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Nonlinear Fault Detection and Isolat

Fault Detection and Isolation of actuator faults
for Nonlinear control-affine systems

Differential-geometric approach (De Persis & Isidori)

Transform coordinates to design nonlinear residual filters sensitive to
faults and decoupled from disturbances.

\

Differential-algebraic approach (Diop, Bokor, Shumsky...)

Transform the system into a set of differential polynomials, functions of
inputs, outputs and their successive derivatives. Use elimination theory to
extract fault information.

4

Inversion-based FDI (Edelmayer, Szigeti...)

Compute the left-inverse to obtain a new dynamical model, outputs =
faults, inputs = original inputs, outputs and their successive derivatives.

v
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Objectives

Known drawbacks of those nonlinear methods

@ Design of coordinate transforms, tuning of inner parameters
@ Successive time derivatives of noisy and disturbed measurements
@ Integration of dynamical filters

Objectives of the present work

@ Avoid numerical differentiation of measured variables

@ Avoid dynamical integration, to reduce computational cost

@ Assess robustness to model & measurement uncertainty

Means of synthesis

@ Take advantage of systems involving measured state derivatives
(e.g., autonomous vehicles equipped with IMUs)

@ Design a completely nonlinear actuator fault diagnosis method
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Principles of the approach

Computed Achieved
control cgntro/
Control | 7P 7P, Nonlinear
Actuators ———
module = u, u, | System
SII
ensors
Estimated
c_ontro/ N iL
Fault mput  Ua  Estimation
residuals procedure

Residuals : discrepancy between computed and reconstructed inputs
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Planar aeronautical model (longitudinal

@ State vector : x = [, Z, Vi, Vb, g, 0], position, speed, orientation,
@ Input vector : u = [§,,,1]T, rudder and propulsion

@ Measurements : y = [ax, aby, X, Z, Vb, Vg, G, 0] T, acceleration

Nonlinear model

Xx = €os(0) iy + sin(6) viy,

z = cos(0) vi, — sin(6) vix

Apx = —Qs,\jfi [CxO + Cxax + Cxémgm] = ﬁ [fmin + (fmax - fmin)n]
dby — _% [CzO + Czax + Czémam]

. /
q= %ﬁ Cm0 + Cma® + Cmémdm +

bx

0=q

fmin, fmax, M, Sref, ket cOnstant parameters. Q, o, ¢(.) nonlinear functions of x

y
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Preliminary step

@ Extract state equations containing control inputs, and involving only
measured (or estimated) state variables and their measured
derivatives

Abx = —% [CxO + Cxad + ngmam] + % [fmin + (fmax - fmin)n]
aby = —‘;)—;/,mi [Czo + Cax + Cz6m6m]

@ Model reformulation:

T 510 finin
fi iabx + % [CXO + Canl] - M

71 g1 &1 0 ho= ot Q;/IQf (ero - czoc]
~ = = . m h o — _ NSef
f> [ g2 O ] [ ] where gil P M_fcx.ém
g12 — maxM min
&1 = —&,\,‘fﬂcz(sm
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Direct Residual Generation

@ Substitute inputs by their computed values 0., and 7.

—f14+8110mc+8217c
B g1
—f148110mc+8217c
B2
—f+8120me
g12

niy =

r1 =
na2 =
If denominator too close to zero — residual rjj not taken into account
@ Sensitivity to faults - example

Inject expression of f, in residual

—8120m + §120me

np = = - (5mc - (5m
812

— identification of the rudder fault
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Additional Residual Generation

o Further combinations between equations
Here, 5m = fz/glz is used in r11 and ry to get

A —?1+§11(72/§12)+§2177c
11 — g1
~1 —f1+g11(f2/g12)+g2177c
21 = &1

@ Sensitivity to faults

Inject expression of f; and £ in residual

1 —(8110m + g01m) + 811 (8120m/812) + 217
1 = 821 =Nc—1N

— identification of the propulsion fault
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Simulation set-up

Multiple actuator faults considered
@ Propulsion loss: Vt > 10s, n(t) = 0.57calc(t)
o Rudder locking-in-place: Vt > 15s, o (t) = dm(15s)

IMU uncertainty

Measurement of q is § = kqq + bg + wq
kq : scale factor, bg : bias, wg : Gaussian white noise
Extreme values considered for each measurement
Delay of 2 time steps

v

Multiplicative model uncertainty

Randomly, each aerodynamic coefficient value is
Gsim = 0.95Cmodel OF Gsim = 1.05Cmodel

\
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Trajectories

3000¢f

2500¢f <

2000}

z
1500
1000} — Target
— No fault
500t —— Rudder and propulsion faults
0 1 1 1 1
0 0.5 1 1.5 2 25
X x 10*

ONERA

NOLCOS 2010 - J.Marzat - 02/09/2010 - 11/14




Residuals
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Robustness of the residuals

Model error g11_sim = &11-model + €, € small and bounded

- 1 ~ g
r211 = = [811 (~0m + 0m — &) + 821 (-1 +nc)] = _@Eém“‘nc_n
821 821

0.56 T T —
Propulsion loss 21
0.54 Rudder locking
0.52 e
0.5
0.48 - - -
0 10 20 30 40 50

Zoom on residual 74
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Summary and future work

@ Nonlinear FDI scheme applied to a realistic aeronautical model
Multiple faults detectable, isolable and identifiable
Static residuals : hard-coding possible, no tuning required

Acceptable robustness to model and measurement uncertainty
Formal description of the procedure in the paper
MAPLE implementation

Future work
@ Extend to the 3D case (to be presented at /EEE SYSTOL 2010)
@ Enhance residual analysis (statistical tests)

| A

@ Compare systematically with other FDI approaches

\
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