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The problem of fast aircraft aerodynamic characteristics identification
performed by means of current flight parameters recording is presented in
the paper. Basic concepts of fast identification algorithms; e.g., Nonlinear
Filtering (NF) (based on the Lipcer and Sziriajev theory) and Estimation
Before Modelling (EBM) are presented, as well.

Tips on how to implement EBM and NF methods in practice are shown,
as well. The numerical results presented seem to be very interesting.
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1. Introduction

Aijrcraft is a complex dynamic system that moves in real atmosphere and
executes dynamic controlled manoeuvres. Aerodynamic loads acting upon the
aircraft as well as the surrounding atmosphere (environmental conditions)
exert fundamental influence on its behaviour and dynamic properties. One
of the effective ways of determination of aerodynamic coefficients appearing
in the formulae for aerodynamic forces and moments in the aircraft flight is
identification.

The aircraft aerodynamic characteristics changes according to the velocity
and flight altitude variations. It is, therefore, necessary to apply the identifi-
cation methods, which could follow up those variations (cf Hamel and Jatega-
onkar, 1996; Iliff, 1989; Klein, 1989).
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The problem of identification consists in determination of parameters of the
aircraft mathematical model in the way ensuring that the best approximation
of the test data in terms of a chosen identification coefficient (Fig.1) is achieved.
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Fig. 1. Aircraft parameters identification process (see National Research Council,
Canada)

The problem formulated in that way requires some additional information,
especially on the following two aspects:

1. Identifiability (i.e., the possibility of identification) of the models

2. On-line identification.

The term ”identifiability” is associated with a structure of mathematical
model and the possibility of its determination as well as estimation of the
model parameters using both the a priori information about the modelled
object and test data (Giergiel and Uhl, 1990). In this paper we assume that
the aircraft is identifiable.

The essence of the on-line identification can be presented straightforward,
basing on the off-line identification, which consists in test data processing,
in which all the recorded data are used at one instant in determination of
the estimator. Whereas in the on-line identification, the parameters are being
determined in the course of taking measurements (cf Niederlinski, 1983).
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In the fast identification of the aircraft aerodynamic characteristics based
on current flight parameters recording the recursive identification methods are
used (i.e., estimation of the unknown parameters is performed basing only on
the results of the previous calculation step and current measurements, with no
necessity for the parameter histories to be stored), which reveal the following
properties:

e No high requirements imposed on PC memory capacity, since there is

no need for all test data storing

e Applicability to the real-time algorithms, used in time-dependent para-
meters monitoring is straightforward

e Possibility of the on-line construction (at each instant) of a model of the
considered process.

A number of recursive algorithms are available for the systems with time-
dependent parameters. Since in those algorithms the old information is being
put away to allow for responding only to current changes of the process, the
parameter estimator is divergent as ¢ tends to infinity, even for coustant
parameters (cf Elbert, 1985; Soderstrom and Stoica, 1997).

The in-real-time method is one of the on-line identification methods impo-
sing, however, in contrast to the on-line and off-line ones (revealing a spatial
character) strict time requirements. We can monitor any change in parameter
values in the course of the process variable in time properties.

When selecting the identification method we should take into account its
goal, since it may determine a desirable model accuracy. A detailed description
of the process and verification of physicals models require high accuracy of
estimation. When choosing the method of identification we indirectly select the
model structure. The chosen method must, therefore, result from a compromise
between the required accuracy and calculation costs.

In a real aircraft motion we can measure the input and output signals.
However, it should be remembered that stochastic disturbances take place
during the motion and deteriorate and falsify the measurement results (cf
Manerowski, 1990).

For unification purposes the dynamical model of the aircraft is assumed in
the following general form

& = f(=(t),u(t),p(2)) + w(t)
(1.1)

y = h(z(t) u(t),p()) + (1

where
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r - state vector the components of which are co-ordinates and ge-
neralised velocities

control vector, the components of which are control surface de-
flections and the thrust

- output vector (measurement vector)

— unknown parameters vector

- state disturbance vector

-~ 1neasurement error vector.

[
|

e g

As a rule, it is assumed that the vectors w and wv are stochastically
independent processes of zero mean values and given covariance matrices.

The Nonlinear Filtering (NF) and EBM methods (Goszczyriski, 1998) have
been selected from among a variety of on-line identification methods (cf Elbert,
1984; Giergiel and Uhl, 1990; Manczak and Nahorski, 1983; Stalford, 1979;
Soderstréom and Stoica, 1997).

2. Mathematical models of the flying object

The aircraft is defined as a flying object (FO) considered in flight configu-
ration as a rigid body with movable control surfaces. A mathematical aircraft
model is defined in the FO body-fixed co-ordinate system (Goszczyniski, 1998;
Maryniak, 1985; Sibilski, 1999), see Fig.2.

Within the framework of analytical mechanics we arrive at the following
equations of motion

&g =B YV Bz, + Fur) (2.1)
where
zg; - dynamical part of the state vector,
T4 = [U1 V,W, PaQ,R]T
B - matrix of inertia
V, - linear and angular velocities matrix
Fjs -~ vector of external forces and moments,

 Fy = |Fy, Fy, Fy, My, My, M7
and the kinematic relations

zx = T(Zk)Zq (2.2)

where
T - transformation matrix from the FO body-fixed axes to the

earth-fixed co-ordinate system
zr, - vector of co-ordinates, zy = [6,0,¥, z1,y1,21) -
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Fig. 2. Assumed FO co-ordinate systems and control surfaces deflections

F ;s vector is represented as a sum of gravity, thrust and aerodynamics
forces and moments
Fy = F$ + Fi, + F}, (2.3)
We assume that the gravity and thrust forces and moments are known,
while the aerodynamic forces and moments

Fiy = P2, P} P LA, MANAT (24)
have to be estimated basing on the recorded digital signals of the FO motion
using filtering and smoothing techniques. These estimates are unknown poly-
nomials of the state variables, control function and Mach number, forms and
coefficients of which are to be identified (Goszczyniski et al., 1998b; Stalford

et al., 1977).

3. Nonlinear Filtering (NF) method

3.1. Fundamentals

The NF theory formulated by Lipcer and Sziriajev (1981) (cf Anderson and
Moore, 1984; Ocone, 1981) consists in finding a pair of stochastic processes in

7 - Mechanika Teoretyczna
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a nonlinear form of the Stochastic Differential Equations (SDE)

dze = [a(t,y) + b(t, y)z;|dt + c(t, y)du, Ti—0 = T
(3.1)
dy, = [A(t,y) + B(t, y)z:)dt + C(t, y)dw, Yi—o = Yo

where only the process y; is observed, whereas u; and w; are the independent
Wiener processes.

Solution to the filtering problem is possible on the following assumptions:

Right-hand side of the SDE (3.1)9 depends linearly on the Unknown
Parameters Vector (UPV), which is independent of stochastic excitations
(this vector describes the FO in flight, while stochastic terms represent
external disturbances)

A priori distribution of the UPV is normal. The unknown parameters
have often physical or technical meaning, thus we can often determine
their limiting values. However, if it is impossible to determine the range
of those parameters it is reasonable to make the aforementioned assump-
tion

UPYV is stochastically independent of the Wiener process w;

There exists the inverse of the matrix (CT(¢,4)C(t,y))™", i.e. the sto-
chastic disturbances must affect the FO adequately

Right-hand side of Eq (3.1); has a strong solution, what imposes the
requirement for existence and uniqueness of the classic solution of the
ordinary differential equation resulting from Eq (3.1)2 when neglecting
the noises.

On the above assumptions it can be proved that the conditional expected
value is the best mean square estimator of the non-observed stochastic process

(SP)

z when observing the process g in the time interval [0,¢|. The optimal

estimator and minimal error are given by a finite system, i.e.:

Filtration tasks have finite dimensions and, therefore, can be realised
technically

Optimal estimator is represented directly by the dynamic of processes
zand y

Optimal estimation at the instant t+dt results from the optimal estima-
tion at the instant ¢, supplied with a new observation in the interval
[t,t + dt|, what allows for construction a recursive filter

Solution is of the on-line type



ON FAST IDENTIFICATION PROBLEM... 99

e When using fast computer systems, is possible to reach the real-time
solution. So as to formulate properly the parameter estimation in terms
of the filtering problem, the stochastic process z should be stationary
and represented by the same UPV. That leads directly to formulation of
the filtering problem in a specific form (Goszczyniski, 1998).

3.2. Requirements imposed on the state and output (measurement)
vectors

For the UPV estimation purposes by means of the NF method the FO
equation of motion in flight should be represented in terms of the measurement
vector, since this is the only information about the real FO motion we are
provided with. Eq (3.1)2 should therefore satisfy the following conditions:

e Noises encountered in the course of the state vector measurement are
negligible when compared to the external stochastic disturbances affec-
ting the FO in flight. If the noises arise also in the measurement process,
the estimation task of both the state vector and UPV are infinite multi-
dimensional (Goszczyriski, 1998)

e Relation between the state and measurement vectors has the following
linear form
y = Hz (3.2)

where H is a constant or time-dependent matrix and

detH'H £ 0 (3.3)

Thus, we can rewrite Eq (3.2) as follows
z=HHHy (3.4)

By virtue of Eq (3.4) the equation of motion (3.1), representing evolution
of the process z, may be presented in terms of the measurement vector.

3.3. Application

The model of the controlled aircraft in 3D-flight (2.1) within the framework
of nonlinear filtering theory (NF) can be represented in the form

&g =B 'g(z4,t) + B~ f(zg,t) + k (3.5)

where
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k - vector of constants
g — gravity and thrust forces vector
f - aerodynamic forces vector.

The vector of aerodynamic forces has the following linear form with respect
to the unknown parameters

Fj = f(z4,t) = X(z4,1)p (3.6)

which determines the structure of both the vector p, and matrix X(zg,1),
unknown at the moment.

Having the matrix X(z4,t) determined, after substitution of Eq (3.6) into
Eq (3.5) and introducing the formulae for external stochastic disturbances in
flight we arrive at the stochastic equation of motion

dzy, = [k + B 'g(zy,,t) + B™'X(zq,, t)p|dt + Ddw, (3.7)

which we consider as the observation equation (in the NF theory sense), where
w; < 01is the 6D Wiener process, representing the influence of stochastic factors
on aerodynamic forces and moments and D is the inverse matrix of modified
matrix B.

4. Estimation Before Modelling (EBM) method

The EBM consists of the following two-step (Goszczynski, 1998; Hoff and
Cook, 1996; Stalford, 1979, 1981; Sibilski, 1999):
Step 1 - estimation of the state vector using a filter

Step 2 — the "properly” modelling itself e.g. by means of the regression me-
thod (Draper and Smith, 1973)

Z=Ap+¢E (4.1)
where
Z - estimation of the output vector (resulting from the filter)
A - estimation matrix of the vector z (cf the observation matrix
X in Lipcer and Sziriajew (1981))
€ - vector of error with zero mean values and a constant covariance

matrix
p — estimation of unknown parameters vector.
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Fig. 3. Concept of the EBM method

The problem of the model parameters identification is schematically pre-
sented in Fig.3. The EBM method is one of the equation error methods, with
its name representing adequately the order of the operations to be performed
(Goszczyniski, 1998; Hoff and Cook, 1996).

4.1. State estimation

At the first step, realised by means of the filtering technique the extended
Kalman filter is applied (Goszczynski et al., 1998b,c). The loading introduced
this way can be reduced by means of linear smoothing, e.g. employing the
modified Bryson-Frazier filter. An alternative approach consists in application
of smoothing with a constant delay, which may occur to be a simpler and less
time-consuming way, giving at the same time both smoothing and estimation
of the state variable derivatives.

A crucial role in the EBM plays the aerodynamic modelling in terms of
the state equation, for the requirements of Kalman filter theory to be met.
To this end each component of the aerodynamic forces and moments vector is
represented in the form of Gauss-Markov process

z4i(t) = Ki(t)zas (1) + Gi¢;(2) £3:(0) =zgo  i=1,..,6 (4.2)
where
¢;(t) - white (gaussian) noise
G; —~ output matrix
Ty — state vector
K; - state matrix in the form

010
Ki=|0 0 1 (4.3)

0 00
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The state estimates obtained at the first step of the EBM method are the
input data at the second step. Therefore, the identification problem is addres-
sed in a completely different way, in contrast to a typical identification process
of parameters. In the EBM method a structural identification is performed as
well.

4.2. Estimation of parameters

The second step of the EBM method is reasonably called ”modelling”. This
approach gives a insight into the mechanical models of flight being currently
in use (Goszczynski et al., 1998b). Whenever the identification is to be made
within the area of substantial changes in values of the physical quantities,
which of course affect strongly the values of parameters, it must be preceded
by a proper subdomain selection. In each subdomain a separate identification
is realised (Batterson and Klein, 1989).

Selection of the model structure consists in multiple application of the
linear regression technique (3.6) (Goszczynski et al., 1998b). It results from
the step by step introducing and removing of the independent variables. The
independent variable, which might be the best single variable at the previous
stage, could be needless at the next stage, which we can check using the Fisher-
Snedecor test (test F) (Draper and Smith, 1973).

Selection of the aerodynamic model structure is of crucial importance. Usu-
ally, the linear regression technique is used, in which n parameters (N < n)
are determined from N measurements and a simple parametrical model in
the following form (corresponding to Eq (3.6)) is assumed

y, = Xip; + € 1=1,...,6 (4.4)
where
y; — vector of aerodynamic forces or moments of N order
X; - matrix of independent variables of N x n order
p - vector of unknown parameters of n order
e — error vector of N order.

Applying the least square method, by virtue of Eq (3.4) (the relation be-
tween the state and measurement vectors is linear) we arrive at the equation

B = (X %)X v (4-5)

representing explicitly the identification process.
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4.3. EBM conclusions

Usually, at high angles of attack the aerodynamic characteristics are stron-
gly nonlinear depending on the state and control vectors (2.1) in an unknown
way. The function X;(z4,t) is represented in the form of splines or polyno-
mials with unknown coefficients p; (cf Goszczynski et al., 1998b; Stalford,
1979; Hoff and Cook, 1996). Basing on the dynamical limitations imposed on
all degrees of freedom (flight modelling) it is possible to estimate z4y and
the coefficients p;, which completes the first step of the EBM identification
method — the state estimation.

The EBM method can be most efficient for determination of aerodynamic
characteristics at high angles of attack (Sibilski, 1998; Stalford, 1979, 1981;
Stalford et al., 1977). Several advantages should be maintained here:

e A priori estimation of aerodynamic characteristics before modelling al-
lows for more accurate determination of input data at the modelling
stage

e Estimation and identification of aerodynamic derivatives do not require
construction of the models depending on the state parameters

e Simultaneous reconstruction of many manoeuvres allows for better pre-
cigion in aerodynamic derivatives identification.

The most advantageous feature of the EBM method consists in the fact
that the model structure is constructed basing on measurement of dynamical
parameters of the aircraft.

5. Final remarks

The results of numerical tests of the presented methods are promising (see
Fig.4, Fig.5 and Goszczynski, 1998). A good convergence of the numerical al-
gorithms and low sensitivity to initial errors has been found. These features are
hopeful, particularly for aerodynamic characteristics, the values of which can
be precisely, a priori estimated. Actually, investigations into application of the
presented methods to the problem of six-degree-of-freedom aircraft are being
conducted. An expected number of estimates equals about 200 (Goszczyniski,
1998).
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Problem szybkiej identyfikacji charakterystyk aerodynamicznych
samolotu w oparciu o biezac rejestracje parametréw lotu

Streszczenie

W pracy zostalo przedstawione zagadnienie szybkiej identyfikacji charakterystyk
aerodynamicznych samolotu w oparciu o biezac rejestracje parametréw lotu. Przed-
stawiono podstawy teoretyczne opracowanych algorytméw identyfikacji, tj. filtracji
nieliniowej (opierajac sie na teorii Lipcera i Sziriajewa) oraz estymacji przed mode-
lowaniem. Zamieszczono opis zastosowania opracowanych logarytméw oraz przyklad
interesujacych wybikéw testéw numerycznych.
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