Local approach to FDI in nonlinear dynamical systems

M. Basseville, Q. Zhang IRISA (CNRS and INRIA), Rennes, France

Introduction

Local approach to FDI

State elimination

State estimation

Numerical example

Introduction

Parametrized nonlinear state-space systems

ẋ(t) = f(θ,x(t),u(t)) x(t) : unknown states y(t) = h(θ,x(t),u(t)) u(t) : known inputs yk = y(kτ ) + ϵk yk : measured outputs

θ : unknown parameters

Detect and diagnose (small) changes in θ.

Local approach to FDI

θ0 : known (or identified) reference value

N -size sample of new measurements uk, yk

Test H0 : θ = θ0 against H1 : θ = θ0 + δθ √ N Residual generation: Auxiliary process

ξk+1 = φ(θ,ξk,uk,yk) Zk = ϑ(θ,ξk,uk,yk)

Residual generation: Parameter estimating function

Function H s.t. : Eθ_0 H(θ,Zk) = 0 ⇐⇒ θ = θ0

Residual : ζN (θ0) Δ= 1 √ N N_∑ k=1 H(θ0,Zk)

Example: LS-score (conditional mean-squares)

H(θ,Zk) Δ= − ∂ϵk(θ) ∂θ T εk(θ) εk(θ) Δ= yk − ŷk(θ) Prediction error εk(θ): for sensor faults ONLY

Fault detection

Mean sensitivity and covariance matrices

M(θ0) Δ= − Eθ_0 ∂H(θ,Zk) ∂θ | | | | | | |θ=θ0 , Σ(θ0) Δ= lim N→∞ Eθ_0 ζN (θ0) ζTN (θ0)

Asymptotic Gaussianity

ζN → N ( 0, Σ) under Pθ_0

N ( M δθ, Σ) under Pθ_0+_{δθ√N}

Global test

ζTN Σ−1 M^(M T Σ−1 M^) −1 M T Σ−1 ζN ≥ λ

Fault isolation

ζ ∼ N (M η, Σ), η = ηa ηb , M =^( Ma Mb^) , pη_a,η_b(ζ)

Decide between ηa = 0 and ηa ≠ 0; ηb unknown

F Δ= M T Σ−1 M Δ= Faa Fab Fba Fbb

F∗−1a : upper-left block of F−1 ; F∗a = Faa − Fab F−1bb Fba

Statistical projection (sensitivity)

2 ln maxη_a pη_a,0(ζ) p0,0(ζ) = ζTa F−1aa ζa , ζa : partial score ζa = M Ta Σ−1 ζ Statistical rejection (minmax)

2 ln maxη_a,η_b pη_a,η_b(ζ) maxη_b p0,η_b(ζ) = ζ∗Ta F∗ −1a ζ∗a , ζ∗a : effective score

ζ∗a = ζa − Fab F−1bb ζb Regression of partial score on nuisance score .

Nonlinear systems: State elimination

DAE systems - Ritt’s algorithm (Ljung-Glad)

ϕi(θ,x,u,y,p) = 0 ⇐⇒ gi(θ,u,y,p) = 0 (1 ≤ i ≤ r)

Stochastic model - LS-score

g(θ,uk,yk,δ) = ϵk (dim g = r)

H(θ,uk,yk,δ) = ∂ ∂θ g(θ,uk,yk,δ) T g(θ,uk,yk,δ)

State estimation: (full order) observers ^̇x = f̂(θ,x̂,u,y) ŷk(θ) = h(θ,x̂(kτ ),u(kτ ))

f̂(θ,x̂,u,y) Δ= f(θ,x̂,u) + Ko (y − h(θ,x̂,u))

H(θ0,Zk) = ∂ŷk(θ) ∂θ | | | | | | θ=θ0 T (yk − ŷk(θ0))

∂ ^̇x ∂θ = ∂ ∂x̂ f̂(θ0,x̂,u,y) ∂x̂ ∂θ + ∂ ∂θ f̂(θ0,x̂,u,y) ∂ŷk(θ) ∂θ = ∂ ∂x̂ h(θ0,x̂(kτ ),u(kτ )) ∂x̂k ∂θ + ∂ ∂θ h(θ0,x̂(kτ ),u(kτ ))

Numerical example: electrical circuit

L İ = − (R I − u), R = a T Ṫ = α R I2 − β (T − Te)

X Δ= (I T )T , θ Δ= (a b)T , a Δ= R/T, b Δ= 1/L

İ = − b (a I T − u) Ṫ = α a I2 T − β (T − Te) y = I Faults: (1) Resistance R + 20% , (2) Inductance L - 9%.

State elimination

g(θ,u,y,p) = α a b uy3 − α a ẏy3 + βTe a b y2 + β ẏy + ÿy − b yu̇ − β b uy + b uẏ − ẏ2

State estimation

^̇I = − b (a Î T̂ − u) + k I (y − Î) ^̇T = α a Î2 T̂ − β (T̂ − T e) + kT (y − Î) Faults

θ0 = (0.1 0.7)T , θ1 = (0.12 0.7)T , θ2 = (0.1 0.77)T

Global test

State elimination State estimation Simulations with: ∘: θ0, ◁: θ1, ▷: θ2.

Isolation: fault in a

State elimination State estimation Simulations with θ1 - a: t∗a, b: t∗b.

Isolation: fault in b

State elimination State estimation Simulations with θ2 - a: t∗a, b: t∗b.

Conclusion: state estimation versus elimination

Estimation Elimination

Systematic method Advantages Noise robustness for DAE systems Model robustness

Design, tuning Complex method Drawbacks Stability Noise sensitive (deriv.) Numerical conditioning

Future work: Implicit observers