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ABSTRACT

The estimation from flight data of aerodynamic parameters for
vehicle in steady-state conditions, perturbed by an identification
manoeuvre, is a well-established technology, whereas system identi-
fication from dynamic flight data is a subject of continuous interest.
This paper presents a hybrid frequency and time domain technique
for identification of vehicle longitudinal aerodynamic model,
including the ground effect. Identification is performed in the
framework of a multi-step approach, in which, first aerodynamic
coefficients are estimated in the frequency domain, using an
equation error method; then time domain techniques are applied to
identify out of ground effect aerodynamic derivatives and ground
effect model parameters. The technique was successfully applied to
flight data of an experimental ultra light aircraft. Identification
results showed that the proposed method works properly also in the
dynamic phases of the flight or when no dedicated identification
manoeuvres are executed. Moreover, the identified longitudinal
aerodynamic model was used to design the flight control system that
successfully performed many autonomous landings.

NOMENCLATURE

a, b, c¢; ground effect model’s parameters

b, c wing span [m] and aerodynamic chord [m]

C vector of aerodynamic non dimensional force and

moment coefficients

longitudinal non dimensional aerodynamic force
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C,,,D,;,C,; derivatives of the aerodynamic coefficients with respect
to variable i
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non dimensional aerodynamic pitching moment coefficient
longitudinal non dimensional aerodynamic force
coefficients, referred to body axes

thrust coefficient

propeller diameter [m]

gravity acceleration [m/s’]

gradient and Hessian of the cost function

height above ground level [m]

non dimensional height above ground level above which
ground effect is negligible

pitching moment of inertia [kg*m?]

imaginary unit

cost function to be optimised

induced drag factor

distance between vehicle gravity centre and tail
aerodynamic centre [m]

mass [kg]

number of windows used to estimate aerodynamic
coefficients

number of measurement samplings

pitch rate referred to aircraft axis [deg/s]

dynamic pressure [Pa]

measurement noise covariance matrix

aerodynamic reference surface [m?]

thrust [N]

longitudinal velocity components referred to aircraft axes
[m/s]

vehicle input vector

true air speed [m/s]

vehicle state vector
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X(jo) Fourier transform of x(7)

b X-axis co-ordinate of the gravity centre, in percentage of
aerodynamic chord
Xyp X-axis co-ordinate of the neutral point, in percentage of

aerodynamic chord
y output vector of the simulation model
z flight measurement vector
o angle-of-attack [deg]

Y advance ratio

O normalised flap deflection

Oy stabilator deflection [deg]

At time sampling interval [s]

AC. s variation of non dimensional aerodynamic coefficient C,

due to ground effect
0 pitch angle [deg]
A vector of unknown aerodynamic derivatives
p air density [kg/m’]
® pulsation [rad/s]
o propeller angular velocity [deg/s]
F subscript to denote flap configuration
G

E subscript to denote values in ground effect
OGE subscript to denote values out of ground effect
" superscript to denote estimated values

1.0 INTRODUCTION

The estimation from flight data of stability and control aerodynamic
derivatives for vehicle in steady-state conditions perturbed by an
identification manoeuvre is a well-established technology!?,
whereas system identification from dynamic flight data (such as
during take-off and landing) is a subject of continuous interest®®.

Aerodynamic characteristics of an aircraft can change in
proximity of the ground. Usually, ground effect on stability and
control derivatives is of less importance and it is easily compensated
for by piloting technique. On the other hand, automatic landing
system requires high fidelity simulation model. Then, in order to
develop autonomous vehicle, it is necessary a better understanding
of the ground effect.

Many studies are reported in the literature on this topic. Although
clearly documented, a satisfactory physical explanation for the
dynamic effects has not been proven. Ground effect prediction has
been performed by using analytical methods” and wind tunnel
tests®. Both these approaches have had few opportunities for in
flight validation. In fact, it is difficult to get adequate dynamic
experimental data in order to carry out ground effect estimation from
flight measurements. Moreover, they often simulate ground effect in
steady-state conditions (constant height above ground level), which
could be rather different from ground effect in dynamic conditions®
(such as landing approaches).

This paper presents a hybrid frequency and time domain method
for identification of longitudinal aerodynamic model from flight
data. Identification is performed in the framework of a multi-step
strategy, which decomposes the complex starting problem in
simplified sub-problems. First identification step is carried out in the
frequency domain and it is aimed at estimating the global longitu-
dinal aerodynamic coefficients. Next, time domain techniques are
used to identify the longitudinal aerodynamic derivatives and the
ground effect model.

The multi-step identification approach, which first performs the
estimation of the global aecrodynamic coefficients and next evaluates
the model’s parameters, was already successfully applied, both for
in-flight aerodynamic derivatives estimation’®'” and for ground
effect evaluation during take off and landing®. Several techniques
are proposed in the literature for the identification of the global
aerodynamic coefficients. For what concerns in-flight applications,
filtering techniques based on Kalman filter are used. These methods
provide very accurate results, inclusive of consistent evaluation of
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the estimation uncertainty"”, but they require the tuning of the filter
parameters, that is, process and measurement noise covariance
matrices, in order to avoid convergence problems'®. Furthermore,
the dynamical behaviour of the unknowns (the global aerodynamic
coefficients) should be modelled. To this end, stochastic processes
are adopted, such as Gauss-Markov process"”, which should be
characterised and tuned, too. On the other hand, the global aerody-
namic coefficients needed for the identification of ground effect
model are computed from flight measurements and vehicle inertial
data, by using static algebraic relations and without performing any
estimation®. This approach permits to easily compute the aerody-
namic coefficients, but their evaluations are affected by
measurement errors.

The frequency domain technique proposed in this paper for the
estimation of the aerodynamic coefficients (both in-flight and during
landing) is a compromise between simplicity and accuracy of the
estimation. In fact it doesn’t require any cumbersome tuning process
or model definition, neither it presents convergence problems.
Furthermore, since the technique is equivalent to a low-pass filter, it
allows filtering out all the high frequency measurement noises.

In the proposed strategy, the estimation of aerodynamic deriva-
tives is performed in the second identification step through the
maximum likelihood methodology, because it represents a well
assessed technique for the evaluation of constant parameters™'.
Moreover, the application of a bounded-variable optimisation
method allows exploiting all the available a priori information on the
unknown parameters (such as bounds on the unknowns).

Finally, the multi-step approach, denoted in the literature as
estimation before modelling"?, is well suited for the identification of
the ground effect, which is usually modelled as an incremental
variation with respect to the baseline aecrodynamic model estimated
out of ground effect®®. In fact, the multi-step strategy allows
estimating first the global variation due to the ground effect. Next,
the ground effect is modelled and the related parameters are
estimated. The global coefficient variation can be computed without
exciting the vehicle dynamics, because it is simply due to the ground
proximity. For that reason, this procedure works properly also during
critical flight phases, such as in ground proximity, where no identifi-
cation manoeuvres can be performed and it is the main advantage of
the technique.

The proposed method was applied to flight data of an experi-
mental ultra light aircraft, in order to estimate stability and control
aerodynamic derivatives out of ground effect and ground effect
parameters. The identified longitudinal aerodynamic model,
inclusive of ground effect, was used to design the vehicle flight
control system, that successfully performed many autonomous
landings"?.

The present work was carried out in the framework of the Italian
funded project TECVOL, executed by the CIRA (Italian Aerospace
Research Centre), with the aim of developing innovative
technologies for flight autonomy and collision avoidance.

2.0 VEHICLE DESCRIPTION

The technologies developed in the CIRA TECVOL project are
deployed by means of a flying test bed consisting of a piloted
aircraft equipped with on-board avionics system and on-ground
control station designed and integrated by CIRA. It is able to allow
experimentation about autonomous take-off and landing, mission
automation and detect, sense and avoid. The flying platform, shown
in Fig. 1, is an experimental ultra light aircraft with designed empty
weight of 281kg, max take-off weight of 450kg, max speed s/l about
218km/h, cruising speed about 190km/h, wing area of 13-2m’, wing
span of 9-6m and maximum engine power of 100hp.

The vehicle’s aerodynamic effectors are stabilator, ailerons and
rudder, for longitudinal, lateral and directional control, respectively.
Moreover a plain flap is used to increase lift during take-off and
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Figure 1. Aircraft 3-view.

landing. Wind-tunnel tests and semi-empirical methods were used to
compute a pre-flight aerodynamic model, which was the most
reliable information on the vehicle aerodynamics before performing
system identification from flight data. It is worthy to note that the
pre-flight aerodynamic model and the one estimated from flight data
have the same structure.

On board avionics system includes all devices needed to perform
the in flight experimental validation of advanced guidance,
navigation and control functionalities. The devices were selected
among the commercial-off-the-shelf (COTS) ones, and they include:
the flight control computer (FCC), the navigation sensor suite, a
radar device, the digital electromechanical servos, and a digital
bidirectional data link.

The FCC is an embedded real-time computer based on a PowerPC
processor, provided by the supplier with a tool based on the most
advanced control system rapid prototyping methodologies. This
software environment enables the automatic coding of the real-time
software directly from MATLAB/SIMULINKTM diagrams, thus
being extremely efficient from data acquisition and algorithm in-
flight testing point of view.

The Navigation sensor suite includes:

@® two differential GPS, one in code differential mode and one in
RTK (real-time kinematic) L1/L2 mode, capable to provide
position measurements with an accuracy of few centimetres;

@ solid state attitude heading reference system (AHRS), used to
measure body axis accelerations, Euler angles and angular
rates;

® two dedicated sensors for height above ground level measure-
ments, respectively using radar and laser technology (only one
altimeter sensor can be mounted because of weight limitations);

® air data computer (ADC) with a dedicated air data probe
capable to provide indicated air speed (IAS), true air speed
(TAS), barometric pressure, acrodynamic angles.

A radar device is installed on the top of the plane, in order to detect
other planes presence.
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Figure 2. Landing manoeuvre.

The digital electromechanical servos are used to command both
aerodynamic surfaces and throttle, driven by the FCC.

Finally, the digital bidirectional data link system allows
exchanging data between on board FCC and the ground control
station (GCS) with a maximum bit-rate of 9-600 bit/sec in uplink and
115-200 bit/sec in downlink up to about 6km of operative range.

The GCS is installed in a big shelter fixed on the ground near the
runway. It is designed to show telemetry data and to present it to the
flight test engineers through dedicated human machine interfaces
(HMI). It can be used also for remote reconfiguration of the on board
avionics system. Its main features are:

bidirectional data link with a range of about 6km

GPS base station used to send the differential correction to the
on board GPS

meteorological station
virtual cockpit HMI
engineering HMI

automatic collision avoidance HMI

3.0 FLIGHT TESTING

Flight data were gathered far from ground and in ground proximity,
in order to estimate both out of ground effect longitudinal aerody-
namic derivatives and ground effect parameters.

Flight data in ground proximity were acquired during the landing
phase. An example of landing manoeuvre is presented in Fig. 2.
These data were also used to design the autonomous landing system.

Flight test manoeuvres were performed to estimate the aerody-
namic derivatives out of ground effect. They were designed in order
to excite the aircraft longitudinal modes. Two type of stabilator
manoeuvres were selected: doublet and 3-2-1-1. A 3-2-1-1
manoeuvre executed in flight is shown in Fig. 3. The intensity and
step period of the identification manoeuvres were tuned performing
sensitivity analysis, based on Cramer Rao Bound computation®, on
the aerodynamic parameters of interest. To this end, simulated data
were generated using the pre-flight acrodynamic model.

In order to perform system identification, flight measurements of
acceleration, velocity, height above ground level, angular rates,
attitude, aecrodynamic effectors, thrust, and aecrodynamic angles were
collected at the sampling rate of 10Hz.
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Figure 3. Flight test: 3-2-1-1 manoeuvre.

4.0 VEHICLE’S MODEL

The present section describes the model used to perform system
identification from flight data. This model is composed of the
aircraft dynamic equations, the aerodynamic model (including
ground effect) and the thrust model.

In the hypothesis of symmetric aircraft about its longitudinal plane
and assuming to fly at small sideslip angle, we can use the simplifi-
cation of uncoupled longitudinal and lateral-directional dynamic
equations. It is also assumed that the thrust 7 is aligned to the
vehicle longitudinal X-axis. Then, the longitudinal dynamic
behaviour of the vehicle is described in body axes by the following
equations

(¢ +qw)m=gSC, —gSin$+T (D
(W—qu)m=gSC, +gCos9 e
gI, =gScC, . 3)
9=¢ @

Out of ground effect, the longitudinal aerodynamic model, in
stability axes, is

C/, i CLO + CL01<'61<' i (CLu i Cl,a1«'61«‘)0‘ it
+(CL(1 '*‘CL(M«'SF)(Xc (C +C1q1 6 ) V ce (5)
+(C155+C15\1 )83

CI) = C[)O + CI)OI"SF s (Kl) + K])FSF) [CIO +

5 - (6)
+Cop8p +(Cpy +Cpopdp )]
€ =C 4% C 5:05 (XN,,+XM,,6.+
X )(Crat Crapdy )= [
(7

+C,,08, )°‘c +(Cpy+Cppib; )2V

LqF

+ (CLBS + C1,5x1v'51f Sx]

In Equations (5) to (7), the aerodynamic coefficients depend also on
flap position. This dependence is linearly modelled through the non-
dimensional coefficient &, which varies between 0 (no flap
deflection) and 1 (maximum flap deflection, 36 degrees). Each
aerodynamic derivative is composed of the contribution without flap
and the flap contribution (denoted by subscript /). Both configura-
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Figure 4. Nominal and identified thrust coefficient.

tions, with and without flap deflection, are identified from flight data.

In order to reduce unknown parameters’ number and to get a
better estimation, the following relations between lift and pitching
moment derivatives are introduced

c
CL&S . _CmSS l_
1
c
Cro==Cos 7 (8)
Cla = _Cmd z
2 ]

Ground effect appears when an aircraft flies in ground proximity. It
can be modelled through non dimensional variations of the aerody-
namic coefficients with respect to the values provided by Equations
(5) to (7). We suppose that the variations have a parabolic depen-
dence on the vehicle non dimensional height above ground level A/b.
The variations are defined as

0 it B> h,
AC,; = a (%)2 +b, (%) +c¢, otherwise

where i = {L, D, m} and a,, b; and ¢, are the parameters that charac-
terise the ground effect model. It is worthy to note that the aircraft
experiments the maximum ground effect AC,,,, at touchdown (that is
h = 0). Moreover we assume that the variations and their derivatives
with respect to 4 are continuous in 4/b = hg,. These assumptions
mean that the parable in Equation (9) passes through the points P, =
0, AC,,.,) and P, = (hg, 0), and it has null tangent in P,. These
properties are used to identify the ground effect model as explained
in Section 5.3.

Finally, the aerodynamic force coefficients in stability and body
reference frames are related by

-9

C, =—C,Cosa +C,Sina 0
C, =-C,Sina — C,Cosa -(19)

The model of the thrust is based on the Renard’s"* formula

2
= 4 e (11
T C,v(y)pDe(sz (1)

The nominal thrust coefficient curve C/{y) was provided by the
producer of the propeller and validated using experimental data
gathered in dedicated flight tests. Since the nominal curve was
shifted with respect to experimental C, values, it was corrected
performing estimation from flight data. The estimated curve was
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Figure 5. Flow-chart of the identification process.

obtained preserving the C,(y) nominal shape, while fitting (in the
least square sense) the experimental data. Nominal and estimated
thrust coefficients are presented in Fig. 4, together with the experi-
mental data. The difference between nominal and estimated curves is
always lower than 20% and increases with respect to the advance
ratio. It is worthy to note that prospective error on thrust coefficient
estimation could have relevant effect only on the aerodynamic drag
coefficient estimation, because the thrust is aligned to the vehicle
longitudinal axis and the angle-of-attack experimented in flight is
always small. Furthermore, since the ground effect analysis is deter-
mined primarily as the difference between in ground effect and out
of ground effect conditions during landing approach, and since the
thrust is held constant during the whole landing approach, small
errors in the thrust estimate have negligible effect on ground effect
model identification.

5.0 IDENTIFICATION METHODOLOGY

Two different problems are examined, that is, estimation of aircraft
aerodynamic derivatives out of ground effect (OGE) and evaluation
of ground effect (GE) characteristics.

First problem is solved in two steps, using an estimation before
modelling approach”. In the first step a frequency domain equation
error method” is applied to Equations (1) to (3), in order to estimate
longitudinal aerodynamic coefficients (Cy, C, and C,). Next,
Equations (10) are used to compute aerodynamic coefficients in
stability axes. Then estimation of stability and control derivatives
(second step) is performed by means of maximum likelihood®
methodology, based on bounded-variable Gauss-Newton optimi-
sation method, applied to Equations (5) to (8).

First step described above is used to identify aerodynamic coeffi-
cients in ground effect, too. The comparison of so estimated coeffi-
cients and the analogous coefficients computed through aerodynamic
model and aerodynamic derivatives estimated out of GE, allows to
evaluate ground effect characteristics. The flow-chart of identification
process is shown in Fig. 5 and detailed in the following sections.
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5.1 Estimation of the aerodynamic coefficients

The estimation of the aerodynamic coefficients is carried out
applying the Fourier Transform Regression technique!” to Equations
(1)-(3), rearranged in the following general form

x=f(x,U,C)=f,(x,U)+£,(x)C .(12)

where

X= [u,w,q,S]T
U =([T,3]

c=[c..c,.c,]

f, =[-gSin9+7, gCos$, gScC,, q' 13
gs 0 0 0
o g o o
1o 0 gSe o
0 0 0 0

and x and U are time dependent (time is dropped for the sake of
simplicity).

Each aerodynamic coefficient belonging to the vector C depends
on the vehicle state vector x and the stabilator deflection &, included
in the input vector. We suppose that in a small range of variations
for x and J;, C can be approximated by a constant vector C;, equal to
its mean value on the considered range, namely

C(X’Se) = ZCIHI ([Xl’xl+1]’[631’65‘1+1]) s (14)

where

(e el Pt
1_‘[1([X,’XH]]’[B“)B“H]): s S)e Xl Xl‘l‘l X S1 Sl+1 (15)
0 otherwise

Substituting Equation (14) in (12) and rearranging we get

M
X _fl (X’U) = Zfl (X)Cll_[l ([xl’xl+1]’[8s1’6sl+l]) =
i=1

M
=> 1, (xU)C,
i=1

It is worthy to note that f,; is also function of &, then it depends on
the input U, too. We can evaluate the time histories of f; and f,; from
flight measurements and consider f,(f) and fy(?) as flight measure-
ments themselves. The Fourier Transforms (FT) of x(¢), f,(f) and
f,i(¢) are computed through”:

... (16)

Z(jo)= ]‘z(t)exp(—jcot)dt ~ AtN;lz(t,)exp(—jo)t,) .17

The Fourier Transform of x is evaluated by means of Equation (17),
if the measurement of X is available. Otherwise it is get as the deriv-
ative of X(jo) in the frequency domain, that is FT(X(?)) = joX(jo).
Finally, we can put Equation (16) in the Fourier domain in the form:

B(jo)=)_A,(jo)C, .. (18)
i=1

with B(jo) = FT(x — £;(x,U)), A(jo) = FT(£,(x,U)). Equation (18) is
evaluated for L>M different values of . The L equations are then
solved by means of least mean square technique, the C; are estimated
and the time history of C is determined interpolating the estimated
values.
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5.2 Estimation of aerodynamic derivatives

The aerodynamic derivatives are estimated using a maximum
likelihood methodology, based on bounded-variable Gauss-Newton
optimisation method®. The model to be identified is defined by
Equations (5)—(8). The vector of unknown parameters, denoted by A,
is composed of all the aerodynamic derivatives, with and without
flap deflection, which are present in the model. The cost function
optimised by the maximum likelihood technique is

J(l,R)z%kZZ;[z(tk)—y(tk)]T R [2()-y(1,)]+

... (19
N 19)
+—1In ’R|
2
where 7, is the sampling time, z(¢,) is the measurement in ¢, and y(z,)
is the system output vector, computed using simulation model and
identified parameters.

Optimisation of J is carried out in two steps. In the first one it can
be shown that, for any value of A, the maximum likelihood estimate
of R is given by
. 1 N T
R:F;[Z(tk)_yok)}'[Z(tk)_)’(tk)] ... (20)
Then a constrained Gauss-Newton optimisation method is applied in
order to update the parameter vector A. The linearly constrained
optimisation problem, in which the constraints are simple bounds on
the variables, is formulated as:

IA
IN

minJ (&) with A, SA<A .21
A

min max

This problem is solved by means of the active set strategy proposed
by Jategaonkar®. The parameters satisfying the constraints, denoted
by subscript firee, are iteratively updated, until convergence is
reached, using the following relations

)‘I/:le = )"I/ree + A)“free e (22)
A)"/rez = _F;rie'G free s (23)
T
& 3 {ay(tk)} 4 {ay(tk)}
Free= zz R A (24)
! oM iree k=1 oL free Oh free
T
, o _ x| () |
G, = = R L)-yl?
= Z{ o, |}y ()] R

Parameters outside the allowable range, named constrained
parameters, are set equal to the nearest allowable value (that is
minimum or maximum bound).

The set of free parameters is updated after each iteration. If one of
the parameters belonging to the free set hits the bounds, it is dropped
from the free set and made constrained. On the other hand if the
Kuhn-Tucker optimality conditions

(G,<0, for &,=h ,,)or (G,>0, for &,=h, ) ...(26)

are not satisfied for any of the constrained parameters, then those
parameters are dropped from the constrained set and made free. In
Equation (26) G, 4, 4, ,;, and 4, ,, are the j-th component of the

gradient G, the current estimation of the unknown vector, and its
lower and upper bounds, respectively.

5.3 Evaluation of ground effect

The frequency domain equation error method, described in Section
5.1, is applied to estimate longitudinal aerodynamic coefficients in
ground effect, too.
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The global variations of the aerodynamic coefficients due to
ground effect are evaluated by comparing the aerodynamic coeffi-
cients estimated from flight data gathered during landing with the
analogous coefficients computed using landing flight data measure-
ments and the aerodynamic model estimated out of ground effect,
defined by Equations (5)—(7). More in detail, the variations are
computed as®
AC, 6 =C,=Cp: —C (0‘ - 0‘0(;1;) +

Lo

.27
_CLas (5\ - 5&0(;1;)

ACD—GE = Cl) - CD—()GE - KD |:2CL0CL(1 (0c + (28)
_0‘0615) + Clz,a (‘x ~ Qogr )2:|

AC, :=C, —C, o6 —Cha ((x —Qogr ) + ...(29)

_Cmm (85 - 654)(;1; )

C,, C, and C,, represent aerodynamic coefficients estimated from
flight data of a landing manoeuvre, whereas o and d are the related
flight measurements of angle of attack and stabilator deflection. C,.
oces Cp.oces Crmoge are mean values of the aerodynamic coefficients
computed providing flight data measurements gathered during the
initial part of the landing approach (when the vehicle is out of GE) in
input to the OGE aerodynamic model. Finally o,z and O, are
mean values of angle-of-attack and stabilator deflection evaluated in
the landing manoeuvre out of GE. The terms multiplying aerody-
namic derivatives are introduced to correct the effects of flight
condition changes during the manoeuvre (for the sake of brevity the
derivatives in Equations (27) — (29) represent both contribution, with
and without flap deflection). This approach assumes that the aerody-
namic derivatives with respect to control surface and angle of attack
are not functions of ground effect. An a posteriori correlation
analysis between ground effect variations and o and &5 can confirm
or refute this hypothesis.

The obtained variations are used to identify the ground effect
model described by Equation (9). First, for each flight test and for
each aerodynamic coefficient the values of /g, and of the maximum
variation AC,,,, are computed. In order to evaluate 4, the standard
deviation of the aerodynamic coefficient variation (denoted as G,) is
calculated out of ground effect, during the initial part of the landing.
Then hg; is determined as the height above ground level (normalised
with respect to the wing span) below which the absolute value of the
coefficient variation becomes definitively greater than ,.. AC,,, is
casily obtained by measuring the coefficient variation in # = 0.

Next, for each coefficient, the mean values (among all the
examined flight tests) of 4y, and AC,,. are computed. Finally, we
consider the plane (4/b, AC) and compute in this plane the parable
which satisfies the following conditions:

@ it passes through the points P, = (0, AC,,,.) and P, = (A, 0);
@ it has null tangent in P,.

For the assumptions made on the ground effect model, the coeffi-
cients of such parable coincide with the unknown parameters to be
estimated, which are a,, b; and c; of Equation (9).

6.0 RESULTS AND DISCUSSION

Before performing parameters estimation, a compatibility check was
applied to flight data, in order to verify their consistency. Six
manoeuvres (three for each configuration, with and without flap)
were analysed to evaluate aerodynamic derivatives out of ground
effect. For each configuration, estimation were performed on flight
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Table 1
Estimated aerodynamic derivatives

Hybrid estimation MATLAB estimation

No Flap Flap No Flap Flap
Cp 0-34 (0-06%) 0-72 (0-04%) 0-35 0-69
C 4-56 (0-07%) 4-57 (0-27%) 4.22 4.94
Cro 0-12 (20-3%) 0(-) 1-44 1-20
C, 220 (1-34%) 4-00 (0-91%) 1-98 2:54
Cis, 0-36 (0-13%) 0-53 (0-41%) 0-48 0-59
Cho 0-029 (0-1%) 0-07(0-07%) 0-032 0-053
K, 0.06 (0-12%) 0-05 (0-16%) 0-055 0-052
Co —0-03 (0-3%) —0-03 (0-5%) -0-047 -0-013
Xyp 0-41 (0-09%) 0-34 (0-38%) 0-47 0-47
Table 2
TIC values for validation manoeuvres
No Flap Flap
o 0-11 0-07
q 0-13 0-11
TAS 0-02 0-02
0 0-19 0-16

data of two manoeuvres, while the third one was used to validate the
identified model prediction capability. Results are presented in
Tables 1 to 2 and in Fig. 6.

Estimated aecrodynamic derivatives are shown in Table 1. Columns
2 and 3 present the results of the proposed hybrid methodology for the
two examined configurations. The Cramer-Rao bounds (in percentage)
are reported in parentheses. This statistical indicator is an optimistic
one and it must be multiplied for a fudge factor of typical 5-10 to
obtain reliable values of estimation’s standard deviation®'?.

In order to validate the results, estimation was carried out using
MATLAB’s system identification toolbox, too. This toolbox
contains several functions for parametric linear model estimation.
The aircraft longitudinal linearised equations of motion were
coupled with an output error method to identify the aircraft longitu-
dinal characteristic. MATLAB estimations are presented in columns
4 and 5. They are in good agreement with values provided by the
proposed hybrid technique, except for C,.. The discrepancy in
results for C,,. is due to the absence of specific flight manoeuvres
oriented to the estimation of this derivative. In fact in a conventional
longitudinal manoeuvre, such as elevator doublet or 3-2-1-1, the
pitch rate g is highly correlated to o, and the related derivatives are
linearly dependent®. Therefore, without performing special
manoeuvres, it is very difficult to distinguish the contribution to the
global aerodynamic coefficient due to ¢ from the one due to .

In Fig. 6 the flight measurements of a validation manoeuvre are
compared with the outputs of the identified simulation model, for
configuration without flap deflection. All fittings are good, in
particular short period dynamics are reproduced almost exactly.
When flaps are deflected, MATLAB estimated model doesn’t
provide a good fitting for Phugoid dynamics, whereas hybrid
estimated model matching of flight measurements is better. For both
validation manoeuvres a light turbulence is present soon after 10
seconds. The inputs (stabilator deflection and thrust) are also
reported in the figure.

In order to evaluate the overall goodness of fit, the Theil’s
Inequality Coefficient (TIC) is calculated for each of the output
variables and for each manoeuvre. It is defined as®:

S0

k=1

ST + Sl

TIC =

... (30)
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Figure 6. System outputs measured (dotted), simulated with hybrid
(solid) and MATLAB (dashed) estimated models.
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Figure 7. Variations of the aerodynamic coefficients due to ground
effect (landing 1).

TIC = 0 means perfect fit, while 7IC = 1 corresponds to the case of
maximum inequality. In general 7/C < 0-25 indicates a good
agreement. T/C values for simulation using aerodynamic model
estimated by means of the hybrid methodology are presented in
Table 2. They confirm goodness of fitting.

Data gathered during 35 landings were examined to evaluate
ground effect. Seven landings were considered good for estimation,
the others were discarded due to the presence of atmospheric distur-
bances. It is worthy to note that identification manoeuvres were not
performed during this critical phase of the flight.

In Figs 7 and 8 the variations of the aerodynamic coefficients due
to ground effect, computed by means of Equations (27)-(29), are
presented for two of the examined landings. For the sake of
clearness only the last part of flight is shown. For what concerns the
pitching moment variation, all the examined flight tests yielded the
same trends and about the same magnitudes. As shown in the
figures, the pitching moment coefficient quickly decreases when h/b
becomes smaller than 0-3. It means that ground effect starts at /g, =
0-3, corresponding to about 2-88 meters above ground level (being
the wing span, used as non-dimensionalising factor, b = 9-6 meters).
The variations of lift and drag coefficients haven’t the same magni-
tudes in all the examined landings. In most of the analysed flight
tests, lift coefficient increases in ground effect whereas drag coeffi-
cient decreases. However in few landings ground effect seems negli-
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Figure 8. Variations of the aerodynamic coefficients due to ground
effect (landing 2).

Table 3
Estimated ground effect parameters
Coefficient he AC,,.. a; b; [
C, 03 +0-1 1-11 -0:667 0-100
Cp 0-3 -0-02 -0-222 0-133 -0-020
C, 0-3 —0-05 -0-667 0-400 —0-060

gible at least on one of the two aerodynamic force coefficients. This
behaviour is shown in Fig. 7 and Fig. 8. In fact, lift variation is
evident in Fig. 7, where drag variation is small. On the other hand,
Fig. 8 enhances the drag reduction, while small variation of lift is
present. These results can be due to atmospheric disturbances experi-
enced in flight or to other features which were not accounted for in
the analysis. However, it is worthy to note that lift and drag varia-
tions are consistent for all the examined flight tests, that is, lift never
decreases in ground effect, neither drag increases. In order to gener-
alise the results and to identify the ground effect model, the value of
hg: estimated for pitching moment is assumed valid for lift and drag,
too. Moreover the coefficients a,, b, and ¢, related to lift and drag are
evaluated as average values of the estimates computed for the seven
analysed landings.

The estimates of a,, b; and ¢; for all the longitudinal aerodynamic
coefficients are reported in Table 3.

The identified aerodynamic model was validated in simulation.
The simulation model is based on the six degrees of freedom rigid
body equations of motion”?. It includes the estimated aerodynamics
and the flight control system used in flight.

A preliminary evaluation of the GE characteristics was obtained
comparing two simulated landings, the first one was performed with
the estimated ground effect model, the second one without ground
effect. The effect of ground proximity (simulated by the first model)
is evident when the altitude above ground level becomes lower than
2 metres. The results are shown in Fig. 9. The ground effect reduces
the effectiveness of the stabilator. In fact a bigger deflection of stabi-
lator produces smaller variations of angles of attack and pitch. The
smaller angle of attack reduces the lift acting on the vehicle and
consequently the touchdown point is anticipated.

The outputs of the simulation model, inclusive of the ground
effect, were also compared with flight measurements (acquired in a
test that wasn’t used for estimation). The results are shown in Fig.
10. With the aim to perform the comparison between simulated and
experimental data both simulation and flight test were performed
with low turbulence level. The simulator uses the von Karman model
to model the atmospheric turbulence disturbances. The matching is
very good for angle of attack and pitch angle. Simulated stabilator
deflection has the same behaviour of flight measurement, except for
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Figure 9. Comparison between simulation with and without ground

effect; the height above ground level where ground effect becomes

evident (2m) and the simulated touchdown points are also shown in
the figure.

a small off-set. Also simulated and experimental touchdown points
are in practice coincident. Ground effect is evident when height
above ground level becomes lower than about two metres, as
indicated in the figure. In fact, the increase of stabilator deflection
(in absolute value) in the last part of the trajectory, while pitch angle
remains about constant, confirms that the ground effect is present.

The estimated aerodynamic model, used in simulation, is able to
exactly reproduce this behaviour.

After these wvalidation, the identified aerodynamic model,
inclusive of the ground effect, was used to design the flight control
system that successfully performed many autonomous landings?.

7.0 CONCLUSION

A hybrid multi-step frequency and time domains technique for longi-
tudinal aerodynamic model identification is described in the paper.
The main advantage of the proposed method is that it gives reliable
results also in the dynamic phases of the flight (i.e. landing) or even
when no dedicated identification manoeuvres are executed.

The application of the method to the flight data of an ultra light
experimental aircraft allows to get the following main findings:

(i) The technique properly identifies the longitudinal aerodynamic
model out of ground effect, using flight data gathered during
identification manoeuvres. The validation of the estimated
model enhanced that the identification results are comparable
and in some cases better than the ones obtained by means of
MATLAB’s system identification toolbox.

(i) The application of the technique to flight data of landing
manocuvres allows to identify the ground effect too, evaluating
and modelling the variations of longitudinal aerodynamic
coefficients acting on the vehicle when it is in ground
proximity. It is worthy to note that identification manoeuvres
are not performed to identify the ground effect model.

(iif) The validation of the ground effect model is carried out using
flight data and simulation model and confirms the reliability of
the identified model.

The estimated longitudinal aerodynamic model, inclusive of the
ground effect, was used to design the flight control system that
successfully performed many autonomous landings.
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evident (2m) and the measured and simulated touchdown points are

also shown in the figure.

REFERENCES

1.

10.

11.

12.

13.

14.

MoreLLl, E.A. Real-time parameter estimation in the frequency
domain, J Guidance, Control and Dynamic, September—October 2000,
23, (5), pp 812-818.

JATEGAONKAR, R.V. Flight vehicle system identification: A time domain
methodology, 4144 Progress in Aeronautics and Astronautics, 2006,
216, ATAA, Reston, VA, USA.

CURrRY, R.E. Dynamic ground effect for a cranked arrow wing airplane,
1997, NASA Technical Memorandum 4799, Edwards, CA, USA.
CORDA, S., STEPHENSON, M.T., BurcHaM, F.W and Curry, R.E.
Dynamic ground effects flight test of an F-15 aircraft, 1994, NASA
Technical Memorandum 4604, Edwards, CA, USA.

DEVESA, B., JourRDAN, C. and MARc, C. Ground-effect identification
and autoland system validation from flight data, J Aircr, July—August
2004, 41, (4), pp 730-734.

RoHLF, D. Global model approach for X-31 VECTOR system identifi-
cation, J Aircr, January—February 2005, 42, (1), pp 54-62.

EmsLIE, K., GARNER, H.C., Jupp, J.A. and WEDDERSPOON, J.R. Low-
speed longitudinal aerodynamic characteristics of aircraft in ground
effect, 1972, ESDU No 72023.

AHMED, M.R., TAkAsakl T and KoHAMA, Y. Aerodynamics of a
NACA4412 airfoil in ground effect, AIAA J, January 2007, 45, (1), pp
37-47.

LEE, P.H., LaN, C.E. and MUIRHEADT, V.U. Experimental investigation
of dynamic ground effect, J Aircr, June 1989, 26, (6), pp 497-498.
Horr, J.C. and Cook, M.V. Aircraft parameter identification using an
estimation-before-modelling technique, Aeronaut J, August-September
1996, 100, (997), pp 259-268.

VITALE, A., CORRARO, F., BERNARD, M. and DE MATTEIS, G. Unscented
Kalman filtering for reentry vehicle identification in the transonic
regime, J Aircr, September-October 2009, 46, (5), pp 164-1659.

MAINE, R.E and ILiFr, K.W. Application of parameter estimation to
aircraft stability and control, June 1986, NASA Reference Publication
1168.

D1 Viro, V., DE LELLIS, E., CORRARO, F., GENITO, N., MARRONE, C. and
CmiGLio, U. UAV free path safe DGPS/AHRS autolanding: Algorithm
and flight tests, June 2008, UAV SYSTEM 2008 — International
Technical Conference & Exhibition, Paris, France.

McCormIC, B.W. Aerodynamics, aeronautics and flight mechanics,
1995, John Wiley and Sons, New York, USA.

https://doi.org/10.1017/S0001924000003833 Published online by Cambridge University Press


https://doi.org/10.1017/S0001924000003833


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


