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Background

The model is in discrete time then parametrized as

Extended Kalman Filter (EKF) Approach

Todays highly maneuverable fighter aircraft are designed to be unstable in the pitch plane in order to gain performance. Near transonic
speed, i.e. close to the speed of sound, nonlinearities can occur due to
aerodynamic shocks moving over the aircraft. The instability and nonlinearity have made the modern fighter aircraft dependent on control
systems. In order to design the control laws, high quality simulation
models are needed. A modern fighter aircraft such as JAS 39 Gripen has
a very complex flight control system. It is therefore desirable to be able
to use a direct identification method on flight test
data, i.e. to be able to
identify the system without any knowledge of the
control system.

The EKF is an extension of the Kalman Filter to nonlinear systems.
The main idea is to compute K(t, θ) at each time step using a linearized
model. Two versions of the EKF approach have been studied, one called
EKF output-error (EKF OE) approach and second called EKF innovation form (EKF IF) approach.

EKF OE Approach
EKF OE approach is based on the linearization of the original model (1)
giving
xlin(t + 1) = A(t, θ)xlin(t) + B(t, θ)u(t),
ylin(t) = C(t, θ)xlin(t) + e(t)
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where f (α, θ) is the nonlinear aerodynamic pitch stability model function which is built up as a piecewise affine function according to figure
below for e.g. α = 5, . . . , 11
f( α)

(4)

which is then used in the EKF calculations together with (1).
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EKF IF Approach
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and θ = [θ1, . . . , θ21]T is estimated with real flight test data.

An alternative is to rewrite (4) on innovation form giving

K̃(t, θ) is calculated with time-discrete algebraic Riccati equation which
is then used to define system noise used in the EKF calculations.

Estimation model
To get an estimation model, the equations of motion are written as
α̇(t) = (1/mV ) · NAero(α(t), q(t), δe(t), δc(t), δLE (t))
q̇(t) = (1/Jyy ) · MAero(α(t), q(t), δe(t), δc(t), δLE (t))

T
y(t) = α(t) q(t)
where variables are defined in the figure below.

Parametrized Observer (PO) Approach
A simple approach is to let the PEM estimate the observer gain, i.e. to
include K as a free time-invariant parameter in the θ vector as shown in
(3).
x̂(t + 1, θ) = f (x(t, θ), u(t); θ) + K(θ)ε(t, θ)
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Results
Three approaches for direct prediction-error identification of
unstable nonlinear systems have been studied, a directly
parametrized observer approach and two approaches based
on EKF. In general, all
approaches show promising 0.05 Present
PO
results since a good resem- 0.04 EKF OE
EKF IF
blance to the present aero0.03
dynamic model was found,
but there are some bi- 0.02
ases in the results. These
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does not have to be en0
tirely due to the estimators, but could to some ex- −0.01
tent come from the inaccu−0.02
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39 Gripen.
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The following discrete-time state-space representation of a nonlinear
output-error model is used:
x(t + 1) = f (x(t), u(t); θ),
(1)
y(t) = h(x(t), u(t); θ) + e(t).
A predictor of the output for the nonlinear model (1) can be written
as
x̂(t + 1, θ) = f (x̂(t, θ), u(t); θ) + K(t, θ)ε(t, θ)
(2)
ŷ(t, θ) = h(x̂(t, θ), u(t); θ)
ε(t, θ) = y(t) − h(x̂(t, θ), u(t); θ)
Parameters θ are then estimated with prediction-error method (PEM).
Three approaches for calculating the observer gain K(t, θ) in (2) that
gives a stable predictor have been studied.

x̂lin(t + 1) =A(t, θ)x̂lin(t) + B(t, θ)u(t) + K̃(t, θ)εlin(t, θ),
ylin(t) =C(t, θ)x̂lin(t) + εlin(t, θ).
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