On fault detectability and isolability

M. Basseville IRISA/CNRS, Rennes, France

1. Intrinsic or performance-based definitions

2. Additive faults in linear systems: some equivalences

3. Component faults in nonlinear systems: one example

Model-based FDI

System models and fault types - Residual generation

Detectability and isolability definitions

Fault incidence matrix

Fault information content, distance between systems

Fault transfer, fault extended state space

System models and fault types - Residual generation

known

W_o

change in θ Υ_i

U unknown W_s

Y

unknown

Υ_o

System S_θ

change Υ in θ R_θ

G_θ ζ S_θ Y U

ζ = Rθ(U,Y ), ζ = Gθ (Υ), Gθ Δ= Rθ ∘ Sθ

Detectability and isolability definitions

Intrinsic definitions :

Capture a ‘signature’ of the fault on the system output

Performance-based definitions :

Capture a ‘signature’ of the fault on the residual

Fault incidence matrix

1. Additive faults on linear (static, dynamic) Gaussian systems Y ∼ N (L Υ,Q)

ζ Δ= R Y ∼ N (0,Σ) (fault-free) (†) N (M Υ,Σ) (faulty)

M Δ= R L, Σ Δ= R Q RT (not diagonal)

2. (Small) component faults on nonlinear systems

(†) holds true (asymptotically), with: M Δ= − Eθ_0 ∂Gθ ∂θ | | | | | |θ=θ0

How much fault information in the data ?

Observed outputs Y ∼ N (L Υ,Q), FY Δ= LT Q−1 L

FY (θ0) Δ= lim N→∞ 1 N Eθ_0

∂ ln pθ_0(YN ) ∂θ ∂ ln pθ_0(YN ) ∂θ T

Residuals

Fζ(θ0) Δ= lim N→∞ 1 N Eθ_0

∂ ln rθ_0(ZN ) ∂θ ∂ ln rθ_0(ZN ) ∂θ T

If (†) holds: Fζ = M T Σ−1 M

Detectability definitions : Fault-to-noise ratios

JY Δ= ΥT FY Υ > 0

Jζ Δ= ΥT Fζ Υ > 0

Isolability definitions :

FY close to a diagonal matrix

Fζ close to a diagonal matrix

How far apart the faulty and the fault-free systems ?

Distance between systems: Υ = θ − θ0 K̄Y (θ0,θ) Δ= lim N→∞ Eθ_0 ln pθ_0(YN ) pθ(YN ) , KY (θ0,θ) Δ= K̄Y (θ0,θ)+K̄Y (θ,θ0)

Add. faults, Gaussian syst.: KY = ΥT FY Υ = JY Kζ = ΥT Fζ Υ = Jζ Small component faults: KY ≈ ΥT FY Υ = JY Kζ ≈ ΥT Fζ Υ = Jζ Detectability definitions : KY > 0, Kζ > 0 Caution: For any parity check: Fζ ≠ FY

Is the fault-to-data transfer function invertible ? Xk+1 = F Xk + GUk + Wk + Γ Υx Yk = HXk + JUk + Vk + Ξ Υy

TΥ→Y (z) Δ= ( H(zIn − F )−1Γ . Ξ ) left invertible TΥ→ζ(z) Δ= TY →ζ(z) TΥ→Y (z) left invertible

If ζ from factorization of TU→Y :

TΥ→ζ(z) = ( H(zIn − F )−1Γ . (Ir − H(zIn − F )−1F K) Ξ ) where K s.t. F̄ Δ= F − F KH stable.

Fault-extended state space observable (detectable) ? Xk+1 = FΥ Xk + G Uk 0 0 + Wk 0 0 Yk = HΥ Xk + JUk + Vk

X = X Υx Υy , FΥ = F Γ 0 0 Iñ 0 0 0 Ir̃

, HΥ =^( H 0 Ξ^)

Faults strongly (weakly) detectable if (HΥ,FΥ) observable (detectable).

Required condition:

rank H(In − F̄ )−1Γ = dim. Υx

rank (Ir − H(In − F̄ )−1F K) Ξ = dim. Υy

where K s.t. 1 is not eigenvalue of F̄ = F − F KH.

Additive faults in linear systems: some equivalences

The conditions ensuring:

– the positivity of the Kullback distance

between the faulty and fault-free systems, – the left invertibility of the fault-to-output transfer function, – the observability (detectability) of the fault-extended statespace system,

are equivalent.

Component faults in nonlinear systems: one example

ẋ1 = − θ1 θ2 x1 x2 + θ2 u Faults ẋ2 = + α θ1 x21 x2 − β (x2 − Te) (1) θ1 + 20% y = x1 (2) θ2 − 9% Two residuals ζ: state elimination or estimation. For each residual: Jζ = ΥT Fζ Υ, Fζ = M T Σ−1 M Evaluation of Jζ :

Elimination : fault (1) less detectable than fault (2) Estimation : fault (1) more detectable than fault (2) Fζ close to a diagonal matrix :

Estimation : fault isolation easier