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Abstract

When estimating aircraft performance, stability
and control characteristics from steady or nonstea-
dy maneuvering test flight data the accuracy of the
results is limited due to measurement errors,
atmospheric disturbances and mathematical modelling
errors. This paper studies the effects of various
error sources on the maximally achievable
accuracies of the aircraft characteristics derived
from nonsteady maneuvering flight test data.

It is shown which error sources are most relevant for
accuracy limitations in present day flight testing,
taking account of aerodynamic and inertial aircraft
properties.

Conclusions drawn from theoretical analyses are
compared with results obtained by processing digit-
ally simulated and actual flight test data.

The material presented is an extension of earlier
material published by Gerlach, Hosman, Mulder and
Jonkers.

0. Introduction

Experimental evaluation of aircraft flight
dynamics is based in general on separately measuring
motions of- and about the aircraft's centre of
gravity (c.g.).

Traditional performance testing relies on measure-
ment of aircraft c.g. motions in steady state flight
conditions, i.e. when the aircraft experiences
neither translational nor rotational accelerations.
Each set of steady flight conditions selected for
performance measurement obviously corresponds with
a single performance data point.

As flight performance depends on many variables
characterizing aircraft state and configuration a
large number of steady flight conditions has to be
selected for adequate performance evaluation
throughout the entire flight envelope of the test
aircraft.

Static and dynamic stability and control charac-
teristics are related in principle to the balance
of aerodynamic and inertial moments or to the mo-
tions about the aircraft's c.g. These characterist-
ics are either derived from measurements in steady
flight conditions or deduced from measured unsteady
deviations from steady rectilinear flight, resulting
from control surface deflections. Since the stabili-
ty and control characteristics, such as for example
the stability derivatives, vary with the nominal
flight condition, a considerable number of nominal
conditions should be selected out of the flight en-
velope of the test aircraft, for determination of
the characteristics of interest.

Trimming the aircraft for a preselected steady
condition may require several minutes. Each condit-
ion has to be maintained during approximately 30
to 60 seconds for performance measurement. Measure-

ment time intervals of the same order of magnitude
are required for response measurements. In addition
it should be remarked that traditional aircraft per-
formance testing is usually not combined with air-
craft stability and control testing. The traditional
flight test techniques may thus be concluded to be
time consuming and cumbersome.

The accuracy of performance data points may be
reduced as a result of difficult and consequently
imperfect trimming of the aircraft, atmospheric per-
turbations and measurement errors. Modern high per-
formance jet transports willoffer yet another pro-
blem for traditional performance testing, as the
rate of climb achievable under various steady flight
conditions will result in continually varying atmos-
pheric conditions during a single steady flight.

The resulting variations in aerodynamic forces and
moments will obviously prohibit establishment of
exactly steady flight conditions as required.

Efforts to overcome the flight test problems ment-—
ioned, by derivation of aircraft performance in stea-
dy flight, from measurements in quasi~steady and non-
steady flight have been reported earlier by Hussenot
(1950) (1), Vieghert (1957) (2), Gerlach (1964) (3),
Klopfenstein (1965) and Tourraille and Langlade
(1971)

The flight test method developed at the Department
of Aerospace Engineering of the Delft University of
Technology by O.H. Gerlach and his coworkers centers
around combined derivation of aircraft performance
as well as stability and control characteristics,
from a single nominally” symmetric nonsteady maneuver—
ing test flight and highly accurate measurement of
inertial and barometric quantities. Objectives of
the method developed are:

1. determination of the aircraft's polar drag curve
and lift curve,

2. determination of the curves representing rate of
climb and elevator angle as a function of air-
speed in steady rectilinear flight (amongst others
for computation of maximum rate of climb and
maximum airspeed),

3. determination of elevator angle per g in steady
curvy linear flight,

4, computation of aircraft stability and control de-
rivatives and eigenvalues,

in principle from a combination of quasi-steady and

nonsteady flight intervals in a single test flight.

Application of this method for evaluation of air-
craft performance as well as stability and control
characteristics yields in principle a drastic re-
duction in the flight test time required and con-
siderably eases the test pilot's job. Combination
of performance measurement with stability and con-
trol testing in a single nonsteady maneuvering test
flight seems most appropriate for modern, large jet
transports, because of the increasing complications
in traditional flight testing, as resulting from the

* The aircraft’'s flight path is called nominally symmetric to indicate small asymmetric deviations from

the intended strictly symmetric flight.
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narrowing gaps between the frequencies characteriz-
ing the aircraft's behaviour in steady flight, the
phugoid mode, the spiral mode, the short period mode,
the Dutchroll mode, low frequencz dynamic aero-
elastic modes and flutter, see (®),

The nonsteady flight test method developed will be
shown to provide accurate flight performance-,stabil-
ity- and control data, when flight testing low speed,
propeller driven, light weight aircraft as well as
jet aircraft.

The analysis of nonsteady maneuvering £light test
data will be discussed in this paper. The paper is
organized as follows.

The flight test data analysis procedure developed
will be briefly outlined and motivated in Section 1.
Section 2 will be devoted to the flight path estim-
ation problem and the extraction of aerodynamic
model parameters from test flight data.

The principles underlying the derivation of aircraft
performance as well as stability and control charac-
teristics from nonsteady maneuvering flight test
measurements, flight path reconstruction and aero-
dynamic model identification results will be
discussed briefly in Section 3.

Experimental results obtained by flight testing a
low subsonic, propeller driven aircraft are presented
and discussed briefly in Section 4.

Experimental results obtained by flight testing a
high subsonic jet aircraft are presented and dis-
cussed in Section 5.

1. Flight test data analysis procedure

1.0 Procedure outline

To provide an outline of the procedure used for
the analysis of nonsteady maneuvering flight test
data, the following procedure steps are
distinguished.

1. The first step includes transformation of trans-
ducer output voltages, accurately measured, pe-
riodically sampled, digitized and recorded in
flight, into the corresponding physical magni-
tudes, using the results of laboratory calibrat-
ions of the flight test instrumentation system.

2. The second procedure step results in accurate
reconstruction of the aircraft's motions in no-
minally symmetric nonsteady maneuvering flight
from the flight test measurements recorded in-
cluding estimation of the time histories of the
angle of attack a(t) and the angle of pitch 8(t)
not directly measured in flight.

3. The third procedure step is directed towards the
identification of the aircraft's aerodynamic mo-
del, (6,7 » including specification of the re-
lations between the aircraft's state and control
variables and the resulting aerodynamic forces
and moments as well as estimation of the con-
stants and aerodynamic derivatives governing
these relations.

4, The final step includes the derivation of air-
craft performance in steady flight as well as
stability and control characteristics either
from the aerodynamic model obtained or from the
reconstructed state variable time histories of

the nonsteady maneuvering test aircraft
(3,6,7510,113 g ’

1.1 Discussion

Accurate flight path reconstruction from highly
accurate but still imperfect flight test measure-—
ments, prior to aerodynamic model identification is
required for accurate estimation of the angle of
pitch 6(t) and the angle of attack a(t) and improves
the accuracy of the model parameters extracted from
these data. The angle of attack is estimated from
inertial and barometric measurements rather than
directly measured with a boom mounted vane to avoid
the problem of vane calibration and all inherent
static and dynamic measurement errors.

Additional advantages of aerodynamic model iden-
tification posterior to accurate flight path recon-
struction and estimation of bias error corrections
as described in »6,7), are robustness, flexi-
bility and computational efficiency of the aero-
dynamic model identification process.®

The question may arise as to what extent the theore-
tically seemingly attractive,combined flight path
reconstruction and aerodynamic model identification
from onboard measurements may yield more accurate
results than can be obtained when separating flight
path reconstruction from aerodynamic model identi~
fication. Separation of flight path reconstruction
from aerodynamic model identification can be shown
to yield near optimal results if the errors in the
measurements of the specific aerodynamic forces Ay
and A, and the angular acceleration ¢ can be assum~
ed negligibly small as compared to the modelling
errors in the ex¥ressions used for aerodynamic model
identification (12), Very accurate measurement of
the specific forces Ay and Ay with body-fixed
accelerometers and the rate of pitch q, with a
highly accurate rate gyroscope, followed by careful
differentiation of the measured rate of pitch for
computation of § therefore allows in principle for
separation of flight path reconstruction from aero-
dynamic model identification based on separate
modelling of aircraft kinematics and aerodynamics.

In this study regression analysis will be used
for the estimation of aerodynamic model parameters
from onboard measurements and the subsequent flight
path reconstruction results.

The aerodynamic model identified can be used for
calculation of aircraft performance, static and
dynamic stability and control characteristics
throughout the entire flight envelope traversed
during flight testing as well as for corrections of
quasi-steady flight conditions to steady flight
conditions required for estimation of the charac-
teristics of interest from the aircraft's behaviour
in quasi~steady flight.

2. Flight path reconstruction
and aerodynamic model identification

2.0 Flight path reconstruction

Introduction. Application of the extended Kalman
filter and extended §a1man fixed interval smoothing
procedure, s13,14) "+o f1ight path reconstruct=-
ion from onboard measurements in nominally symmetric

* Robustness of the entire estimation procedure implies insensitivity of flight path reconstruction
results to incomplete knowledge of the aerodynamic model.
Flexibility of the model identification algorithms refers to easy model structure variation as required

for model design purposes.,
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nonsteady maneuvering flight, as well as the aero-
dynamic model identification problems, will be
discussed briefly in this section. First of all the
dynamic system model used for Kalman estimation
procedure design will be discussed.

The system model. The aircraft will be considered
as a rigid body flying through an airmass at rest
over a flat non-rotating earth.*

All accelerations, velocities, rotation rates
and angles relevant with respect to the aircraft's
maneuver under consideration are specified in Fig.
2.1,

X Xb y

\p&u < i /Yb

, Y Y . e

X _ e avy
R R

4,
Xp = - /A P Xe
Ay

d
'
'
¢
:
i
i
I
i
!
1
1

/ i
f
/ >/
Yoo loy i
Zy ZeZpZp
F16.21: AIRCRAFT ACCELERATIONS, VELOCITIES, ROTATIONS AND ANGLES

The aircraft’'s motions are assumed nominally symme-
tric. The magnitudes of the lateral aerodynamic
force Y, the lateral component v of the aircraft's
airspeed V along the Yp-axis of its body frame Fy,
the angle of yaw {, the rate of yaw r, the angle

of roll ¢ and the rate of roll p are henceforth
assumed negligibly small as compared to the magni-
tudes of corresponding quantities characterizing
symmetric flight.

The aircraft's motions relative to Fy are then
described by the following equatioms:

-Wsin 6 + X = m(d + qw) (2.1)
Wceos 8§ +Z=m(w - qu) (2.2)
M= g

Iyq (2.3)
6 =gq (2.4)
Ah = u sin 6 - w cos (2.5)

The quantity Ah represents the altitude variat-
ion measured during nonsteady maneuvering flight
relative to the initial test flight altitude.
Introducing the specific aerodynamic forces:

A 2
Ax = X/m = Cy $oV7S/m (2.6)
and
A 2
Az = Z/m = CZ 1pV7S/m 2.7)

Egs. (2.1) through (2.5) may be reduced and re-
arranged to yield the following set of simultane-
ous, first order, nonlinear kinematic relationms:

a4 = AX - g sin 6 ~ qw (2.8)
w = A, + g cos 6 + qu (2.9)
§=gq (2.10)
Ah = u sin 6 - w cos 6 (2.11)

Equation (2.3) can be omitted if q(t) is known
(measured).

To set the stage for application of the Kalman
filter and Kalman fixed interval smoothing algorithm
to flight path estimation from onboard measurements,
the time~dependent aircraft state variables u(t),
w(t), 8(t) and Ah(t) can be considered as components
of a vector-valued variable X(t), characterizing the
state of a dynamic system:

X 4 col [u, w, 6, Ah] (2.12)
The simultaneous differential equations, Eqs. (2.8)
through (2.11), can consequently be considered as
the constituent components of a vector differential
equation representing the evolution of the system's
state.

The quantities Ay, A, and q are considered as the
components of a vector-valued system input signal:

U 4 col [Ax, A, q] (2.13)

z

The state equation of the dynamic system consider-
ed may be symbolically represented by the following
nonlinear vector differential equation:

X=£@X, U, t) (2.14)
The initial state is:
K(to) = X(0) (2.15)

The accelerometer and rate gyroscope measurements

of the input signal components, see Eq. (2.13),are
assumed corrupted with constant bias "errors" -}

and zero mean, time~dependent random "errors" -w(t).
The following linear ‘'correction" model is defined
to relate the "exact" magnitude of the input signal
U(t) to the "uncorrected" measurements Up(t) and

the “corrections" +)A and +w(t) for the corresponding
"errors" in the measurements:

A

U(E) 2 U (6) + )+ w(e) = U (E) + ) (2.16)
where:

ve) Sy (o) + we) (2.17)
and

U (6) & col [A (6), Ag (D), qu(®)] (2.18)

A2 el [A, A, A (2.19)

* Coreolis- and centrifugal forces as well as aeroelastic effects are neglected.Strictly speaking, the
equations of motion used for dynamic system model design are therefore valid only for small low speed
aircraft such as the DHC-2 Beaver test aircraft.

. * .. . . . .
** The quantity U (t) is introduced only to simplify mathematical notations.
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A
w(t) = col [w (t), w (t), wq(t)] (2.20)

The bias error corrections are assumed constant.
Hence:

(2.21)
The random error correctioms w(t) are considered as

a vector-valued Gaussian white noise process with
means:

E[w(t)]= 0  forV t (2.22)
and covariance:
Elw(t)w ()] = W(t)8(t~T) for V t,T (2.23)

Substitution of Eq. (2.16) in Eq. (2.14) yields:

X(t) = £'(&(v), UT(), Q) (2.24)
Estimating the systems's state vector trajectory
X(t), the Kalman filter may be thought of as atte-
nuating the effects of the input signal perturbat-
ions -w(t) on the estimate X(t).

The effects of the congtant bias errors -)\ on the
state vector estimate X(t) are reduced by estimating
the corrections +) simultaneously with X(t). To
estimate the corrections +) with the Kalman estim-
ation procedure, the parameters Ag>» Az and Aq should
be modelled as state vector components of a so called
augmented system.

Defining the augmented state vector:

A
Y =2
Y o 2]
and combining Egs. (2.21) and (2.24) the follow-
ing augmented system state equation can be formul-
ated, writing:

col [u, w, 8, An, Xx, A (2.25)

1= £, v ) (2.26)
with initial condition:
X(to) = Y(0) (2.27)

Quantities observed in flight as system output
signals, in addition to the measured input signals
Axpms Azp and qp are the airspeed V and the altitude
variation Ah. .The rationale underlying this choice
of output signals is the fact that these quantities
are related algebraicly (i.e. memoryless) to the
components u(t), w(t) and Ah(t) of the system state
vector, see Eq. (2.12), and characterize the air-
craft's flight path relative to the surrounding air
mass, assumed at rest relative to the earth and
provided that no static pressure gradients are
traversed. Moreover, these quantities are easily
measured with barometric sensors.

The output signals selected are by definition the
components of the vector-valued output signal M{(t):

M 4 o [v, ol = col [Yu? + w2, anl (2.28)

which is symbolically represented by the observation
equation:

M= h(D) (2.29)

The output signal measurements M,(t) are assumed to
be corrupted with random measurement errors —q(t):
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M (1) 8 cot v (t), &b (©)] =
= M(t) - g(t) = h(¥(r))~ gq(r) (2.30)
The random errors:
~q 2 col [-ays -dp,] (2.31)

are considered as a vector~valued, Gaussian white
noise process with mean:

Elq(t)l1 =0 for V t (2.32)
and covariance:
E[q(t) g7 (1)] = Q(t)8(t-T)  for V t,T (2.33)

It is emphasized that no bias errors are included

in the model for the output signal measurements,
because of the fact that the barometric measurements
of the airspeed V and the altitude variation Ah can
be corrected for bias errors, prior to initiation of
the estimation procedure. These errors are determin-
ed in flight, by shortcircuiting the pneumatic cir-
cuits of the corresponding transducers, prior to and
after each test flight maneuver.

Linearization and discretization of the system
model, The linear Kalman estimation procedure
including the extended Kalman filter and extended
Kalman fixed interval smoothing algorithm,
(‘0’13"6"7), requires the system state equation,
Eq. (2.26),and the observation equation, Eq. (2.30),
to be linearized relative to a nominal state vector
trajectory Ypnom(t) computed according to:

t *
Xnom(t) = Xnom(o) * JO gl(xnom(T)’ gnom(T))dT
(2.34)
where:
A
U L(6) 2 U (0 (2.35)
and
A
M oon(6) = B (e)) (2.36)

The Kalman estimation procedure is then used for
estimation of state perturbation corrections:

y = Y-~-Y (2.37)

2 = “~nom
The estimated corrections 2 are used to obtain state
vector estimates Y according to:

Y = Xnom + ¥ (2.38)
Taking account of signal sampling, as performed
by the flight test instrumentation system, the
linearized state~ and observation equations, Egs.
(2.26) and (2.30),are discretized for formulation of
the discrete~time version of the Kalman estimation
procedure.

A survey of the flight path reconstruction pro-
cedure is presented in the following block diagram,
Fig. 2,2.
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FIG. 22: BLOCK DIAGRAM OF THE ENTIRE FLIGHT PATH RECONSTRUCTION PROCEDURE

Processing the flight test measurements Axy, Azp,
dms Vm and Ahy with the Kalman estimation procedure,
finally yields estimated time histories of the system
state variables u(t), w(t), 6(t), Ah(t) and estimates
of the bias error corrections Ag, A, and Aq. Estim-
ated time histories of the aircraft's airspeed Vg
and the airflow angle of attack oy can be computed
from the estimated state variable time histories.

In addition the Kalman estimation procedure derives
an estimate of the_covariance matrix P(k|n) of the

estimation errors X(kln) - ¥(k), for k = 1,2,...,n,
from all measurements available up to and including
ty.

Remark. The airspeed V, and the airflow angle of
attack 0y are most relevant in aircraft aerodynamics.
Identification of the aircraft's aerodynamic model
as well as derivation of aircraft performance data
from flight test measurements in nonsteady flight
therefore requires most accurate estimation of these
quantities. In partieular accurate estimation of the
angle of attack from the available inertial and
barometric measurements, avoiding the problems in-
volved in direct measurement with a boom mounted
vane, is most relevant to successful application
of the nonsteady flight test technique under con-
sideration. Degradations in the accuracy of the
estimated airspeed and angle of attack, resulting
from steady and nonsteady atmospheric motions should
in this respect be carefully evaluated.

2.1 Effects of atmospheric perturbations

Introduction. Hitherto it was assumed that flight
tests are performed, flyimg through an airmass at
rest over a flat, non rotating earth. According to
this assumption all quantities measured with the
inertial and barometric sensors mentioned may be
defined just as well with respect to an earth-
fixed reference frame F, as to a reference frame F,,
attached to the airmass surrounding the aircraft.
The following equalities hold in this case:

(2.39)

Yer(t) = Va (t)

cte!.(t) = aar(t) (2.40)
where yer(t) and Va,(t) represent the velocity of
the aircraft's c.g. respectively measured relative
to Fg a?d Fa. The angles of attack Qe (t) and aa,(t)
respectively are the angles enclosed between Ve

and Va,_ and the Xp-axis of the aircraft's body Frame
of reference Fy. The suffix 'r' indicates flight
through an airmass at rest; seefor strictly symmetric
flight Fig. 2.3.

490

The dynamic system model representing symmetric
flight, see Eqs. (2.8) through (2.11), as well as
the procedure developed for computation of an estim-
ate Y(0]|0) (= Ynom(0)) of the initial state Y(0),
see Eq. (2.34), are subject to these assumptionms.

Effects of steady atmospheric motion. When flying
under constant wind conditions, i.e. when F, trans-—
lates with a constant velocity:

v 4 colfu , v ,w ] (2.41)
-w W

e’ ‘we’ “we
relative to F ,
ated using thé subscript 'w' to indicate constant
wind conditions:

Ve (t) = Yo (6) + ¥, (2.42)
Va (6) = Vo (£) = ¥, = Ve (t) = Va (t)  (2.43)
see Eq. (2.39).

Since the aircraft's aerodynamics are invariant
under constant translation of Fy relative to Fg,
or equivalently of F, relative to F,, the angle of
pitch will not be affected by constant wind. Hence:

B, (t) = B¢ (£) (2.44)
From Eqs. (2.43) and (2.44) it follows that:
Qa, = Ga, (2.45)

However,the flight path angle is affected according
to:

Ye, Yer ® Cewlvew--cer/ver x wwe/Vm (2.46)

see Fig. 2.3,
the relation:

and since a(t) is estimated using

o (t) = 6 () ~v () (2.47)
it can be concluded that:
Oe, = Oy = Ge, = Oap = fey = Ve, = Bep * Ve,
2 -w [V (2.48)
we' m

see Eq. (2.44), which implies that the angle of
attack &ew,estimated under constant wind conditions,
will differ from the actual airflow angle of attack
0a, (t) under static atmospheric conditions by an a-
mount :

(2.49)

Oy, =

-w_ [V
we we' m

Be, =0,
Qg =g

horizontal

FIG. 2.3: EFFECTS OF CONSTANT VERTICAL WIND ON THE ESTIMATED
ANGLE OF ATTACK.

the following relations can be formul-



When flying through a constant horizontal static
pressure gradient the estimated angle of attack will
again be biased relative to the actual airflow angle
of attack, since the effects of such gradients on
the barometric measurements Ahp, and consequently
on the flight path angle y, estimated using the
measurements Ahy (k) are similar to those of a
constant rate of climb increment AC, as resulting
from constant vertical wind wy,, see Fig. 2.3.
Traversing a constant wind speed gradient during
flight testing should be expected to affect the
estimates of the bias error corrections, as the
Kalman filter may be thought of to compare the air—
speed computed by simultaneous integration of Egs.
(2.8) through (2.10) with the airspeed observed, see
Eq. (2.28), for estimation of the system state

¥. The probability of encountering static pressure
and airspeed gradients obviously increases with
increasing distance traversed duringa singlemaneuver.
From Eq. (2.49) it follows that the effect of con-
stant vertical wind on the deviations of &ew from
Oa, decreases with increasing airspeed.

The estimated quantity Ve, (t) is unaffected by the
horizontal component of constant wind V., since
estimation of the airspeed V depends mainly on the
measurements Uy, and V, which are insensitive to
constant wind, see Eqs. (2.43) and (2.45).

Effects of nonsteady atmospheric motion. If the
aircraft flies through an airmass in nonsteady
motion, i.e. in atmospheric turbulence, the follow-
ing relations hold:

Va, () = Ve, (£) = T, () (2.50)

and

g, (t) = de (€) + ag(t) (2.51)
The subscript 't' is used to indicate flight in
turbulence and Yg represents the gust verlocity
vector of F, measured relative to F,:

A

Vg(t) = col [ugs(t), vgs(t), wgs(t)] (2.52)

The quantities Ugss Vgg and Wy, are the components
of Vo parallel to and positive in the negative di-
rections of the X.-, Ys- and Zg~axes of the stability
frame Fg, see Fig. 2.4 for symmetric gusts, i.e.
Vgs = 0.

FIG. 2.4. THE COMPONENTS OF Vg DEFINED
RELATIVE TO THE STABILITY FRAME Fg

Since the airspeed as well as the airflow angle
of attack are affected by atmospheric turbulence,
all aerodynamic quantities of interest and conse-
quently all variables measured will be affected as
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well, The effects are dependent on aircraft charac-
teristics and flight regime.

The deviation of Ge, from Ga, can be shown to depend
on the airspeed V and several aerodynamic derivat-
ives as well as the relative ajrcraft mass .

The deviation of the airspeed Ver(t) estimated under
conditions of atmospheric turbulence from the actual
airspeed Va,(t) under static atmospheric conditions
depends again on the a%rcraft's dynamic response
characteristics (10513),

2.2 Aerodynamic model identification

The aerodynamic model. Once the flight path
reconstruction results required have been obtained
further analysis is directed towards the identifi=-
cation of the mathematical model for the aircraft's
aerodynamics. Obviously the complexity of a model
representing the aerodynamic characteristics of an
aircraft depends on the class and type of aircraft
under consideration, on the section of the aircraft's
flight envelope and the response frequency ranges to
be covered. In this paper attention is focussed
first of all on the identification of a model repre-
senting the aerodynamics of a small rigid low
subsonic, propeller driven aircraft in nominally
symmetric flight (in the flaps~up condition), and
secondly on the identification of an aerodynamic
model of a rigid, transomic, jet aircraft in
nominally symmetric nonsteady maneuvering flight.
The models are supposed to be valid throughout a
considerable section of the aircraft's flight en-
velope. The aerodynamic model of the subsonic, pro-
peller driven aircraft includes a relation between
the dimensionless pressure increase measured in the
propeller slipstream Apt/%pv2 and the engine power
P which is in its turn computed, using the engine
power chart provided by the engine manufacturer,
from manifold pressure and engine speed settings
recorded in flight.

Since the input axes of the accelerometers and rate
gyroscope included in the flight test instrumentat-
ion system are aligned along the aircraft's body
axes, these axes are used for aerodynamic model for-
mulation. In ‘\2»°s//) the following aerodynamic model
equations have been formulated and motivated:

i 2 2
Cy = Cx°+CxApt(Apt/%pV )+CX69+CXa2a (2.53)

2 -
C, =Cz, + CZAPC(Apt/%pV )+Czaa+czq(qc/V) +

Z

+ Cz48, (2.54)
Ca = Cmg*Cmy, (U0 /40V)+CngatCn o +

* Cmg (q8/V)+Cngd, (2.55)
bp /4ov? = a + b®/}V7) + c@®/pVH? (2.56)

The formulation of these equations is based in prin-—
ciple on the relations:

CX = Tc €0s O + CL sin o - CD cos o (2.57)
CZ = —TC sin a, - CL cos 0. = € sin o + CZ56e
(2.58)
and
C, = Cm, + CmTcTC + Cp o+ Cmaée (2.59)

completed with terms depending on qc/V and GE/V to
represent the effects of symmetric nonsteady motions



of the aircraft on the aerodynamic forces and mo-
ments X, Z and M.

Substitution of the thrust coefficient T, by Ap¢/
ipVZS is based on the linear relationship between
Te and AptlﬁpVZS which follows from aerodynamic
theory and which has been verified by means of wind
tunnel experiments.

The linear expression for the lift curve:

CL = CLa (a - ao) (2.60)
and the quadratic expression for the polar drag
curve:

Cp = Cp, + (1/mhe) (C, - CL|)2 (2.61)

D
are used to obtain the final expressions for Eqgs.
(2.53) and (2.54). Moreover the terms governing the
dependence of the aerodynamic coefficient Cy on the
variables &¢/V and qc/V are assumed negligibly small
for the aircraft under consideration.

The terms Czq(qE/V) and Cm,(qc/V) in Eqs. (2.54)
and (2.55) represent both the contributions of &&/V
and qc/V respectively to Cy and Cp because of the
linear relation between these two variables, apparent
from the linear small-perturbation equations of air-
craft motion

Principles underlying aerodynamic model identi-
fication. The extraction of the aerodynamic model
from nonsteady maneuvering flight test data is based
mainly on three principles. First of all the aero-
dynamic model structure should be very roughly known
prior to estimation of model parameters from test
flight data. Secondly the shape and structure of the
nonsteady flight test maneuver should be selected
such that the aircraft traverses the flight envelope
of interest in the course of a single maneuver. In
addition the maneuver should be shaped so as to
optimize the identifiability of aerodynamic model
parameters, i.e. to achieve maximal accuracy when
extracting the aerodynamic model from the measure-
ments obtained.

The third principle underlying aerodynamic model
extraction from nonsteady maneuvering test flights
is the property of ‘the inertial accelerometers to
directly measure the extermal aerodynamic forces
acting on the aircraft. In particular measurement of
the specific aerodynamic forces Ax and A; with air-
craft body-fixed accelerometers is based on this
property.

In the context of this study regre331on analysis
is used to extract the parameters in E?s. (2.53)
through (2.56) from flight test data 19- 2])

3. Determination of aircraft steady
flight characteristics from nonsteady
maneuvering flight test data

3.0 Introduction

As already stated in Section 1, the aircraft's
steady flight characteristics can be calculated
from the aerodynamic model identified as well as
estimated directly from the flight path reconstruct-
ion results.

Deviations of the calculated characteristics from
estimated data should be considered as relevant

information for assessment of the suitability of the

aerodynamic model identified for accurate calculation
of the test aircraft characteristics, throughout the

flight envelope traversed during flight testing.

In what follows the suffix 'l1' will be used to
indicate variable magnitudes characterizing nonstea-
dy flight conditions, whereas the suffix '2' will
be used to indicate variable magnitudes character-
izing steady flight conditions.

3.1 Calculation and estimation of aircraft character-
istics

Introduction. Calculation of aircraft performance,
stability and control characteristic data points
from aerodynamic model data as well as estimation of
these characteristic data points by correction of
quasi-steady to steady flight conditions is based
in principle on iteratively solving Egqs. (2.1)
through (2.3), (2.53) through (2.56), and the trams-
formation relations:

(3.1)

tan o = w/u

V= u2 + w2

(3.2)
to respectively obtain the magnltudes Cx2> CZ25 Cmys
uz, w2, 02, q2, ay, Vo, (Apt/ipV )zand Ge character-
izing steady flight or the corresponding correctlons
from quasi-steady or nonsteady to steady flight
conditions:

8¢ -

ACX = Cx, = Cx, (3.3)
b, -

Ac, = ¢z, - Cz, (3.4)

8 (p,/hov?) & p 140vP), - (bp,/hevP) | (3.5)
bg -

A8, = Sep = Se (3.6)

under standardized aircraft and atmospheric condit-
ions specified in terms of aircraft weight Wy, air-
craft centre of grav1ty location xc,g.y and Zc,g.2s
engine power Py and air density py (correspondlng
with standard static pressure and air temperature),
taking account of prespecified magnitudes or
relations for two out of the eleven variables listed
above. The aircraft characteristics to be computed
are determined in fact by means of the additional
relations specified. Calculation of the polar drag
curve and lift curve can alternatively be achieved
by direct computation of the key parameters Cp,,
CLys e, Cry and 0y, see Eqs. (2.57), (2.58), (2.60)
and (2.61), from the aerodynamic model coefficients,
see Eqs. (2.53), (2.54) and (2.56),

Calculation of aircraft characteristics from
aerodynamic model data. Calculation of performance,
stability and control characteristics in steady
rectilinear flight is achieved iteratively solving
Eqs. (2.1) through (2.3), (2.53) through (2.56),
(3.1) and (3.2) under the conditions:

.

Uy =W, =49,=gq, = 0 (3.7)

for given aerodynamic model parameter magnitudes,
see Eqs. (2.53) through (2.56), and either angle of

* A priori knowledge of the aerodynamic model can be deduced from theoretical analysis or wind tunnel

experiments.
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attack ap or airspeed Vy. If so desired, calculation
of aircraft maneuvering characteristics in the point
of horizontal flight of a steady pull-up maneuver may
be obtained by solving the same equations under the
conditions:

Uy =w, =g, =0 (3.8)
for given aerodynamic model data, aj and V, and
centre of gravity location x¢,g.; and 2¢,g.9 and
setting:

62 =0, (3.9)

The accuracy of aircraft characteristics calcul-
ated from aerodynamic model data obviously depends
entirely on the accuracy of the aerodynamic model
identified. More precisely the achievable accuracy
depends on the suitability of the model extracted
from nonsteady maneuvering flight measurements, to
accurately represent the aircraft's aerodynamics
throughout the flight envelope traversed during
flight testing.

Estimation of aircraft characteristics from
flight test data. Correction from quasi-steady
flight to steady flight conditions is achieved by
solving the same set of equations, Eqs. (2.1)
through (2.3), (2.53) through (2.56), (3.1) and
(3.2), to obtain the correction magnitudes, ACx,
ACz, ..., A(Ape/4pV%) and AS,, see Eqs. (3.3)
through (3.6), under similar conditions as specified
for the calculation of aircraft characteristics from
aerodynamic model data and prespecifying either:

Ao = a, - %y (3.10)
or

AV

#
<

(3.11)

or both, as well as using the magnitudes Cy,, Czy»
Cmi» (APt/épvz)]’ Vi, Oy, 81, (qE/V)] and 681
derived from flight test measurements, the pertain-
ing nonsteady test flight conditioms Wy, Py, pi,
Xc,g.q and Ze.g. s and the aerodynamic model para-
meters identified.

Correcting the aerodynamic coefficients Cz; and
Cm) to steady flight conditions with respect to a
standard centre of gravity location the following
relations should be used:

Czy = Cz, + CZAPt (Apt/%pvz)2 + Czua2 +
* -
+ ch(qc/V)2 *+ Czg8e, (3.12)
and
2
sz = Cmo + cmAPt (APt/%DV )2 + Cmuuz +
2 * -
+ Cmazaz + Cmq(qc/v)z + Cm55e2 =
- (Axc.g./E) sz + (Azc‘g./E) sz (3.13)
where
*
Cz = -
Zq Czq (Axc.g'/lh) Czq (3.14)
and
*
Cm = - z
Ny Cmq (Axc.g./C) Czq (3.15)
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if the pitch rate dependent contributions:

(3.16)

2
Az Vs C
= t° Zq

and

3

2 -

AM ipvTse .17

4 P Cmq (3.17)

to the aerodynamic force Z and moment M, are gener-
ated mainly by the horizontal tailplane.

Otherwise:
* -
CZq = Czq - Cz, (Axc.g./c) (3.18)
and
* * -
=Cy - Cz (& -
Cug = Cmg = C2q (bx o /®)
= Cmy (Axc.g'/c) (3.19)

Computing aircraft characteristics in steady recti-
linear flight the following relations are most re-
levant:

1. the relation:

2 ]/ 2 2
v, = W/ (psy Cx,* Cz,)

which permits estimation of the airspeed V

taking account of the fact that the total aero-

dynamic force CgpipV,“S on the aireraft balances

aircraft weight in steady rectilinear flight.
2. the relation:

(3.20)

6, = - arctan (Cx,/Cz,) (3.21)
which follows from Eqs. (2.1) and (2.2) when
taking account of the conditions expressed by
Eq. (3.7),

3. the relation:

C2 = V2 sin (92 - az) (3.22)
permitting computation of the rate of climb, in
steady rectilinear flight.

Provided that the quasi-steady flight conditions
observed closely approximate steady flight condit-
ions the accuracy of aircraft characteristics
obtained by correcting quasi-steady or nonsteady
flight conditions towards steady flight conditions
depends to a major extent on the accuracy of non-
steady flight data such as for example_the flight
path reconstruction results, V, 8 and 6,estimated
from flight test measurements. More detailed
information concerning the methods applied to cor=-
rect nonsteady flight test data to steady flight
conditions will be published in

4, Results obtained from flight testing a
low speed, propeller driven aircraft

4.0 Introduction

The aircraft steady flight characteristics, in
this section as an illustration of the preceding
theoretical concepts derived from nominally symmetric
nonsteady maneuvering flight test data, are the polar
drag curve, the lift curve and the curves represen-
ting rate of climb and elevator angle to trim as
a function of airspeed in steady straight flight.
Results obtained from flight testing a high wing,
light weight, single engined, propeller driven, low



subsonic aircraft will be presented and discussed in
this section. The aircraft flight tested was the

De Havilland DHC-2 Beaver aircraft, owned and oper-
ated by the Delft University of Technology.

In addition to processing actual onboard measure-
ments, digitally simulated test flight data
have been analysed for detailed investigations into
the effects of measurement errors and atmospheric
perturbations on the accuracy of steady flight
characteristics derived from nonsteady maneuvering
test flights. The accuracy of the characteristics
derived from digitally simulatsg flight test measure-~
ments as well as the precision  of similar data
derived from actual onboard measurements should be
considered as stringent criteria for validation
of the performance of the entire estimation proce-
dure including flight path reconstruction and aero-
dynamic model identification. The precision of a
sample of N similar characteristics corresponding
to N nonsteady maneuvering flight tests, i.e. the
scatter of these characteristics relative to the
sample mean, should be understood to convey inform-
ation on the reproducibility of the experimental
results obtained,rather than on the accuracy of
the sample mean.

4.1 The flight test instrumentation system

The flight test instrumentation system used
included amongst others:

1. three Donner type 4310 force balance accelero-
meters for measurement of specific aerodynamic
forces in m/s“ with a resolution of 1 in 10%,

2. a Nortronics type GI-H5-.5 rate gyroscope for
measurement of the aircraft's rate of pitch in
rad/s with a resolution better than ! in 10%,

3. S.E.L. 150 barometric sensors for measurement of
airspeed and altitude variation, with an accuracy
better than 0.257Z,

4. a E.A.I. type 26.070 digital Volt-meter for
sampling and digitizing transducer output vol-
tages, range 0-10 V, accuracy 0.03%,

5. a parallel to series converter for serial
recording of the sampled and digitized signals
on a two-track magnetic tape.

Rms magnitudes of the random errors in the
measurements of the inertial and barometric sensors
as deduced from laboratory calibration results are
listed in Table 4.1.

Table 4.]1. Rms measurement error magnitudes

Rms

measurement Value Unit

errors

G 0.4 x 1072 m/s2
G, 0.4 x 1072 m/s2
qu 0.15 x 1073 rad/s
qu 0.15 m/s
oth 0.2 m

4.2 The nonsteady maneuver

The nonsteady maneuver used for flight testing
the DHC-2 Beaver aircraft can be described as fol-
lows. The aircraft is initially brought into a near-
ly steady condition at a low airspeed. A gradual,
downward deflection of the elevator is commenced af-
ter a few seconds, resulting in an approximately 0.5
m/s2 forward acceleration of the aircraft, see Fig.
4.1. The airspeed is increased from 35 m/s up to
approximately 65 m/s.

~8g 'g‘rud)

LI ﬂ
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008 gvvb
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eMrec

FIG.4.1: SIMULATED AND ACTUALLY RECORDED TIME HISTORY 6em(!)

The gradual downward deflection of the elevator is
interrupted at four instants, approximately equally
spaced in time, to perform a short pull-up push-down
oscillation. The flight conditions between the oscil-
lations performed, see Fig. 4.1, can to a certain
extent be considered as quasi-steady . During the
oscillations the aircraft's motions should be consid-
ered as highly nonsteady.

Considerable normal accelerations and rotation

rates then occur. During nonsteady maneuvering flight
the normal load factor varies from 0.6 up to 1.4.

4.3 Experimental results

Results obtained by processing actual onboard
measurements. The results obtained by analysing ten
flight test maneuvers FT! through FTI0 are listed
below. First of all to characterize flight path
reconstruction results, estimates of the inertial
bias error corrections ), see Eqs. (2.16) and (2.19),
as well as mean and rms magnitudes of the flight
path reconstruction residuals defined according to:

av 8
r

v, - V(k|n) (4.1)

and

é _ -
Ath, € Ah - Ab(k|o) (4.2)
as obtained after processing all available measure-
ments with the Kalman estimation procedure, are
listed in Tables 4.2 and 4.3.

Comparing the estimates of the bias error cor-
rections listed in Table 4.2 to the rms estimation
error magnitudes as generated by the extended Kalman
filter procedure after processing n measurements it
may be concluded that the corrections A, and Aq can

* Accuracy is a measure of how close the outcome of a measurement, or a sequence of observations approaches

the true value of a specified parameter

** Precision is a measure of how close the outcome of a measurement, or a sequence of observations, clusters

about some estimated value of a specified parameter
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Table 4.2. Bias error

corrections estimated‘from 10 flight test maneuvers FTl through FTI10

Flight test Xx(n[n) Gxx(nln) Az(nln) %, (nln) Aq(n|n) qu(n|n)
manewver | /s?) | /s?) | @/sh | /s?) | (rad/s) | (rad/s)
FT1 0.0321 0.0040 0.0029 0.0006 ~0.0001 0.0001
FT2 ~-0.0162 0.0029 | ~0.0071 0.0006 -0.0004 0.0001
FT3 -0.0231 0.G036 | -0.0061 0.0006 ~0.0002 0.0001
FT4 -0.0024 0.0037 0.0070 0.0006 ~0.0002 0.0001
FT5 ~0.0366 0.0035 0.0010 0.0005 ~0.0001 0.0001
FT6 -0.0305 0.0027 | ~0.0006 0.0005 -0.0003 0.0001
FT7 ~0.0079 0.0036 0.0010 0.0006 -0.0004 0.0001
FI8 -0.0174 0.0039 | -0.0056 0.0007 ~0.0002 0.0001
FT9 =-0.0282 0.0048 | -0.0028 0.0007 ~0.0003 0.0001
FT10 -0.0383 0.0039 | -0.0023 0.0007 -0.0002 0.0001

Table 4.3 Mean and rms magnitudes of flight path
reconstruction residuals from ten flight
test maneuvers FTl through FTI10

Flight test Av, AV, KZEr ChAhy

maneuver (m/s) (m/s) (m) (m)
FTi -0.0025 0.1156 0.0002 0.1640
FT2 0.0054 0.1131 -0.0002 0.1958
FT3 -0.0047 0.1125 0.0002 0.1745
FT4 -0.0068 0.1600 0.0001 0.1602
FT5 0.0027 0.0958 0.0003 0.1749
FT6 0.0034 0.0870 0.0001 0.1710
F17 -0.0036 0.1162 0.0005 0.1566
FT8 -0.0031 0.1048 0.0000 0.1640
FT9 -0.0044 0.1320 0.0000 0.2030
FT10 -0.0025 0.1010 0.0001 0.2130

be estimated with sufficient accuracy such in con-
trast to the estimates of the bias error corrections
Ax, showing rms estimation error magnitudes greater
than 10% of the magnitudes of the corresponding
estimates. The estimates A (nln) by (n|n) and A (n|n)
are unaffected when app1y1ng the Kalman fixed in-
terval smoothing procedure posterior to filtering
the n measurements available,

Comparison of the data listed in Table 4.3 with
the rms measurement errors specified in Table 4.1
shows the flight path reconstruction residuals ob-
tained to have rms magnitudes equivalent to the cor-
responding rms errors Oqy and Oqph respectively in
the measurements V and Ahg.

Aerodynamic model identification results obtained
by processing flight test data of the 10 flight test
maneuvers FT! through FT10, are listed in Table 4.4
in terms of:

1. the sample means:

) 10
i < 75'521 ’j(n) (4.3)
of the ten estimates a1 i(n), for j = 1,2, ,10,

of the aerodynamic model parameters aj, see Eqs
(2.53) through (2.56), extracted from the ten
corresponding nonsteady maneuvering flight tests
FT! through FT10, by processing all measurements
available per maneuver up to and including those
recorded at maneuver completion time ths

2. the sample standard deviations:
10 =2

sa; =) 5 2 {3 () - &)

3 ?

(4.4)
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reflecting the scatter in (i.e. the repeatibility

of) the identification results,
3. the relative sample standard deviations:

sr; = (sa;/&;) . 1007 (4.5)

Table 4.4. Aerodynamic model identification results
obtained from ten flight test maneuvers

FT1 through FTI0

Parameter ii sa; sri(Z)
Cxo - 0.0511 0.0027 5.28
CXp 0.1382 0.0056 4.05
Cx, Pr 0.2169 0.0610 28.12
cx 2 3.5321 0.2706 7.66
cz - 0.1529 0.0347 22.69
Zy - 0.0232 0.0292 125.86
cZ Pt - 5.6587 0.1443 2.55
cz” - 3.8705 0.5351 13.83
Czg - 0.5848 0.0081 1.39
Cm 0.0182 0.0057 31.22
sz - 0.0240 0.0074 30.83
Cry ¢ - 0.9879 0.0722 7.31
Cm g - 1.6271 0.2004 12.32
e -19.1850 0.4853 2.53
cmg - 2.2222 0.0308 1.39
a 0.0532 0.0078 14.66
b 16.2332 0.3395 2.09
c -20.1769 1.5633 7.75

From Table 4.4 the coefficients Cyx , CZQ: CZAPt’
Cz.» Cmo’ CmA 2 and a should be moticed to
beqestlmated w1th relative sample standard deviations
greater than 107. The most important coefficients
CxA , CX&Z’ Czys Cmgs Cmg and b may be seen to be
estlmated with relative sample standard deviations
smaller than 10%.

The sample means of the aerodynamic model para-
meters have been used for correcting the aerodynamic
forces X and Z, the aerodynamic moment M and the
dimensionless propeller induced increase in total
pressure Apt/ipvz measured in the quasi-steady
parts of the flight test maneuvers to corresponding
values related to exactly steady straight flight
conditions and a set of "standard" values for
engine rpm, manifold pressure, aircraft weight
and centre of gravity, flight altitude and air
temperature. In practice these corrections turn out



to be very small, such except for those corrections
required for derivation of the polar drag curve from
nonsteady flight test data. Identification errors

in the aerodynamic model used for correction
purposes, may in most cases consequently be assumed
to have little effect on the steady state results
obtained after correction. The accuracy of these
results depends therefore to a considerable extent
on flight path recomstruction accuracy.

The correction technique outlined in Section 3
may also be used to derive the polar drag curve and
the 1lift curve from the quasi-steady and nonsteady
intervals of the test flight maneuvers to be ana-
lysed. The zero power condition (i.e. Py = Q) spe-
cified for the polar drag curve and the lift curve,
however, deviates considerably from engine power in
nonsteady maneuvering flight (i.e. Py = 275 hp).
Extrapolation from nonsteady conditions towards the
steady flight conditions specified for these curves
should be expected to yield less accurate results,
as the large corrections required may be expected
to be more sensitive to errors in the aerodynamic
models identified.

Having reduced the magnitudes of Cx; and Cz; to
the corresponding zero-power steady state magnitudes
CX2 and Cz; taking account of the steady flight
conditions specified for the polar drag curve and
the lift curve, the corresponding data points Cj,
and Cp are computed according to:

€, = Cx, sin a, - Cz, cos a, (4.6)
Cy=- sz cos a, - Cz, sin 0, 4.7)
The accuracy of the C, - C_ data points obtained

by transforming the Cxy~Cz, data points will be
limited by atmospheric perturbations since the
transformation applied depends on the estimated

angle of attack Gy which has been shown to deviate
from the airflow angle of attack 0 actually

required as a result of constant wind and atmospheric
turbulence.

Analysing the flight test maneuvers FT1 through
FT10 according to Sections 2 and 3, and fitting
curves through the performance, stability and con~
trol characteristic data points derived from each
nonsteady maneuver, a sample of ten curves is ob-
tained per aircraft characteristic of interest.

The corresponding sample mean curves and the per-
taining sample standard deviation curves are shown
in Figs. 4.2 through 4.5, respectively for the
aircraft's polar drag curve, the lift curve, the
climb performance curve and the trim curve.

Each figure shows in addition mean and sample
standard deviation magnitudes of the pertaining data
points calculated from the aerodynamic models iden-
tified, by processing the ten flight test maneuvers
FT1 through FT10, see Section 3 and (3,10

Studying Figs. 4.2 through 4.5 the polar drag curve,
the 1ift curve and the climb performance curve
should be observed to exhibit a significant scatter
of the sample curves, whereas the trim curve ex—
hibits a quite favourable precision. The polar drag
curve seems to be the least accurate of the results
presented. This could be expected from the remarks
made concerning the absolute magnitude of the
corrections to be made and the effects of atmospher-
ic perturbations on the estimated angle of attack.
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Evidence for the statements made is to a certain
extent provided by Fig. 4.6 combinedly showing the
Cy~Cp-curve and the pertaining Cy-Cy—curve, both
derived from the nonsteady flight test maneuvers
FT1 through FTI10.
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FIG.4.6: THE € -CpCURVE AND THE CORRESPONDING Cn-Cr
CURVE ; ACTUAL FLIGHT TEST MEASUREMENTS

The computation of the Cy~Cr-curve does not involve
the transformation equatlons, Eqs. (4.6) and (4.7),
and the corresponding inaccuracies of a2 The sample
standard deviation of the Cy- CT—curve may be seen

to be a little smaller over the entire Cy-range

as compared to the sample standard deviation of the
CL—CD—curve shown over the entire Cp-range. Moreover
it should be noticed that the sample standard dev-
iation of the Cy-Cy-curve decreases with decreasing
Cy as the sample standard deviation of the Cp~Cp-
curve decreases with decreasing Cy. This phenomenon
may be explained by the fact that the correction
from actual flight conditions to the zero power
condition, as specified for the C;-Cp~ and the
Cy-Cp-curves both decrease in magnitude with in-
creasing airspeed V. This results in a decreasing
effect of thrust modelling errors, see Eq. (2.56),
on the accuracy of both estimated characteristics.

Observing the sample means and sample standard
deviations of the characteristic data points calcul-
ated directly from the aerodynamic model identific~-
ation results, see Figs. 4.2 through 4.5, the
accuracy of these data points may be concluded to
be comparable in order of magnitude to the accuracy,
of the characteristics obtained by correcting non-
steady flight to steady flight conditions. This
result provides evidence for the accuracy (relia-
bility) of the aerodynamic model identified, see
Table 4.4, throughout the flight envelope of inte-
rest.

Since the extrapolations from quasi-steady flight
to steady flight conditions as required for calcul-
ation as well as estimation of rate of climb~ and
elevator angle to trim versus airspeed curves are
small, the accuracy of these characteristics will
be mainly limited by atmospheric perturbations
rather than by aerodynamic model errors.

Results obtained by processing dlgltally simulat-

ed flight test measurements. To investigate whether
either measurement errors or atmospherlc perturbat-
ions are the most likely error sources in the
computed polar drag curve and the CN-CT-curve, three
simulation experiments, each comprising ten digit-
ally simulated test flights, have been carried
through. Results obtained by analysing actual test
flight measurements should be noticed to differ in
principle from those derived from digitally simul-
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ated test flight data as uncontrolable modelling
errors can to a certain extent be avoided when
performing simulation experiments.

The first set of ten digitally simulated test
flights was used to experimentally verify the
effects of measurement errors on the estimated
characteristics discussed. The corresponding time
history of the digitally simulated elevator angle
measurement Semgiy(t) is shown in Fig. 4.1.

The second set was used to verify the effects of
constant vertical wind on the estimated character-
istics mentioned. The third set of ten digitally
simulated test flights was used to verify the
effects of low intensity atmospheric turbulence

on the estimated aircraft characteristics. Measure-
ment error statistics were set equal to laboratory
calibration results. Constant vertical wind magni-
tudes were drawn from a normally distributed zero
mean population with a standard deviation of:

0.20 m/s (4.8)

e =
Simulated atmospheric turbulence was generated using
the Dryden turbulence correlation models with
standard deviations:

ougs = ngs = 0.20 m/s (4.9)
and scale length:
Lg = 300 m (4.10)

The aerodynamic models identified under the condit~
ions of Exps. I, II and III are listed in Table 4.5
in terms of the sample means 3; and the relative
sample standard deviations srj, see Egs. (4.3) and
(4.5).

Sample means and sample standard deviations of
data points of the corresponding polar drag curves
and Cy~Cr-curves are listed in Table 4.6, in com—
bination with the sample means and sample standard
deviations of data points of similar curves estimated,
see Fig. 4.6, from actual flight test measurements,

Studying the data listed in Table 4.6 the
following conclusions may be drawn. Measurement
errors as far as corresponding with laboratory
calibration results may be seen to yield a scatter
in the C;-Cp- and Cy-Cp-curves less than 10 counts.
Constant vertical wind in the order of 0.20 m/s
results in a scatter in the Cp-Cp-curves varying from
2 to 82 counts, whereas the corresponding Cy~Cp-curves
exhibit no scatter. The scatter in the CL CD—curves
obv1ously results from the effects of constant wind
on 8 and the subsequent transformations, Egqs. (4.6),
and (4.7).

The atmospheric turbulence simulated resulted in a
scatter varying from 20 to 60 counts in the Cy~Cp-
curves and a scatter varying from 18 to 54 counts
in the correspondlng Cy~Cp—curves.

As the scatter in the CN—CT-curves is almost equl-
valent to the scatter in the Cy—Cp-curves, such in
contrast to the results observed from the constant
wind experiment, atmospheric turbulence should be
concluded to result in gust modelling errors rather
than transformation errors, affecting the Cy-Cp-
curves and the C-Cp-curves, to an approximately
similar extent.

From these experiments estimation of the Cy-Cp-
curve may be expected to be more sensitive to
atmospheric perturbations than estimation of the



Table 4.5. Aerodynamic model identification results obtained processing simulated flight
test measurements from Exps. I, II and IIX

Exp. I Exp. 1II Exp. II1
Parameter aisim — - -

5i sri(z) a; sri(Z) a sri(Z)
CX, - 0.0511 - 0.0510 0.59 - 0.0514 0.07 - 0.0523 7.65
CXA 0.1382 0.1380 0.36 0.1390 1.37 0.1429 5.67
Cxapt 0.2169 0.2180 3.03 0.2148 6.94 0.1686 77.76
Cxaz 3.5321 3.5297 0.69 3.5597 1.50 3.6589 14,58
CZo - 0.1457 - 0.1472 2.79 - 0.1428 9.10 - 0.1309 20.40
CZA - 0.0234 - 0.0228 9.65 - 0.0280 36.79 - 0.0414 104.11
Cz Pt - 5.6590 - 5.6580 0.09 - 5.6548 0.08 - 5.5388 3.63
Cza - 3.8985 - 3.8828 1.45 - 3.3902 2.02 - 3.9477 28.44
ng - 0.5871 - 0.5857 0.22 - 0.5839 0.04 - 0.5403 4.61
Cmo 0.0350 0.0345 2.61 0.0352 6.25 0.0348 22.41
CmA - 0.0238 - 0.0232 1.72 - 0.0239 11.30 - 0.0195 80.01
Cmapt - 1.1506 ~ 1.1494 0.56 - 1.1471 0.95 - 1.0577 12.57
Cmaz ~ 1.5785 - 1.5844 1.35 - 1.5943 0.56 - 1.6778 33.13
Cm -19.2074 -19.1327 0.25 -19.0625 0.08 -18.2901 7.21
Cmg - 2.2309 ~ 2.2258 0.22 ~ 2.2190 0.04 -~ 2.0533 4.61
a 0.0532 0.0533 0.96 0.0526 0.01 0.0503 3.98
b 16.2332 16.2302 0.14 16.2643 0.00 16.3640 0.64
c -20.1769 =-20.1552 0.72 -20.4126 0.00 -21.0023 2.81

Table 4.6. Effects of modelling errors, measurement errors, and
acy of the estimated C;-Cp- and Cy-Cy-curves

atmospheric perturbations on the accur-

simulations
C. C actual
L> *N measurements constant atmospheric
mea::;;::nt vertical turbulence
| wind ougs=cwgs=0.2 m/s
Cp/acy CT/OCT CD/OCD CT/GCT CD/OCD CT/OCT CD/UCD CT/UCT
0.15 429/25 396/8 437/3 436/4 437/2 444/0 444760 484/33
0,60 525/19 56/15 517/1 38/3 521/21 36/0 557/20 41/18
1.05 880/25 - 780/26 870/2 - 807/6 869/48 - 816/0 913/43 - 834/39
1.50 1495/59 -2113/39 1496/9 -2099/8 1483/82 -2113/0 1511/57 -2143/54
The magnitudes of Cp, Cy, Ocp and ogp are expressed in "drag counts”, (1 drag count equals 0.0001).

craft, owned and operated by the National Aerospace
Laboratory (NLR), are discussed in this section.
Some data on this aircraft are listed in Table 5.1.

Cy~Cp-curve. None of the simulation experiments
revealed an exactly similar increase in accuracy
(from 39 to 8 counts) of the Cy~Cp~curves with de-
creasing Cy as exhibited by the results derived

from actual flight test measurements. In this context
it should be noticed that thrust modelling (measure-
ment) errors have not been simulated. The correspond-
ing effects could therefore impossibly be verified.

Table 5.1. Some data on the Hawker Hunterx

Mk VII

Wind tunnel experiments and further detailed thrust- Length 14.90 m
drag flight test programs should provide further Wing span 10.26 m
information on the effects of thrust modelling Wing surface 33.30m
errors on the accuracy of performance characteristics Wing sweep angle 40°

estimated from nonsteady maneuvering flight test Max. take off weight 9752 kg

data.

3. Results obtained from flight testing

Engine type
Max. thrust at
sea level

Rolls Royce Avon 122

3450 kg

a high subsonic jet aircraft

Evaluation of the applicability of the flight test
method described in the previous sections to the
class of high subsonic aircraft propelled by a
straight jet engine has been the goal of the flight
test program carried through. This program provides

5.0 Introduction

Part of the experimental results obtained by
flight testing the Hawker Hunter Mk VII jet air-
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a valuable extension of the flight test results
obtained earlier, using the De Havilland DHC-2
Beaver, low speed, piston-engined aircraft.

First of all some remarks are made concerning the
instrumentation system used. Secondly the shape of
the nonsteady flight test maneuver performed is
described. Finally some experimental results are
presented and discussed.

5.1 The flight test instrumentation system

The instrumentation system used has been describ-
ed in (25, . Nineteen inertial and barometric
variables have been sampled and recorded at a rate
of 20 samples per second and a resolution of 0.01Z.
Prior to, during and posterior to flight test pro-
gram execution the complete instrumentation system
was calibrated in the laboratory

5.2 The nonsteady maneuver

The nominally symmetric nonsteady flight test
maneuver remarkably resembles the maneuver used for
flight testing the De Havilland DHC-2 Beaver air-
craft, described in Section 4.

The maneuver is commenced at low speed, in approx-—
imately steady horizontal flight. Increase of thrust
to a preselected level then results in a gradual
acceleration of the aircraft.

Since the normal load factor approximately equals 1
and the rate of pitch q is close to zero the air-
craft may be considered to be accelerating quasi-
steadily fromlow speed to the speed compatible with
the preselected engine thrust, nominal flight
altitude and to the aircraft weight.

At various instants regularly spaced in time the
quasi-steady motion is interrupted to perform non-
steady pull-up push-down maneuvers.

Figure 5.1 presents a recorded time history of the
elevator angle, typical for the nonsteady flight
test maneuvers described above. The operational
aspects of the execution of these maneuvers have
been described in

-5em (rad)

004

80 160 2240
g (5}

FI6.5% RECCRDED TIME HISTORY Bep (t).

5.3 The aerodynamic model

It may be deduced from the previous sections
that the flight test method centers around the
specification and identification of a mathematical
model of the total aerodynamic force in the plane
of symmetry, the aerodynamic moment about the Y-axis
and of engine thrust. The mathematical model and
model parameter estimation is described in .
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5.4 Experimental results

The techniques described in Section 3 have also
been applied to the analysis of flight test data
resulting from the Hawker Hunter flight test program.
Presentation of the flight test results is restricted
in this section to those obtained by correcting the
measurements in quasi-steady, nominally horizontal
accelerated flight to steady straight climbing
flight — and a set of standard flight conditioms.

In this case the corrections required have been
computed setting the Mach number My equal to Mj.

Results are presented iX Fig. 5.2, showing curves
representing rate of climb as a function of airspeed
as derived from 9 flight test maneuvers at 10.000
20.000 and 30.000 ft nominal flight altitude and
corrected to a set of nominal "standard" values of
aircraft weight, centre of gravity location and
engine rpm.

30 [ e e e e g
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( : !

T 7 100001 : :
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FIG 52. RATE OF CLIMB AS A FUNCTION OF
AIRSPEED; ACTUAL FLIGHT TEST
MEASUREMENTS

As may be deduced from this figure, the scatter
of the curves presented is in the order of 0.2 m/s.
The repeatability of these characteristics may be
concluded to be comparable to the estimated sample
standard deviation of similar characteristics
obtained by flight testing the De Havilland DHC-2
Beaver, see Fig. &4.4. i

As already stated in the previous sections, cor-
rection of quasi-steady to steady flight conditions
may yield other characteristics as well. As engine
thrust could be accurately measured the polar drag
curve could be derived. Correcting for Reynolds
number effects and base drag variation the polar
drag curvesobtained showed a remarkable repeatabil-
ity

Section 6. Conclusions and
suggestions for further research

The present paper stresses the concepts of the
flight test technique discussed rather than experi-
mental results obtained by flight testing up-to-date
aircraft.

From the data shown in the previous sections it
may be concluded that the estimation procedure
comprising the Kalman filter- and Kalman fixed
interval smoothing algorithm, can successfully be
applied to flight path reconstruction from on-beoard
measurements in nonsteady flight.

The still not commonly recognized fact, that aircraft
steady state performance characteristics can be
accurately derived from quasi~steady flight condit-
ions is clearly established by the results shown.



A drastic reduction in the flight time required for
performance, stability and control testing may be
expected achievable when using the nonsteady flight
test method discussed.

Flight path reconstruction accuracy and the
repeatability of the characteristics subsequently
derived are for the approximately rigi aircraft
tested, shown to be limited by both steady and non-
steady atmospheric motions as well as to a certain
extent by thrust modelling errors.

Further research should reveal what measurement-
and data analysis techniques are required for
accurate determination of performance, stability
and control characteristics from nonsteady flight
measurements when testing large flexible, transonic
or supersonic flight vehicles.
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