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Equation Decoupling—A New Approach to the Aerodynamic
Identification of Unstable Aircraft

Harald Preissler* and Horst Schiufelef
Messerschmidt Bolkow Blohm GmbH, Munich, Germany

This paper presents the equation decoupling technique as a new approach to the parameter estimation of both
aerodynamically stable and highly unstable aircraft via the output error method. It is shown that this technique not
only eliminates the numerical difficulties of integrating the unstable system and sensitivity equations, but also leads
to a considerable reduction of CPU time consumption. Simulated data of an advanced, aerodynamically highly
unstable combat aircraft study, obtained from a nonlinear six degree-of-freedom simulation, are used to illustrate
the technique. Nondimensional derivatives are estimated using both linear and nonlinear kinematic models of the
aircraft, and a comparison of the results with the corresponding reference data from the aerodynamic data set is
performed. It is concluded that the equation decoupling technique is an efficient tool for paﬁnmeter estimation
purposes in flight test environments for both aerodynamically stable and highly unstable aircraft.

Nomenclature

F, G = system and control matrix
7 = identity matrix
M = Mach number
m = pitch moment
n = measurement noise vector
nz = load factor z direction (body axis)
q = pitch rate '
T, N  =tangential and normal force, respectively
u = control vector

= true airspeed
x = aircraft state vector
x'(H = d/d¢[x(1)]
y = measured aircraft state vector
o = angle of incidence
B = angle of sideslip
g = leading-edge control surface
ncan = canard control surface
nl-n4 = trailing-edge control surfaces 1-4
0} = pitch attitude
n = vector of aerodynamic parameters

Introduction

RESENT and future combat aircraft are, at least in parts
of their flight envelopes, aerodynamically highly unstable.
The parameter estimation of aerodynamically highly unstable
aircraft showing characteristic times to double amplitude as
low as 0.2s via the output error method causes immense
numerical difficulties in integrating the unstable system and
sensitivity equations, which makes the direct application of
this method usually impossible.
On the other hand, the output error method is, because of
its comparative simplicity and universal applicability, the
most widely used method for aerodynamic parameter estima-
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tion. In fact, it appears to be the only practicable method in
flight test environments where many flight conditions and
maneuvers have to be analyzed in a short time scale, usually
on an interflight routine basis. Although filter error methods
are theoretically attractive, they are used rarely for practical
aerodynamic parameter estimation purposes.!

It is, therefore, highly desirable to extend the range of
applicability of the output error method into the area of
highly unstable aircraft. The equation decoupling technique,
presented in the following, is a method to accomplish this
task.

In this paper, first the method of analysis is described and
the difficulties of direct application of the output error

“method to unstable aircraft are shown. Then, the concept of

equation decoupling is explained. Finally, it is applied to
simulated data of an advanced, acrodynamically highly un-
stable combat aircraft study, obtained from a nonlinear six
degree-of-freedom simulation. A comparison of the results
with the corresponding reference data from the aerodynamic
data set is performed.

Method of Analysis and Data Used

_ The aircraft motion is given by a nonlinear six degree-of-
freedom simulator, which uses a nonlinear aerodynamic data
set that contains the complete aerodynamic force and moment
coefficients as functions of «, f, Mach number, and control
surface positions. The force and moment coefficients are
linearized at the trim point, yielding to the reference aerody-
namic derivatives with which the results that are obtained
from the parameter estimation program? are compared. Off-
sets of 50-125%, related to the reference values, are added to
some of these reference derivatives, which are then used as
starting values for the estimation program.

It is stated explicitly that the aerodynamic linearization
introduces a model error and the estimated derivatives will
have some (small) bias relative to the reference data.

A representative point within the flight envelope was cho-
sen, and a 3211 input was injected at the pitch stick. Figure 1
shows the stick movement together with the resulting canard
and trailing-edge contrgl surface movements. Because of the
high correlation between the canard and the trailing-edge
movements, only canard control power derivatives were esti-
mated, keeping the control power derivatives of the trailing
edge fixed at the reference value. The time histories of the
resulting longitudinal aircraft motion is shown in Fig. 2.
Simulated measurement noise is added to these time histories
in order to give more realistic conditions for the investigation.
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Fig.1 Pitch stick and control surface deflections (inputs).
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Fig. 2 Simulated A/C motion, contaminated with white noise.

These noise-contaminated time histories serve as measured
A/C data for the parameter estimation program in this inves-
tigation.

Due to classification, only relative, rather than absolute,
quantities, are presented in this paper.

Application of the Output Error Method
In order to avoid the necessity of modeling the flight
control system (FCS) for aerodynamic parameter estimation
purposes, it is natural to use the control surface deflections as
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Fig.3 Comparison of measurements and PEst model, using refer-

ence derivatives in estimation model.

3.00

inputs to the mathematical model of the aircraft. Therefore,
in the case of aerodynamically unstable aircraft, an unstable
system of differential equations is to be integrated. This
integration, performed in highly unstable systems as in the
sample case, usually ends up in machine overflows and pro-
gram terminations due to three reasons, which are at least
partly present in almost every flight test maneuver that will be
analyzed.>* First, due to measurement errors and noise and
the finite computer word length in the processing of the flight
data, there are errors in the initial conditions of the aircraft
state variables. Second, the starting values for the aerody-
namic derivatives used in the model are usually wrong, and
some of these derivatives are kept fixed at their starting values
during the estimation process. Third, model errors in both the
kinematic and aerodynamic model are present, and process
noise might also play a part to some extent in the maneuver
to be analyzed. :

For the example shown in Fig. 2, the difference between
measurements and the response of the model used in the
parameter estimation program is shown in Fig. 3. It can be
seen that the system is unstable with a time to double of
about 0.2s; after 2.9s, the pitch rate is already about
—8700 deg/s. The reference aerodynamic derivatives were
used as starting values, and no parameter estimation was
possible due to machine overflows and resulting program
termination.

It is concluded that the application of the output error
method to highly unstable systems is, in general, not possible.

Equation Decoupling Technique
The equation decoupling technique® is equally usable in
both linear and nonlinear systems, but in order to keep it
simple, it is explained here as a linear system with measure-
ment matrix equal to 1.
The linear system is then given by

x'(f) = F(m)x(f) + G(mu(z)

() = x() + n(t)

(1
(2a)
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The basic idea of the equation decoupling technique is the
introduction of two (» x n) matrices KO and KOI, whose
elements underlie the following restrictions:

KO(i,j) = 0,1 ij=1,..n (2b)
KOG,i) =1 i=1l,..n (2¢)

if {KO(i,j) = KO(i,k) =1} then KO(jk) =1 ijk=1,..n
2d

KOI(i,j) = 1 — KO(i.j) ij=1,..n (2¢)

The system of differential equations [Eq. (1)] is then changed
into

x'(f) = F(m)[KOx(t) + KOIp(H)] + G(m)u(?) 3

Consider as an extreme case the completely decoupled system
(KO =1) of order n =4 with two inputs:

X, 7, O 0 O X
d [x| [0 m 0o o0 Xy
dt x| 0 0 =@y O X5
X4 0 0 0 my X4
0 my mm3 Ty »1 Tis  Te
+ Ty 0 Ty o V2 4 Tas  Tze l:'h:l
Ty M 0 Ty b! T3s T3 | | Un
T4 Mgz Taz O Ya Tas  T4e

(4

It can be seen that the only calculated (integrated) variable
entering the differential equation for d/dr{x, (1)} is x,(?)
(v =1,...,4), and all other variables are measured data. As a
consequence, each differential equation could be integrated
independently of the others, and, therefore, the equations are
completely decoupled.

The decoupling of the equations may change the unstable
system into a decoupled stable system. This is illustrated in
the following numerical example of a linear, unstable system
of order n =4 [see also Eq. (1)]. Only the system matrix F is
shown:

~02 -5 0 10
Fo| 0 -1 1 —02
0 6 -1 0
0 1 0 0

Now, following the rules in Eqs. (2b—2¢), the third equa-
tion is decoupled from the system using the matrices KO and
KOI [KOI follows from Eq. (2¢)]:

1 1 01

KO — 1 1 01

0010

1101

The resulting system matrix of the d

ecoupled system (see
also Eq. 3) is then ‘

-02 -5 0 10

e | 0 -1 0 —02
0 0 —1 0
0 1 0 0

As can be seen, e.g., by the Hurwitz criterion, the decou-

pled system is now asymptotically stable, and, therefore, the

equation decoupling technique can change the stability prop-
erties of the system. Even in the case that the decoupled
system is still unstable, which is possible in principle but was
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never the case up to now, the introduction of the measured
A/C state variables into the system via the matrix KOJ

. prevents the simulated state variables from rapid divergence.’

The stabilizing effect of the decoupling technique can be
seen in Fig. 4, where the same maneuver as in Fig. 3 is
simulated with the parameter estimation model, but now the
system is completely decoupled. There is no divergent behav-
ior anymore, and the residual mismatch between the time
histories is purely a consequence of the aerodynamic lineariza-
tion errors. '

Between the completely decoupled (KO = 1) and coupled
(KOI = 0) cases, several partially coupled systems are mean-
ingful.

With respect to parameter estimation, it was found that the

* decoupling of the equations leads to an enlarged radius of
convergence for the parameter estimates, and the speed of
convergence is improved (usually 3—4 iterations are neces-
sary) in comparison with the completely coupled system.

Another advantage of the decoupling is the reduction of
model complexity of the sensitivity functions. To see this,
suppose that only the parameter 7,, is to be estimated. In that
case, the sensitivity equations for the completely coupled
system also give a coupled system of differential equations:

X1 Ty M2 T3 Tag X1 X2

d 0 |x Ty M a3 Mg | O | X2 0

= = — +

dt omy; | X3 Ty My Maz Tag | OMip | X3 0
Xa Mgy Tan T4z Tag X4 0

with
dx, (¢t =0)/dm, =0, v=1,...,4

In the completely decoupled case, this is reduced to only one
equation:

d ¢ 0
- il =lral— Dl +5 (6)
dt ony, 0ny,
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with

dx,(t =0)
——=0
dm;,

Due to this reduction of model complexity, the CPU time
consumption is also reduced to about 50% as compared with
the completely coupled case.

In practice, the estimation is started using completely de-
coupled equations and switched to partially or completely
coupled equations after several iterations. For stable systems,
this procedure makes no problems. In a highly unstable
system, however, it is usually not possible to arrive at the
completely coupled system. For the example described in
this paper, it is necessary to decouple at least the g equation
from the system in order to make the parameter estimation
possible.

Results and Discussion

The output error method, including the equation decou-
pling technique, is now applied to the maneuver shown in Fig.
2. The time slice consists of 236 samples and the sampling

_=------  measurements {
PEst model response

242.5--

240.0--- ) 3 SN NS SO SURRONE SUPRNURE SURURN

V (m/s)

404 SRR VPO UUOR RO RSPROOS SRS SO S

o (deg)

3.0 e

q (deg/s)

6.0

6 (deg)

5.0+

2.0

B0 e

time (s)

Fig. 5 Matching, using estimated derivatives (results) in estimation
model (equations completely decoupled).
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period is 0.0125s. For illustration purposes, the starting
values of the derivatives to be estimated are set off from the
corresponding reference data by amounts of 50-125% rela-
tive to the reference values, and nine iterations were run with
the parameter estimation program. Both linear and nonlinear
kinematic models were used, but only the results obtained by
the linear kinematic model are discussed because the corre-
sponding data of the nonlinear kinematic model are identical

CNgq

z : [ : i
5 O estimated derivatives
; .. O reference values
S : : :
3
g
&)
o
g
&)
4
<
&)
=
E
(S :
L Z g 7 8 9

Iteration Nr.

Fig. 6 Convergence behavior of the estimated derivatives.

Table 1 Derivatives used in the model and relative offsets of starting and
final values to reference values

Offsets, % Offsets, %
Start Final Start Final

CTu CNa? 62 0.7 Cma® 72 33
CTM CNg* i 73 001 Cmg® 57 2.2
CTycan CNnz Cmnz
CTnl CNgdot Cmgdot
CTn2 CNM CmM
CTy3 CNadot Cmadot
CTn4 CNncan® 47 27 Cmncan® 125 8.7
CTe CNyl Cmnl

CNn2 Cmn2

CNn3 Cmn3

CNn4 Cmn4

CNe Cme

2Estimated derivatives.
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Fig. 7 Matching, using estimated derivatives (results) in estimation

model (g equation decoupled).
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Fig. 8 Matching, using estimated derivatives (results) in estimation
model (equations completely coupled).
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to within 0.1%. Whereas the direct application of the output
error method to this maneuver was not possible (Fig. 3), an
estimation using completely decoupled equations was success-
ful, yielding a matching of the maneuver, as shown in Fig. 5.

The o time history was calculated from the load factor and
angular rate data, which is the reason for the big signal-to-
noise ratio.

Table 1 shows the complete list of the derivatives that were
used in the model. The derivatives that have been estimated

are noted. All of the other derivatives were kept fixed at their

reference values. The relative offsets of the starting values and
final values of the estimated derivatives as referred to the
corresponding reference data are also shown in Table 1.

The convergence behavior of the parameter estimation,
including the residual biases as referred to the reference data,
is shown in Fig. 6. It can be seen that after three iterations -
every parameter is at its final value, showing a residual bias to
the reference data due to the aerodynamic linearization
(model) error. In systems without model error, the bias is well
below 0.01% after three iterations. A matching, using the
estimated derivatives and only the ¢ equation decoupled, is
shown in Fig. 7, giving again a very good matching.

Figure 8 shows the matching, using the estimated deriva-
tives and completely coupled equations. There is, although
less distinct as in Fig. 3, the divergent behavior again. This is
mainly a consequence of the aerodynamic model error always
present in realistic flight test conditions, which is only par-
tially compensated by the estimated derivatives. But referring
to Fig. 7, it is stated that the estimated derivatives are
adequate to describe the system for practical applications.

It is therefore concluded that the equation decoupling
technique, implemented in the output error method, is an
efficient tool for parameter estimation in both stable and
highly unstable systems.

Concluding Remarks

The direct application of the output error method for
parameter estimation purposes for highly unstable aircraft is
not possible for practical applications. The equation decou-
pling method, implemented in an output error algorithm
eliminates this shortcoming and provides an efficient tool for
aerodynamic parameter estimation via the output error
method in both stable and highly unstable systems.

References

TMaine, R. E., and Iliff, K. W., “Application of Parameter Estima-
tion to Aircraft Stability and Control—the Output-Error Approach,”
NASA RP-1168, June 1986.

2pPreissler, H., “PIDSMAIN-Aerodynamic Parameter Estimation
Program,” Doc. Version 2.5 (Company use only, in German),
Messerschmidt Bolkow Blohm Flight Test, 1989.

3Maine, R. E., and Murray, J. E., “Application of Parameter
Estimation to Highly Unstable Aircraft,” AIAA Paper 86-2020, 1986.

“Plaetschke, E., “Identifizierung instabiler flugmechanischer Sys-
teme mit einem Ausgangsfehlerverfahren,” Zeitschrift fuer Flugwis-
senschaften und Weltraumforschung, Heft 4, Band 12, 1988.

Schiufele, “Parameteridentifikation mit einem modifizierten Maxi-
mum-Likelihood Verfahren,” Fortschritt-Ber. VDI-Zeitschrift, Reihe
8, Nr. 40, 1981.



