide, in general, equivalent
estimates. Estimates of the parameters Cy,, and Cxa are consistent even if

the airspeed changes in the maneuvers analyzed were small. This is a promising
indication of a possibility to estimate the performance characteristics of the
airplane provided the necessary thrust information is available.

Effect of nonlinear terms in aerodynamic model equations.- The examination
of figures 9 and 10 shows variations of derivatives Cgz,, Cﬁa, and Cﬁq

with Cp at higher values of the lift coefficient. The effect of these varia-
tions is not included in the aerodynamic model equations used. Therefore, for
the assessment of model adequacy at higher angles of attack, the estimated stan-
dard errors in the main output variables oy, g, and ag were plotted against
Cy,r as shown in figure 11. The estimates of measurement noise standard errors
obtained from the compatibility check and instrumentation system characteristics,
as presented in figure 3 and table II, have been added to these plots. The plots
of figure 11 indicate the increase of the standard error in all three variables
with increasing values of Cj. A possible modeling error in the aerodynamic
model equations has been checked using the data from one run at Cp = 1.26. The
data were analyzed by using the ML method and the modified aerodynamic model.
The model included three additional nonlinear terms Czaz(a - Q)

gc ((1 - ao)

Ch o(a - a )2, and C —_
My 2 ol s Mo, 2V

The resulting estimates are compared in table VIII with those based on the
linear aerodynamics. In this table, the main diagonal elements of the informa-
tion and parameter covariance matrices mjy and sjy5 are also presented. The
comparison shows that the extended model 51gn1f1cantiy influenced some of the
parameters. The new estimates for CZq and CZGe are closer to those expected.

With the nonlinear aerodynamics, there was an improvement in terms of standard
errors in parameters, correlation between parameters, sensitivities, and measure-
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ment noise standard errors. The values of nonlinear terms agree well with those
predicted from figures 9 and 10. The standard errors of the nonlinear parameters
were reasonably low, and any strong correlation between the linear and nonlinear
parameters was not observed, as indicated by values of the correlation coeffi-
cients given in table IX.

Compar ison of parameters estimated from steady-state and transient flight
data.- The accuracy of estimated parameters was checked by the comparison of
their values with those obtained from steady measurements. Data needed for the
estimation of static stability and control derivatives were measured in slow
acceleration-deceleration horizontal flights and in steady climbs and descents
("saw-tooth" flights). In figure 12 the measured and fitted lift coefficient is
plotted against the angle of attack. The same measured data from steady climbs
with full power and steady descent with idle power are compared with the previous
measurements in figure 13.

The measured and fitted stick-fixed trim curves (8 against Cp) are plot-
ted in figure 14 for two airplane center-of-gravity positions. The effect of
power setting on these data is demonstrated in figure 15. All measured steady-
state data indicate changes in derivatives Cza and Cma with increasing Cj,
and also with different power setting.

The data from figure 12 and figure 14 were used for computing aerodynamic
derivatives from expressions developed for an airplane with a conventional hori-
zontal tail in reference 11 and modified for an all-movable tail. The relation-
ship between directly estimated quantities from measured steady-state data and
aerodynamic derivatives are summarized in appendix B. The results obtained are
presented in table X where they are compared with the estimates from transient
data. These estimates are the mean values from the range of Cp within which
the derivatives are assumed to have constant values.

The compar ison shows that the estimates from steady flights agree very
well with those obtained from transient data by using the ML method. Only the
values for the derivative Cﬁq differ significantly. However, the wvalue

for this derivative from steady-state data represents an approximation only.
The results in table X can then be considered an indication of good confidence
in the ML estimates for all parameters.

In addition to the comparison in table X, two derivatives Cz,, and Cp,

estimated from steady-state and transient data were plotted against <, in
figure 16. All three estimates show the same trend with the increased value
of Cy. However, the differences in values of Cza remain.

Effect of different input forms and power settings on estimated parameters.-
In addition to the 16 runs analyzed, runs with different input forms were used
to estimate the parameters. Data from runs with full and idle power were also
used. All of these additional runs were measured at Cp =~ 0.57. The examples
of various stabilator-deflection time histories are given in figure 17. The
input A consists of a series of pulses, the input B1 includes either sharp
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pulses or double pulses, and the input B2 is a combination of sharp pulses with
a slowly varying stabilator deflection used for better excitation of the air-

speed changes.

The effect of pulse and doublet on the parameter estimates has already been
shown in figures 9 and 10. Some differences are apparent in derivatives Cza'

Cﬁa, and Cﬁq at higher angles of attack. The effect of the remaining input

forms is shown in figure 18, where the new sets of estimates are compared with
previous results. The results indicate that the estimates from runs with input A
are very similar to those based on measurements with pulse and doublet input
form. However, for the input forms Bl and B2, some differences in the estimates
of pitching-moment derivatives appeared. These differences are mainly visible in
the results of the EE method. For all input forms used, the Cramér-Rao bound on
the standard errors of the estimated parameters remained almost the same. Also,
the strong correlation between Czq and CZGe and between Cmq and Cmde was

unchanged. These results agree with the investigation of effects of control
inputs on the estimated parameters made in reference 7.

For a more detailed investigation of a possible effect of the sharp pulse
or short doublet on the estimates, two sets of results were compared. The input
forms used and their harmonic contents are given in figure 19; the parameter
estimates, relative sensitivities, standard errors, and the measurement noise
standard errors are presented in table XI.

The results from the run with sharp doublet show the incorrect sign in Czq;
significant differences in Cagy Cﬁa, and Cﬁq; decreased sensitivities;

and increased inaccuracy. There is also a large standard error in the pitch-
ing velocity. The time history of the residuals in g for this run included
a dominant deterministic component whose form was similar to the expected time
history of the angular acceleration in pitch. The degradation of results from
the data with sharp doublet input can be attributed to modeling errors in the
equations of motion and/or to the uncorrected errors in measured pitching veloc-
ity. The comparison of measured and predicted frequency response curves dis-
played in figure 20 shows this effect even more clearly. The predicted fre-
quency response curves were computed from linearized equations (A2), (A3), and
(A7) with the derivatives from table XI. The measured data were obtained by
applying Fourier transforms to the measured time histories of &g, g, and ay.

The measured data with slow doublet agree well with the prediction. 1In
the second run with a sharp doublet, the frequency response curves ag(jw)/Sq(jw)
again agree, but there are greater differences in the amplitude and phase charac-
teristics of the frequency response function q(jw)/Sg(jw). The change in phase
angle in the measured data is greater than theoretically possible considering
the form of transfer function developed from equations (A2) and (A3). To explain
the differences mentioned, a new check and dynamic calibration of the pertinent
rate gyro were made, and the measured pitch angle was compared with that pre-
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dicted from the pitch rate gyro reading. Both checks indicated that the instru-
mentation was functioning correctly and that no time-delay correction in mea-
sured g(t) was needed. Another reason for the effect of the sharp doublet on
the parameter estimates is in the modeling of the airplane. The confirmation of
this conclusion, however, would need theoretical and experimental study which

is beyond the scope of the present report.

The results in figure 18 concerning power effect indicate that there were
no differences between the estimates with full power and power required for the
level flights. The changes in parameters with idle power agree with trends shown
in measured steady-state data in figures 13 and 15, e.g., the decrease (in abso-
1 1 3 1
lute value) of Cza’ cmée' and Cmq and the increase of Cma.

Lateral Characteristics

For the estimates of lateral parameters, 28 maneuvers initiated from steady-
state level flights at different airspeeds were available. The measured data
were obtained from two flights. The results from eight repeated measurements at
the same airspeed are given in table XII. They include the ensemble mean values
and standard errors of the EE and ML estimates, and the average standard errors
of a single measurement. The mean values obtained from results of both methods
are quite consistent; the only significant differences were found in two less
important derivatives Cyp and Cig .

The ensemble standard errors of the EE estimates are, for most parameters,
smaller than those of the ML estimates. 1In both cases the standard errors esti-
mated from the ensemble do not agree with the standard errors of a single mea-~
surement. The ratio of these two different estimates varies between 1 and 5 for
the EE method, and between 2 and 18 for the ML estimates. High values and vari-
ability in these ratios could be caused by bias errors in the estimates resulting
from various modeling errors and also from a small sample size.

As an example of the comparison between measured and computed data, the
time histories of one of the eight runs analyzed are presented in figures 21
and 22. In figure 21, the computed responses are based on the EE estimates and
in fiqure 22, on the ML estimates. These two figures indicate no significant
differences for both sets of parameters, which is in agreement with results in
table XII.

The residuals from figure 22 and their standard errors are given in
figure 23. 1In all time histories of residuals, some deterministic components
are visible, the most significant of which are in the vawing velocity residuals.
This study did not determine which modeling errors could contribute to the deter-
ministic components in residuals. Because of the small amplitude of residuals
in the given case, and also in the remaining runs, the existing modeling errors
did not significantly influence the accuracy of the estimates.

The estimated parameters from all 28 runs are plotted against Cp in

figure 24 and figure 25. 1In figure 24, the ML estimates were fitted by linear
or quadratic polynomials. 1In figure 25, the ML estimates are compared with
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those obtained by the EE method. As with the results in table XII, the dif-
ferences in both estimates are not, in general, significant; furthermore, the
results from the two flights do not differ substantially.

The fitted curves in figure 24 can be used for the prediction of the lat-
eral stability and control derivatives of the airplane. Table XIII shows the
predicted values for Cp, = 0.62 and the standard error boundaries on the pre-
diction errors. These boundaries represent the maximum and minimum standard
error of the fitted curve © = ©(C;) within the given range of Cp. For com-
parison, the last column of table XIII presents the Cramér-Rao lower bound on
the estimated standard error of a single measurement.

The estimates of the yawing-moment coefficient derivatives shown in fig-
ures 24 and 25 revealed increased scatter with the increasing value of Cy,.
For the investigation of this trend, the standard errors of all output vari-
ables were first plotted against C;, as shown in figure 26. However, these
plots show only a moderate increase of this error for higher values of Cy,.
This increase indicates that the modeling errors do not change significantly
for runs at higher angles of attack.

The next step involved the investigation of sensitivities and standard
errors in the parameter estimates. These characteristics deteriorate with
increasing values of Cj, which might lead to the conclusion that the input form
used was not suitable for excitation at higher angles of attack. All the input
forms used resulted in strong correlations between some of the stability and
control derivatives, mainly between CZP,CZGe and Cnp'cnda* The results in

figure 26 demonstrate the increase in standard errors caused by modeling errors
when one compares the estimates based on the equations of motion, on kinematic
equations only (compatibility check), and on the instrumentation system alone.
The difference in the standard errors s(r) 1in two flights was probably caused
by more pronounced modeling errors in flight 21, where the input was similar to
that in flight 26, but the rudder amplitude was higher.

Compar ison of results from transient and steady-state measurements.- As
with the longitudinal case, the results from the lateral transient flight data
were compared with those obtained from steady nonsymmetric flights (steady
straight sideslips). Unfortunately, the lateral steady-state data cannot pro-
vide estimates of aerodynamic derivatives directly without additional a priori
information. For that reason, the measured relationships between the sideslip
angle and the bank angle, the aileron deflection and the rudder deflection were
compared with those predicted using the parameters estimated from transient
data. If linearized lateral equations of motion are assumed, it can be shown
that the aforementioned relationships are linear and that their slopes and inter-
sects depend on certain combinations of derivatives. The analytical form of the
relationships B8 =8(¢), B =B8(S,) and B =B(S,) 1is presented in appendix B.

In figures 27 to 29, the measured lateral static aerodynamic characteristics
for two values of Cj are presented. The estimates of those characteristics
were computed from equations (B13) to (B15) using the ML estimates for the param-
eters. The agreement between measurements and computed lines is generally good.
The only discrepancy is for the intersection of the line B(S,) at Cp = 1.19.
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This intersection depends primarily on the parameter Ch,o- The estimates of
this parameter were incorrect as to sign. One explanation could be the exis-
tence of modeling errors in the yawing-moment equation; however, the proof would
require more detailed analysis.

The results in figures 27 to 29 verified to some extent the estimates of
the derivative CYB' and the combination of derivatives CZGa/ClB and Cnar/an'

For the verification of the control derivatives Cisq and Cngpr the aileron and

rudder effectiveness were measured in steady flights with B =~ 0 and with the
additional rolling and yawing moments provided by the onboard rocket system. The
resulting derivatives from these measurements are given in figure 30 and compared
with the ML estimates taken from figure 24. The steady-state data resulted in
slightly higher absolute values for both control derivatives than for the tran-
sient data. The differences are, however, not significant.

Effect of different input forms and power settings on estimated parameters.-
All previous lateral data analyzed included only one type of input form for both
the rudder and aileron deflection. To investigate for an effect of other input
forms, five other types of input forms shown in figure 31 have been used. The
input Al is similar to the standard input, but the aileron doublet is shorter and
has greater amplitude. The input A2 is composed of input Al repeated three times.
In the input Bl the rudder pulse is followed by the aileron doublet. As in the
previous case the input B2 is composed of input B1 repeated three times. Finally,
in the input C the aileron doublet precedes the rudder doublet.

Estimated parameters from several runs with the inputs described are pre-
sented in figure 32. They are compared with the ensemble mean values given in
table XII which were estimated from runs where the standard inputs were used.
In all cases the parameters are the ML estimates.

The results in figure 32 revealed a significant effect of input forms on
virtually all estimated parameters. The changes in the estimates are, in gen-
eral, greater in the derivatives of Cy and C; than those in derivatives of
Cp 1if the ensemble mean value and its confidence interval are considered as a
reference. In many cases it was not possible to determine which estimates are
more accurate because the standard errors and the correlation coefficients were
almost the same for significantly different values of the same parameter.

The variability in the lateral parameter estimates due to different input
forms was found to be less pronounced in the study covered by reference 7. This
could be explained by the dependence of the input form sensitivity on the char-
acteristics of an airplane. The impossibility of selecting the best estimates
of parameters from runs with different inputs demonstrates the existing problem
of an optimal input form for parameter identification and the problem of accu-
racy assessment of the parameter estimates.

In figure 32, the effect of different power settings on the parameter esti-
mates is also shown. The results from runs excited from steady-state climbs
with full power agree with those from the measurements in horizontal flight.
This agreement was expected because in both experiments the power setting dif-
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fered only slightly. On the other hand, the results from runs with idle power
show a decrease in the absolute value of static derivatives CYB and an' and

control derivatives Cys, and Cngpe These changes and their directions have

been expected. They are caused by the slipstream effect on the sidewash angle
and the dynamic pressure at the tail.

ASSESSMENT OF ESTIMATED PARAMETERS

A comparison of the results in table X shows the ML parameter estimates
to be the best values for the longitudinal stability and control derivatives
of the airplane under test within the range of C; where these derivatives have
constant values, e.g., Cp, < 0.9. Power will not significantly change the value
of these derivatives, with the exception of power settings close to zero-power
conditions. For both methods, the standard error of all important derivatives
is about 2 percent. This error can also be a measure of the overall accuracy
because of the agreement between the results from steady-state and transient
data, and between the EE and ML estimates as shown in figure 18 for the pulse
input doublet and combination of both (input A). The values of derivatives for
Cr, > 0.9 can be obtained from figure 10. The accuracy of these derivatives
will deteriorate with the increasing value of Cj because the estimates are
influenced by the input form, power conditions, and the uncertainty in the aero-
dynamic model equations. The best values of the stability and control deriva-
tives for the lateral motion are given by the fitted curves in fiqgure 24. The
bounds on their standard errors can be obtained from table XITI. The standard
errors for the aerodynamic static derivatives are between 1 and 3 percent, for
the damping derivatives between 2 and 10 percent, and for the primary control
derivatives between 2 and 5 percent. For some less significant derivatives the
standard error can be as high as 70 percent. There is a good agreement between
some derivatives and their combinations obtained from steady-state and transient

data.

The EE and ML estimates of all important derivates also agree provided
that the data with the same input form were used in the analysis. On the other
hand, the estimated derivatives depend strongly on the input form used which
means that the input-form dependence degrades the accuracy of the estimates.
The effect of power is insignificant with the exception of the idle power
regimes.

CONCLUDING REMARKS

A complete set of stability and control parameters included in the aero-
dynamic model equations was estimated from maneuvering flight data for a low-
wing, single-engine, general aviation airplane. Most of the estimated param-
eters obtained by using the equation error and maximum likelihood methods
agreed within two-standard-deviation confidence intervals for the parameter.
This agreement was made possible because sufficient accuracy of measured data
was achieved from a thorough ground and flight calibration of the instrumenta-
tion system, a check of the system before and after each flight, and correction
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of the measured data for bias errors determined from compatibility checks of
measured response variables. The estimated static parameters also agreed with
the results from steady flights. The comparison of parameters obtained from
different methods and through repeated measurements resulted in the determina-
tion of the best values for the estimated parameter and in the specification
of their accuracies.

Longitudinal Parameters

Both estimation methods provided identical values for most of the param-
eters. The significant difference was found in the derivative of the vertical-
force coefficient with respect to the angle of attack. The maximum likelihood
estimates agreed better with the computed parameters from steady~flight data than
with those from the equation error method. The engine power did not change the
values of parameters significantly, with the exception of power settings close
to zero-power conditions. The standard error of all important parameters was
about 2 percent. The accuracy of parameters deteriorated with the increasing
value of the lift coefficient. The high angle of attack and rapid maneuvers
created some uncertainties in aerodynamic model equations. The addition of non-
linear aerodynamic terms could improve the parameter estimates at high values
of the 1lift coefficient.

Lateral Parameters

The results from eight repeated measurements under the same flight condi-
tions showed that the mean values from both estimation methods agreed in general.
The only significant differences were found in two less important derivatives.
The ensemble standard errors of parameters obtained by the use of the equation
error method were smaller than those of the maximum likelihood estimates. At
the same time, the ensemble standard errors of the parameters from both methods
were higher than the standard errors of a single measurement.

The compar ison of parameters plotted against the 1lift coefficient indicated
no significant differences between the results of the two methods. The standard
errors of the main derivatives varied between 1 and 10 percent. For some less
important derivatives, this error was as high as 70 percent. There was good
agreement between combinations of the static stability and control parameters
obtained from steady and transient data. The estimated parameters depended
strongly on the input form used. The effect of power was not significant with
the exception of the idle power regimes.

Langley Research Center

National Aeronautics and Space Administration
Hampton, VA 23665

January 26, 1979
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APPENDIX A

AIRPLANE STATE AND OUTPUT EQUATIONS

The airplane equations of motion are referred to the body axes. They are
based on the following assumptions:

(1) The airplane is a rigid body.

(2) The stabilator deflection excites only the longitudinal motion whereas
the rudder and ailerons excite the lateral motion which is coupled
with the longitudinal motion.

(3) There are no external disturbances to the airplane.

(4) The aerodynamic model equations include also the effect of propeller
and have the form

Cx = CX'O + CXC!

pb
Cy = Cy,o * Cyg B - Bo) + Cy, = + Cy5 8r ~ 8r,0)
qc
Cz =Cz,0 * Cg (0 ~ap) + CZq 2v + CZGe(Ge - Se,0)
pb rb
€1 =C0* CgB ~Bo) + Cr =+ Cpp =+ Crg,08a - 8a,0)
+ CZSr(Gr = 6r,0)
oc qc

Cm = Cm,0 * Cpy (@ - ao) + Cpy v Cng v Cmge Be = Se,0)

pb rb
Cn = Cn'o + CrB (8 - BO) + Cnp 2_V + Cnr ;V + cn(ga((sa - Ga,O)

+ CnGI(Gr - Gr'o)
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where

Cx

Cz

APPENDIX A

Cp cos Op + Cy, sin @ - Cp cos @

-Cp sin Qp ~ Cf, cos & - Cp sin Q

and where the index o denotes the value of the coefficient, output, or input
variable corresponding to the initial steady-state flight conditions.

These assumptions allow the longitudinal state equations to be expressed

as

F

and the output equations to be expressed as

ax

azg

gs
-gw — g sin O + ;—E:x’o + Cyx, (@ = ao):\

gs
g Ccos 6 + rn— CZ,O + Cza(a

asc
_E:n'.“o + Cﬁ‘a(a - 0g) +C

W - QgXpy
tan™ 1| ———
u

1.
-{u + gqw + g sin 0)
g9

1.
~-(w - qu - g cos 9)

X 5. -8
_uo) +Czq ;"FCZGe( e —

qc
— + Chge(ae - 8¢,0

Tq v

|

]

(A1)

(A2)

(A3)

(a4)

(A5)

(A6)

(A7)
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APPENDIX A

In the pitching-moment equation

: oS C kA 0 (A8)
~ + ol — + — cos A
Cm,o Cm,o Cma 4m Z,0 2v2 o
pSE
QSE
c,;lq=cmq+cm&1+a-czq (A10)
, pSE c c
- 4+ — .
Chse = Cmge * 70 Cm3Cise (AT1)

True airspeed and angle of attack are computed from the equations

vV = VUZ + w2

a = tan”

[«

For the equation error method the state equations were modified as

gm
— ay = CX,O + Cxa(a - ao) (A12)

gc
- az = CZ,O + Cza(a - ao) + Czq 5‘\" + CZGe((Se - (Se,o) (A13)

qc
== q=Cp,0 + Cﬁx (o - ag) + Cﬁq 5; + Cﬁae(ﬁe - Ge,o) (A14)
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e |

where

APPENDIX A

The lateral equations can be expressed as

. as
v = —uEr + WEP + g cos eE sin ¢ + "n-‘_ CY,O + CYB(B - Bo)

pb
—_— CYSI((S!. - Gr'o)

+C
¥p 2y
. Ig Ixg
p = P + Foy
IxIz - Ixg? Ixlg - Ixg?
. Ix Ixg
r = ————— Fy + F1
IxIy - Ixz? Ixly - Ixg?
b =p+ (gg sin ¢ + r cos ¢) tan Og
- pb
F] = (IY - IZ)qEr - IXZqu + qu C‘I_ ,0 + CZB(B - BO) + CZ —
P 2v
rb
+Cy, 5;-+ Clsa(sa - 85,0 + Czsr(ér - 8r,0)
- pb
F2 = (Ix - Iy)agp - Ixz9er *+ a5b(Cn,0 + Cng(B - Bo) + Cnj v

rb
+ Cp, v + ana(Ga - 85,0 + anr(Gr - Gr,oﬂ

- 1/u2 2 2
v = «LE + v4 + wE

™
U

A I
sin -
v

(A15)

(A16)

(A17)

(A18)

(A19)

(A20)
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APPENDIX A

ug ~ Vg €OS Qy, cos Byp
wg ~ Vg sin ay. cos BVE + gEXy - PEYq

the index E denotes the measured quantity.

The output equations related to the lateral motion have the form

v + Lxg - pzg
By = sin™! (a21)
v
1.
ay = —(v + ugr - wgp - g cos O sin ¢) (A22)
g

For the equation error method, the lateral equations were modified as

= c Cy, (B - B cv. 24 Cye (8, = 6 23
- = + - + — 4+ - A
s ay Y,o YB( o) Yp v YGr( r r,o) ( )

Iy |, [Iy - Ig Ixz )

- - qr - — (pq + r)

asb Ix Ix

pb rb
= C; +CaB =-Bg) +C. — +C_ — +C1c (8, -6 )
,0 8 o P v r oy §a'la a,o

+Crg, 6r = 8,0 (A24)

Iz 1. Iy - Iy Ixz Ixz .
—|t - |———Jpd - — pg - —(p - ar)
qu IZ IZ IZ

pb ~rb s 5
=Cn,o0 *+ CnB(B - Bo) + crlp ;’ + Cn, pos + Cng4(%a ~ %a,o0)

+ Cng, (8 = 8¢ ,0) (A25)
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APPENDIX B

RELATIONSHIP BETWEEN AERODYNAMIC DERIVATIVES AND PARAMETERS

ESTIMATED FROM STEADY-STATE DATA

From the measured steady-state data of the aircraft under test

Cr

Cr(a,h,d,power setting)

Se = 6a(Cy,,h,8 ,power setting)

the following parameters for given power and trim tab setting can be determined:

Slope of the Cr(a) curve, dCr/d,
Slope of the {g(Cp) curve, da8,/dCy,
Ah
Vpay = — C
741 AS L
e
and
Ah a8,
H = ——
n ase\ dcy,
dcy,
where
1 S¢l
Vmp = -—
T 7+ Fse
chpo
F =
ln

(B1)

(B2)

(B3)

(B4)
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APPENDIX B

acL’t

a =
! Bat

and where A8, is an increment due to change of relative center-of-gravity
position Ah for a given Ci,.

Using these parameters allows the static stability and control derivatives
to be obtained from the expressions

=Vpa,
Cm(Se = 6 (B5)
1+ —H
1y ©
_c
CLSe - {: Cmﬁe (B6)
dCL/dU.
fo g @7
1 + CL(S —————
dcCy,
= (B8)

The tail contribution to the damping derivatives can be approximated as

Se/1¢)2 T
= -2a1 —|— ~ =2Vmay — (B9)
(Cmq>t 1 5\3 T31 3
ly d¢€
. ~ =2Vmaq — — B10)
(Cma>t =1 c da (
C = =2V B11
( zq)t Ta] ( )

where the rate of downwash angle can be approximated as
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ae  2Cry
— (B12)
o TA

For comparison of the estimated aerodyanmic derivatives from steady-state
and transient flight data it was assumed that

Cz ~ ~Cr
Czse ™ ~CLge

C2q ™ _(CL‘I>t
The modified derivatives Cﬁa and Cﬁq were computed from equations (A9)
and (A10). In the given case for hc = 0.206 it was found that Cma = -1.015,
whereas Cﬁa = =-0.80. However, the difference between Cmée and Cﬁée was

negligible.

In steady-state nonsymmetric flights the following relationships can be
measured:

B = B($)
B = B(8y)
B = B(Gr)

The analytical.for@s for these relationships are developed from equations (A15)
to (A17) for p=r =p=gq=1r =0 and B5 =905, =6;,6=0 as

C
g K¢ o YSr Ch,o ~ k8a€1,0 N K$Cq (813)
~ T \%Y,0 ~
Cyg ! Cngy, ! ~ ksaksr CYB

C1,0 - k8¢Cn,o CZGa 1 - k§aksr
B = - 84 (B14)
CZB(I - kﬁranB) CzB 1 - kgrknzg

Cn,o0 ~ k§aC1,0 C“Gr T - k§aksy
B = - - 8, (B15)
Cn8(1 - k8akinB) Cng - k&aking

—_
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bility and control derivatives.
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In these equations,

APPENDIX B

2mg
Cg = - cos @ cos ¢
p sv2
1
0 Cys, C“B 1 - k§akinB
1 - _—
Cng, Cvg ' - ksaksr
C“Ga
k§a =
ClGa
Cldr
k§r =
C“Gr
) 1 Cig
InB knig Cng

(B16)

(B17)

(B18)

(B19)

Equations (B13) to (B15) also define the relationship between the slope
and intersect of the lateral steady-state characteristics and the lateral sta-
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TABLE I.- GEOMETRIC, MASS, AND INERTIA CHARACTERISTICS OF

Wing:
Area, m2 . . . .
Aspect ratio . .
Span, m . . . .
Mean aerodynamic

Ailerons:
Area, m2 e o o
Half-span, m . .

Vertical tail:
Area, m2 . ...
Rudder area, m2

chord, m . . ¢« « o« &

Horizontal tail (stabilator):

Area, m2 e o o
Aspect ratio . .
Span, m . . . .

Tail length (c.g.

position at 0.206c),

Fuselage length, m . . . « ¢« « & & o « &

Mass:
Aircraft mass at
Aircraft mass at

Inertia:
Ix, kg-m2 . . .
Iy, kg—m2 « o
Ig, kg-m2 . . .
Ixz, kg-me . . .

32

take-off, kg . . . .
landing (no fuel), kg

No

fuel

1568
2125
2326

140

AIRPLANE

o o « o 13.56
o« o e e 7.35
« e e e 9.98
o« o o e 1.34

« o e e 2.51
o o s 4.21
o o e e 3.25
o« e e 4.21

e e e e 7.85
e e o e 974
.« e e . 877
Full fuel

1888

2142

3557
142
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TABLE II.- CHARACTERISTICS OF THE INSTRUMENTATION SYSTEM

rms measurement

) Static ) error
Quantity measured Transducer Range sensitivity|Resolution {c)
unit |Percent of
(a) (b) () (p) |full range

Longitudinal acceleration, g units -1 to 1 2.54 0.001 0.0046 0.23
Lateral acceleration, g units Servo accelerometer| -1 to 1 2.48 .001 . 0050 .25
Vertical acceleration, g units -3 to 6 .56 001 .0050 .06
Rolling velocity, deg/sec ~102 to 102 .025 .12 .20 .10
Pitching velocity, deg/sec Rate gyro -29 to 29 .088 .032 .19 .33
Yawing velocity, deg/sec -29 to 29 .084 .034 .080 .14
Roll angle, deg } Vertical gyro -90 to 90 .028 .10 077 .04
Pitch angle, deg -87 to 87 .029 .098 .092 .05
Angle of sideslip, deg Flow direction -12 to 27 .127 .029 .027 .07
Angle of attack, deg velocity sensor -29 to 32 .124 .018 .019 .03
Right aileron angle, deg -23 to 10 147 .0020 .019 .06
Left aileron angle, deg Control position -10 to 25 .142 .0020 .0061 .02
Stabilator angle, deg transducer ~16 to 3 .263 .010 .0037 .02
Rudder angle, deg =31 to 28 .084 .011 .0091 .02
Airspeed, m/sec Pressure transducer 0 to 75 .067 .037 .89 1.2
Altitude, m Altimeter -150 to 2900 .0016

Air temperature, °C Thermometer -18 to 38 .089

aWorking range of the channel.
bobtained as volts per pertinent unit.
CReferred to a reading from the digitized tape.
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TABLE III.- DYNAMIC CHARACTERISTICS OF INSTRUMENTATION SYSTEM
Natural Equivalent
Quantity measured frequency, | Damping time
Hz ratio constant,
sec
Longitudinal acceleration, g units 402 1.58 0.0012
Lateral acceleration, g units 216 1.10 .0016
Vertical acceleration, g units 921 1.58 .0005
Rolling velocity, deg/sec
Pitching velocity, deg/sec 27 .64 .0075
Yawing velocity, deg/sec
Angle of sideslip, deg (a) (a)
23 .085 .0012

Angle of attack, deg
Airspeed, m/sec

aapt VvV = 50 m/sec.
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TABLE IV.- FLIGHT CONDITIONS AND AVERAGE MASS AND INERTIA CHARACTERISTICS

OF AIRPLANE IN TEST FLIGHTS

[ T
Flight | M/ he | Ixef Tye o Ize ) Ixge | Py ;
kg |percent c¢ kg—m2 kg—m2 kg—m2 kg-m2 kg/m3 Experiment
8 9N 16.7 1662 | 2135 3330 140 1.076 | Longitudinal responses to short duration
pulses; lateral responses; V; ~ 85 knots
27 1033 20.6 2012 2206 3788 130 1.107 | Lateral responses; 62 knots < V; < 100 knots
25 1050 20.6 —-— 2242 ——— -— 1.044 | Longitudinal responses;
62 knots < V; < 100 knots
26 1050 20.6 2032 | 2242 | 3805 130 | 1.083 | Lateral responses; Vi ~ 85 knots; different
input forms and power settings
31a 1070 26.6 -——-- | 2354 | --——- --- | 1.066 | Longitudinal responses; V; ~ 85 knots;
different power settings
31B 950 14.7 -——= | 2127 | ==~ -—- .989




TABLE V.- ESTIMATED INSTRUMENT BIAS ERRORS FROM STEADY-STATE AND

TRANSIENT DATA FOR LONGITUDINAL MOTION

Mean value Estimate from transient data
Parameter from steady- (a)
state data
No fixed value One fixed wvalue

bays 9 units 0 0.000 (0.0030) bo
baz' g units -.035 -.022 ( .0067) -.025 (0.0067)
bq, deg/sec .068 -.01 ( .042 ) -.01 ( .042 )
by, deg -.14 -.28 ( .078 ) ~.28 ( .080 )
bg, deg .81 .77 ( .063 ) .74 ( .063 )
Ag 0 .01 ( .0030) .01 ( .0030)

. V4
aNumbers in parentheses are Cramer-Rao lower bounds on standard

errors.
brixed value.
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TABLE VI.- ESTIMATED INSTRUMENT BIAS ERRORS FROM STEADY-STATE AND

TRANSIENT DATA FOR ' LATERAL MOTION

Mean value Estimate from transient data
Parameter from steady- (a)

state data

No fixed value One fixed value

bayr 9 units 0 -0.017 (0.0040) bg
bp, deg/sec 3.58 2.69 ( .042) 2.69 (0.042 )
by, deg/sec .55 .24 ( .037 ) .26 ( .036 )
bg, deg 0 .00 ( .057 ) -.02 ( .057 )
b¢, deg 1.59 .88 ( .080 ) .09 ( .080 )
XB 0 .008 ( .0021) .003 ( .0021)

. /.
@Numbers in parentheses are Cramér-Rao lower bounds on standard
errors.
bpixed value.
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TABLE VII.- PARAMETERS AND THEIR STANDARD ERRORS ESTIMATED FROM
FLIGHT DATA USING TWO ESTIMATION METHODS

[Fiignt 25, run 138; ¢ = 0.61]

Equation error method Maximum likelihood method
Parameter Standard Standard
Estimate, error, Estimate, error,
C) s(©) ® s(0)
(a)
Cx,o 0.0400 0.0036 0.0461 0.00026
Cxa .46 .014 .50 .030
Cz,0 -.604 .0010 -.611 .0016
Cza -4.82 .055 -5.67 .057
Czq -13 .27 -10.3 .92
Czge -.7 .21 -.6 .16
Cm,o .0023 .00083 .0027 .00019
¥ —
Cmy, .71 .045 .783 .0074
cﬁq -27 2.3 -26.6 .40
cﬁﬁe -3.3 .18 -3.21 .030

/7
ACramer-Rao lower bound.




TABLE VIII.- PARAMETERS ESTIMATED FROM TRANSIENT FLIGHT DATA USING TWO

DIFFERENT AERODYNAMIC MODELS AND THE MAXIMUM LIKELIHOOD METHOD

[Flight 25, run 19B; ¢p = 1.26]

Linear aerodynamics

Nonlinear aerodynamics

T T o s M Lol e
& percggé 549 c percgg; S950
percent percent
C,o 0.252 0.17 0.31 0.251 0.11 0.25
Cxa 1.15 1.0 1.5 1.17 1.1 1.5
Cz,0 -1.214 .09 .25 -1.238 .04 .20
Czq ~3.44 1.3 2.1 -3.22 .80 2.2
Czp2 |- -—— -—— 1 2.0 9.6
CZq -33 3.1 6.8 -23 3.6 7.4
CZGe -2.67 3.9 8.7 -2.08 3.0 8.2
Cﬁ,o -.0097 3. 6.6 -.0033 3.5 17
Crg, ~1.301 .65 1.0 -1.473 .21 1.1
Che2 | -— ——- -4.8 .66 5.4
Cﬁq -18.6 .97 2.4 -15.6 .40 2.5
cﬁqa ———————— -——- ———= 52 2.6 14
Crg -3.44 .56 1.4 -3.12 .18 .97
s(V), m/sec .19 ———— ——— A7 ——— | -
s(a) , deg .33 ——— —-—— .24 —_——— | ————-
s(q) , deg/sec .77 —-—— ———— .61 —_—— | ==
s(0), deg .43 -— _— .12 i
s(ayx) , g units .0049 ———— —_—— .0057 ——— | e
s(ag), g units .087 —— - .029 ———— | -
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TABLE IX.- HIGH CORRELATION COEFFICIENTS FOR ESTIMATED PARAMETERS
USING TWO DIFFERENT AERODYNAMIC MODELS AND THE MAXIMUM
LIKELIHOOD METHOD

[Flight 25, run 19B; Cp, = I.Zé]

Correlation coefficient
Parameter
Linear Nonlinear
aerodynamics aerodynamics

Cz,0Cm,o 0.82 0.66
Czq,CZ(Se .71 .65

) 1)
Cmq'CmGe .83 .80
Cza,Czaz —-—— .64
Cme, rCmy 2 - .83

| ] 1
Cng Cmgy, .65
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TABLE X.-

LONGITUDINAL PARAMETERS ESTIMATED FROM STEADY-STATE

AND TRANSIENT FLIGHT DATA

Derivative

Steady-state

Transient data

data
- EE method ML method
b ¢y, b_s.10 b_4.68 (0.04) b_5.3 (0.1)
Czq c-18 -16 a9 b_19 (3 )
Czse -1.04 -1.02 ( .06) -1.2 (.2
a cqy, d-.80 d-.68 ( .03) d-.80 ( .02)
d Chg €-30.6 d-27.3 ( .2) d-24.2 ( .4)
Cms e -3.26 -3.32 ( .04) -3.32 ( .05)

ANumbers in parentheses are standard errors of ensemble mean.
bror Cp S 1.0.

CPail contribution only.

dpor Cr £ 0.7.
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TABLE XI.- PARAMETERS ESTIMATED FROM TRANSIENT FLIGHT DATA WITH

TWO DIFFERENT INPUTS BY MAXIMUM LIKELIHOOD METHOD

Flight 25, run 13B

Flight 8, run 14

Parameter Sensitivity, |Standard Sensitivity,|Standard
Estimate, 1/m55, error, (Estimate, /M55 error,
© percent SS9 © percent 543
percent percent
Cz. 0 -0.611 0.04 0.27 -0.548 0.27 0.38
14
Cza -5.67 .57 1.0 -5.23 .82 1.4
Czq ~10 6.6 22 .76 88 161
CZGe -.64 9.1 25 -1.12 3.3 6.8
[}
Cm,o .00027 .95 7.1 .00093 32 44
: a-, . .95 a-.94 1.1 .
Cma 783 49 9 946 1.4
Cp -26.6 .34 1.5 -22.13 .93 2.5
Mg
Cﬁde -3.21 .24 .96 -3.1 .55 1.4
s(a), deg .24 —_—— | e A5 ] e | meem
s(q) , deg/sec .28 -— | == 2.3 | == | mmeee-
s(ag), g units .010 ———— | m—— 018 | —mmee | -
3gstimates for hc = 0.206.
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TABLE XII.- PARAMETERS AND THEIR STANDARD ERRORS ESTIMATED FROM REPEATED MEASUREMENTS

USING TWO ESTIMATION METHODS

Equation error method

Maximum likelihood method

Standard errors

Standard errors

Farameter Mean_value Mean_value -
© s©) s(6) © s(6) s(©)
! lower bound
(a) (b) (c) (a) (b) , (c)
CYB -0.647 0.012 0.0061 -0.649 0.0097 0.0064
Cyp -.04 .093 .016 -.09 .12 .016
Cyg, .097 0N .0065 .094 .014 .0068
CIB -.0810 .0025 .0025 -.0816 .0042 .00079
clp -.532 .018 .018 -.559 .053 .0055
Czr .16 .040 .016 .13 .027 .0053
CZGa -.227 .010 .0065 -.24 .022 .0018
CZGr .015 .0051 .0036 .007 .0068 .0012
CnB .0745 .0043 .00090 .0772 .0055 .00031
Cnp ~.042 .029 .0064 -.024 .031 .0028
Cn, ~.130 .017 .0059 -.145 .030 .0022
C“6a .019 .0087 .0022 .024 .0096 .0010
Cng, -.072 .0037 .0013 -.074 .0073 .00060

2Ensemble mean value.
bEnsemble standard error.
CAverage standard error of estimates.




TABLE XIII.- PREDICTED VALUES OF PARAMETERS AND VARIOUS

STANDARD ERROR ESTIMATES

Estimate, Standard error boundaries Standard
Parameter P’ error,
for Cp = 0.62 s(@p) min. s(@p) max. 7(?)
a
CYB -0.662 0.0059 0.010 0.0064
Cyp -.09 .025 .044 .016
CYGr .094 .0058 .012 .0068
CIB -.079 .0016 .0032 .00079
Czp -.55 .010 .021 .0055
Clr .13 .010 .020 .0053
CZGa -.238 .0040 .0080 .0018
CZGr .007 .0025 .0049 .0012
CnB .077 .0015 .0023 .00031
Cnp -.020 .0068 .012 .0028
Cnr -.139 .0077 .013 .0022
Cnéa .027 .0028 .0055 .0010
C -.072 .0020 .0034 .00060
nSr ) _ RSN

44

Aaverage value for single measurement, lower bound.
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Figure 1.~ Three-view drawing of test airplane.
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Figure 2.- Time histories of measured and predicted output variables.
Longitudinal motion; flight 25, run 13B.
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Figure 4.- Time histories of measured and predicted output variables.
Lateral motion; flight 21, run 26.
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Figure 4.- Concluded.

49



50

0060 —

.0028

-.0004

qu, rad

~.0038

-.0068 — s(@) = 0.12°

o N B S B

.010

.006 j /— 20 bound

.002

Vo s
av

rad
-.002 —
T

-.006 — s(@) = 0.10°

I T O

-.010

.010 r
r_

.006

.002
vy, rad 0

-.002

-.006—

s(@) = 0.14°

-.010 s 5 & 7 8 9 10

Time, t, sec

Figure 5.- Time histories and standard errors of residuals.
Lateral motion; flight 21, run 26.
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Figure 6.- Measured longitudinal flight data time histories and those
computed by using parameters obtained by equation error method.
Flight 25, run 13B.
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Figure 6.- Concluded.
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Figure 7.- Measured longitudinal flight data time histories and those
computed by using parameters obtained by maximum likelihood method.
Flight 25, run 13B.
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Figure 8.~ Time histories and standard errors of residuals. Maximum
likelihood method; flight 25, run 13B.
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Figure 9.- Estimated longitudinal parameters from flight data. Equation

error method.
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Figure 10.- Comparison of longitudinal.parameters estimated from flight data
using equation error and maximum likelihood methods.
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Figure 12.- Measured and fitted lift coefficient plotted against angle of
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Figure 14.- Measured and fitted elevator deflection plotted against lift
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Figure 15.- Effect of power setting on relationship of measured elevator
deflection to lift coefficient.
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Figure 19.- Two input forms and their harmonic contents.
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Figure 21.- Measured lateral flight data time histories and those computed by
using parameters obtained by equation error method. Flight 21, run 26.
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Figure 21.- Concluded.
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Figure 22.- Measured lateral flight data time histories and those computed by
using parameters obtained by maximum likelihood method. Flight 21, run 26.
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Figure 23.- Time histories and standard errors of residuals.
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Figure 24.- Estimated lateral parameters from flight data. Maximum
likelihood method.
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Figure 24.- Continued.
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data using equation error and maximum likelihood methods.
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Figure 26.- Estimated standard errors of measurement noise. Lateral
flight data.
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Figure 27.- Measured and predicted sideslip angles plotted against bank
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