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J.Ragot 1. Fault diagnosis for complex nonlinear systems

2. Application to the model of an activated sludge bioreactor of a Waste
Water Treatment Plant

3. Need for state estimation of environmental plant with limited sensors

Context and tools

1. modeling complexity of nonlinear process
— Multiple Model approach
— Model uncertainties

2. corrupted measurement of the input or output
— observer based diagnosis

3. limited number of sensors
— unknown input observer design
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Presentation of the wastewater treatment process

CRAN
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Kiss, *
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J. Ragot Bioreactor - Clarifier

gr
Process Greqw
description Sludge
Sludge Recycle r Wastage g
L

The wastewater treatment plant (WWTP) is composed by :
e a bioreactor

» polluted water and bacteria are put in contact and aerated
> the bacterial biomass degrades the organic pollution

e a clarifier :

> clear water and bacterial biomass are separated
» clear water is rejected in the environment
> a fraction of the biomass is recycled

The presented study only concerns the bioreactor
e the biorector is modelled with the Activated Sludge Model (ASM1)
e the clarifier is supposed to be ideal
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Biorector description : the Activated Sludge Model (AMS1)

CRAN Nonlinear dynamic system equations :
: 1
R Xoco(t) = =5~ (#1(t) + @2(t)) + (1 — fo)(a(t) + @s(1)) + Da(t)
. H
G Mot - Yy —1 Ya — 4.57
J.Ragot So(t) = v, e1(t) + i @3(t) + Da(t)
: . . 1 ) )
Sé‘;iﬁifion Snn (1) = —ixe(w1(t) + @2(t)) — (ixe + ﬂ)%(” + (ixe — fpixp )(wa(t) + ws(t)) + D3(t)
Yy —1

Sno(t) = alt) + g (V) + DalV)

2.86Yy
Xan(t) = @1(t) + @2(t) — pa(t) + Ds(t)

Xea(t) = @3(t) — @s(t) + Ds(t)
The state variables denote the following concentrations :

(t) : demand in chemical oxygen
(t) : dissolved oxygen
Snh(t) : dissolved ammonia
(t) : dissolved nitrate
(t) : heterotrophic biomass
(t) : autotrophic biomass
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Biorector description : the Activated Sludge Model (AMS1)

CRAN Nonlinear dynamic system equations :
. 1

D Xpco(t) = fﬁ(m(t) +2(1)) + (1 = fo)(pa(t) + ¢s(t)) + Da(t)

B.Marx,

ouro . Yy —1 Ya — 4.57
% Ragot” Sot) = —p(t) + = @3(t) + Da(t)
Y Ya
) 1
dssapon St (1) = —ixa (£1(t) + w2(1)) = (ixe + o~ )wa(t) + (ixe — foixe)(a(t) + 5(1)) + Da(t)
A

. Yy —1 1
Snol(t) = szeYH #2(t) + - 0s(t) + Dalt)

Xan (1) = @1(t) + @2 (t) — wa(t) + Ds(t)

t
Xea(t) = ¢3(t) — @s(t) + De(t)
with the process kinetics :

B Xpco(t) So(t)
ou(t) = pw Koco + Xpco(t) Kon + So(t)XBH ®
Xpco (t) Sno(t) Kon

t) =p Xgh (t
#2(t) = pmminog Koco + Xpco(t) Kno + Sno(t) Kon + So(t) s (t)

#s5(t) = baXea(t)

ESREL, September 18-22, 2011, Troyes France 5/ 18



CRAN

A.M. Nagy
Kiss,
B.Marx,
G. Mourot,
J. Ragot

Process
description

Biorector description : the Activated Sludge Model (AMS1)

Nonlinear dynamic system equations :

Xoco(t) = =y (p1(8) + w2(t) + (L — f)(os(t) + w5(0)) + D10

So(t) = T—en(t) + L pa() + Da(0)

Sun(t) = —ixa(92(8) + 2(1)) ~ (b + - )palt) + e —Tobce)(a(®) + 5(1) + Da(V)
Suo(t) = S a(t) + ealt) + Da(1)

Xan(t) = @1(t) + w2(t) — pa(t) + Ds(t)

Xea(t) = ¢3(t) — ws(t) + Ds(t)
and the input/output balances :

Di(t) = n(t )(XDCO Jin(t) — Xoco (1))
Da(t) = q'”( 900 S0(0) + Kaa (1)(So sau(t) ~ So(1))
De(t) = — Gin(t) fw (1 + fR)XBA(t)

\ fw +fr
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Multiple model approach for nonlinear system

CRAN
A.M. Nagy . i . .

=l » Any nonlinear system can be equivalently written as a Multiple
Gj-'lxgouro;t, Model (MM) on a compact set of the state space

. Rago

x =f(x,u) X =A(X, U)x+B(x, u)u X=3"1_; pi(X, u)(Ax+Biu)

. y=g(x,u) =qy=C(x,u)x+D(x,u)u =<y=>"1_ pi(x,u)(Cix+Dju)
::;izlach nonlinear Quasi — LPV Multiple Model

— MM with unmeasurable premise variable are generally obtained

1. Nagy, Mourot, Marx, Ragot, Schutz, Systematic multi-modeling methodology applied to an
activated sludge reactor model, Industrial & Engineering Chemistry Research, Vol. 46(6), pp. 2790-

2799, 2010
ESREL, September 18-22, 2011, Troves France 6/ 18



Multiple model approach for nonlinear system

CRAN

A.M. Nagy

=l » Any nonlinear system can be equivalently written as a Multiple
Gj-'lxgouro;t, Model (MM) on a compact set of the state space
. Rago
x =f(x,u) X =A(X, U)x+B(x, u)u X=3"1_; pi(X, u)(Ax+Biu)
. y=g(x,u) =qy=C(x,u)x+D(x,u)u =<y=>"1_ pi(x,u)(Cix+Dju)
::;izlach nonlinear Quasi — LPV Multiple Model

— MM with unmeasurable premise variable are generally obtained

» The nonlinearities are rejected in the activating functions p;i(x(t), u(t))
» System analysis and design are based on the linear submodels
(Ai, Bi, Ci, Di) with classical tools (Lyapunov functions, LMI, .. .)
» Different equivalent rewrittings may not lead to the same results in
terms of controller/observer design*

1. Nagy, Mourot, Marx, Ragot, Schutz, Systematic multi-modeling methodology applied to an
activated sludge reactor model, Industrial & Engineering Chemistry Research, Vol. 46(6), pp. 2790-

2799, 2010
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Multiple Model of the Activated Sludge Model (AMS1)

CRAN
A-“Q}SNS’E*QV Summing up, the bioreactor is described by a MM with 16 submodels :
o s X(t) = D21y (X, u) [Aix(t) + Biu(t)]

y(t) = Cx(t)
—_— » state vector and measured output :
approach xT(t) = [Xoco(t) So(t) Snu(t) Sno(t) Xex(t) Xea(t)]

y'(t) = Xoco(t) So(t) SnH(t) Sno(t)]
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Multiple Model of the Activated Sludge Model (AMS1)

CRAN
A-“Q}SNS’E*QV Summing up, the bioreactor is described by a MM with 16 submodels :
G?'ng X(t) = 74 pi(x, u) [AX(t) + Biu(t)+Eid(t)]

y(t) = Cx(t)+Gd(t)
—_— » state vector and measured output :
:po;iilach xT(t) = [Xoco(t) So(t) Snu(t) Sno(t) Xex(t) Xea(t)]
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» some incoming pollutants cannot be measured
— unknown inputs  d(t):
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Multiple Model of the Activated Sludge Model (AMS1)

CRAN

AM. Nagy Summing up, the bioreactor is described by a MM with 16 submodels :
B.Marx,

G. Mourot, X(t) = Zi’:l wi (O u) [(A+ AA(E))x(t) + (Bi + AB;(t))u(t)+Eid(t)]
SHREE y(t) = Cx(t)+Gd(t)

- » state vector and measured output :

:po;gilach XT(t) = [XDCO (t) So (t) SNH (t) SNO(I[) >(BH (t) XBA(t)]

yT(t) = [Xoco(t) So(t) Snn(t) Sno(t)]

» some incoming pollutants cannot be measured
— unknown inputs  d(t):

d(t)" = [Snrin(t) Xen,in(t)]

» some model parameters are time varying and not perfectly known
— model uncertainties AA;(t) and AB;(t) :

b/.\(t) = ba + AbA(t) andby (t) = by + Aby (t)
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Proportional
Integral
Unknown
input
Observer
design

State and unknown input estimation for uncertain MM

» The state and unknown input of the uncertain MM :

x(t) :i pi(x, U) [(A + AA(D))X(t) + (Bi + ABi(t))u(t) + Eid(t)]

i=1

y(t) =Cx(t) + Gd(t)
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State and unknown input estimation for uncertain MM

» The state and unknown input of the uncertain MM :

x(t) :i pi(x, U) [(A + AA(D))X(t) + (Bi + ABi(t))u(t) + Eid(t)]

i=1

y(t) =Cx(t) + Gd(t)
» are reconstructed with the following observer :

2(0) =D m(%,u) (AR(D) +Bu(t) + EA®) +L7(v() ~9(1))

&U:X)MKMUWM—9M)

g (t) =CX(t) + Gd(t)

» Objective :
find the observer gains : LT and L minimizing the £,-gain from the

inputs {d

u(t)

(t)

} to the estimation errors {

est] = dto - av)
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State and unknown input estimation for uncertain MM

» The state and unknown input of the uncertain MM :

Mﬂzi)M&wKA+AAMVUH%&+A&MWM+EMM
y(t) :C;(t) + Gd(t)
» are reconstructed with the following observer :

2(0) =D m(%,u) (AR(D) +Bu(t) + EA®) +L7(v() ~9(1)))

a() =D m(% WLy () - 9(1)

¥(t) =CKR(t) + Gd(t)
» Assumptions : )
- constant unknown input : d(t) =0
- bounded uncertainties : AA;(t) = M?F
- bounded uncertainties : AA;(t) = M?F

2(1)N2, with FJ (t)Fa(t) <
a(t)NZ, with FJ (t)Fa(t) <
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State and unknown input estimation for uncertain MM

» The state and unknown input of the uncertain MM :

X(t) = Z i (%, U) [(A + AA (D)X (1) + (Bi + ABi(1)u(t) + Eid (1)]
y(t) :C;(t) + Gd(t)
» are reconstructed with the following observer :

RO =" m(k.w) (AR() +Bu() + B4 + LT y(1) - 9(1)

éa):}jm@AnHWU)—9M)

¥y (t) =CX(t) + Gd(t)

» Difficulties :
the activating functions of the system depend on x(t), while these of the
observer depend on X(t)
the presence of unknown inputs
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Proportional Integral Unknown input Observer design

» Find a positive definite Lyapunov function V (ey, eq, x) such that :

v(ex7ed7x) - ’yz |:

u(t)
d(t)

'

u(t)
d(t)

|+ 2] @ <0 @
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Proportional Integral Unknown input Observer design

» Find a positive definite Lyapunov function V (ey, eq, x) such that :

e

" EZSHT {ZZ Etﬂ <0 @

» The proposed quadratic Lyapunov function is :

V(ex,€q,X) = ZZSHT P1 {

withP; =PJ >0andP, =P] >0

ex(t) T
eq (t)} + X (t)P2x(t)
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Proportional Integral Unknown input Observer design

» Find a positive definite Lyapunov function V (ey, eq, x) such that :

e Q] )]+ 0] 2] <o

» The proposed quadratic Lyapunov function is :

V(eX7ed7X) =

e o Tex(t) T
ed(t)} P, [ed(t)} +xT(OPX(t)

withP; =PJ >0andP, =P] >0
» LMI optimization allows to find

—

—

—

the Lyapunov matrices P1, P>
the observer gains L” and L!
that minimize the £,-gain ~ under (1)
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Proportional Integral Unknown input Observer design

v

v

v

Find a positive definite Lyapunov function V (e, eq, X) such that :

vmm%x)_¢[ﬁgr{$3}

+E8TE£Q<O @

The proposed quadratic Lyapunov function is :

ex(t)]"

_ X
V(ex,eq,X) = ed(t)} Py {
withP; =PJ >0andP, =P] >0
LMI optimization allows to find

—  the Lyapunov matrices Py, P,
—  the observer gains LY and L!

ex(t)

—  that minimize the £,-gain ~ under (1)

sufficient LMI conditions are obtained
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Proportional Integral Unknown input Observer design

Find matrices P; = P{ > 0,P, =P, > 0, P;, and scalars £3; > 0 and s
minimizing the scalar 7 > 0 under the following LMI constraints

o o 0 o PM; PM;
x O PBi P:Ei PoM? PoMP
* «  oF 0 0 0 1 <0, i,j=1,....r
* * * —A 0 0
* * * —eqil 0
* * * * * —eqil

with
o =1 +S(P.A —PiC),  #*=Pi(A—-A), &' =Pi(E-E),
F? = ciNTTNP + S(P2A), & = NPTNP — 1

=[5 A-[s 5 A-[t]- &[5 w-[5] -]

The observer gains LJ-P and Lj', and the £,-gain ~ are obtained by :

LjP -1 —
| =PP = VA

]
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State and unknown input estimation of the ASM1

The proposed observer for MM with unmeasurable premise variables
affected by time varying uncertainties and unknown inputs is designed.

The time varying uncertain parameters :

0.4

15 2
time (day)

0.0

o.osm

0.0

0.5 1 15 2 25 3 35
time (day)
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State and unknown input estimation of the ASM1

The proposed observer for MM with unmeasurable premise variables
affected by time varying uncertainties and unknown inputs is designed.

» The unknown inputs and their estimates

5

ocadh | \ [ Shrin 1 |, L \A/‘ N
(T f f -
%20 U V/VW\JLWXV’\J‘WW\#\S £ O ’M&/ \JXBHJ:‘\/\

1 2 3 0 1 2
time (day) time (day)
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State and unknown input estimation of the ASM1

CRAN The proposed observer for MM with unmeasurable premise variables
A.M. Nagy affected by time varying uncertainties and unknown inputs is designed.
Kiss,
B.Marx,
G.M t, H H 5
e » The unknown inputs and their estimates
TG °
P | I 1oNHn | o b A [N
% 40 ‘ J N;VV;\\J\\ ’L /N\ t‘wﬁ'ﬁ\ r\\ % ,}W/\/V' \jl W\f
2 tnd \J \J ad ‘.J o XBH‘in
1. 2 3 0 1 2
time (day) time (day)
Proportional . . .
Integral » The states variables and their estimates
pnknown
IC';E:[erver 119 n Xbco ; /\ Sy N
design “e 90 N e A |
® ;O“ﬂw\ﬁ‘w} \/\__//\A\u/ BEWLN‘F\WJ' L,—»J/ L
0 1 2 3 0 1 2 3
o 2 Sy mE§ / \ . o
B2 AU WS
1 2 3
\\\fi
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Observer
based
diagnosis

PIUI Observer based diagnosis

» different faults are to be detected and isolated :

> output measurement fault (OMF) : y(t) = Cx(t) + d(t)
> input measurement fault (IMF) : u(t) + n(t)

» residual generation :
— by comparing measured and estimated outputr =y —y
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PIUI Observer based diagnosis

CRAN

AL B » different faults are to be detected and isolated :
o ey > output measurement fault (OMF) : y(t) = Cx(t) + 4(t)
b > input measurement fault (IMF) : u(t) + 7(t)
» residual generation :
— by comparing measured and estimated outputr =y —y
» residual structuration by observer banks
> OMF detection and isolation :
— each observer is fed with u(t) and a subset of y(t)

one — the estimated output is insensitive to the faults affecting the other
g;zidos‘s outputs
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PIUI Observer based diagnosis

CRAN

AL B » different faults are to be detected and isolated :
jic Mang > output measurement fault (OMF) : y(t) = Cx(t) + d(t)
e » input measurement fault (IMF) : u(t) + n(t)

» residual generation :
— by comparing measured and estimated outputr =y —y

» residual structuration by observer banks

» OMF detection and isolation :
— each observer is fed with u(t) and a subset of y(t)

. — the estimated output is insensitive to the faults affecting the other
based outputs
diagnosis

> |IMF detection and isolation :
— each observer is fed with y (t) and a subset subset of u(t)
— the others inputs are considered as unknown inputs
— the output estimation error is insensitive to the faults affecting the other
inputs
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Output measurement fault detection and isolation

CRAN
AR ER Strucured residual generation scheme for OMFDI
Kiss,
B.Marx, St
G. Mourot, Sxua(t)
J. Ragot Xp,in( — l
X (3 Xpeo(t)
EAGRE AsMI1 i
Snol(t)
T $ ()
PIO; |+
u(t)
11 - r13(t)
PIO;;  H )
Observer L i
bgsed L rio,
diagnosis .

The residual signals rij (t) are:
() = vi(t) - ¥/ (t)

where j is the observer number and i the component number
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Output measurement fault detection and isolation

CRAN
vy » Residual signals : r/ (t) = yi(t) — ! (t)
ST » The i sensor fault, &(t), ...
R > affects y; ()
> affects yj () (k = 1,...,ny) if PIO! is fed with y; (t)
— nothing can be said about rIJ(, when PIO! is fed with y;(t)
Observer
based
diagnosis
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Output measurement fault detection and isolation

CRAN
vy » Residual signals : r/ (t) = yi(t) — ! (t)
ST » The i sensor fault, &(t), ...
R > affects y; ()
> affects yj () (k = 1,...,ny) if PIO! is fed with y; (t)
— nothing can be said about rIJ(, when PIO! is fed with y;(t)
> does not affect §} (t) (k = 1,...,ny) if PIOl is not fed with y; (t)
— affects r)(t), if PIO! is not fed with y;(t)
— does not affect r] (t) (k # i) if PIO is not fed with y; (t)
Observer
based
diagnosis
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Output measurement fault detection and isolation

CRAN
. Nagy » Residual signals : r/ (t) = yi(t) — ! (t)
oty » The i sensor fault, 5i(t), ...
J-Ragot > affects y;(t)
> affects ¥} (t) (k = 1,...,ny) if PIOJ is fed with y;(t)
— nothing can be said about rIJ(, when PIO! is fed with y;(t)
> does not affect §} (t) (k = 1,...,ny) if PIOl is not fed with y; (t)
— affects r)(t), if PIO! is not fed with y;(t)
— does not affect r] (t) (k # i) if PIO is not fed with y; (t)
» The alarm associated to each fault is :
i o, i) <T
based dwy=4"" "j(”—
diagnosis ’ 1./ if \ri (t)| >T
a®) =1 |m:® [ B0
= kA k=1

I is the index set of observers being not fed with the i™ output.
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Output measurement fault detection and isolation
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B it » sensor faults
G. Mourot, . PIO12 o PlO13 S POt _
J.Ragot i O ) ‘WJ , I‘ > §1(t) affects y;, for
»_j "ll! ‘ .
D051 15 2 25 4 h0si | 15 g 98§y fids | 15 7 25 diw t € [0.25 0.75][days]
vm% - %_,_{ i A WMH{@ ‘L . .WM > §,(t) affects y,, for
; Tl Y gy Ly t € [2.25 2.75][days]
R }vm%_,_ J‘rm‘l o } > §3(t) affects ys, for
115 9 25 3 Pisi L 45 g s 3 RIS EST H te [1 1-5][dayS]
ﬂ "”% e{rm%L . J‘ > 54(t) affects y, for
T s i ning s s ing sy tE[33.25][days]
tme (dav) tme (day] tme (day)
o plo23 - PIO2 PI034
i LE) ‘\r,_“ju@ ‘\
Sbseé"e’ il 151 % 57 %5 DBl 41 55§03
ase U
diagnosis T t N J"“?\ Mw%
) 051 15 7 0 5 7 s o Vi1 1o diw
" " J‘rwi J‘
151 15 9 8 5 7 25 3y DL W1 ogow
[ I l
o MO i iy f b 1 T g (i el
IR
ime da) me day) ime (day)
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Output measurement fault detection and isolation

CRAN
A.M. Nagy
Kiss,
B.Mar, » sensor faults
G. Mourot, o P01 _ P PlOLY 7 e Plou ‘
SHREE 'L:_% {'m }’mﬁ ‘ ‘ > 61(? affects y,, for
iﬁ RN R IR A ?L wr e b€ [0.250.75][days]
i e P T h WMH{ 0 O . ‘WM#{
“] - # | > PIO™2, PIO™ and PIO™ are
05 7 25 vy ygn 15798 4oy d05 115 2 35 3y .
- },m%_” J‘rm‘[ o } fed with y;
115 7 %5 3 ?L 051 15 7 98 3 i ? G157 % JE > PIO?%, PIO?* and PIO* are
& | e " not fed with
; 2 "—{xm% B 11 @‘+ 1" " B 1‘( 23 .24 y;
TEIFTRUETERIE TR VETEIETE e 2 and 12 are non nul
; ] P02 . 2102 { slom > rf3, rk24 and rf“
s ) . ‘\rﬁ;}.‘@ " ‘\ (k=2,...,4)arenull
Observer S . BT -
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Bk The residual signals r/(t) are :
ot n(t) = yi(t) - ¥/(t)
PIO; !
" J _ where j is the observer number and i
" the component number
» each observer is fed with all
input except one, considered as
unknown input
Obsrver > rl(t) (i=1,...,ny) is affected
ase . P .
diagnosis by n; if P10’ is fed with u;

> f)(t) (i =1,...,ny)is not
affected by 7 if PIO! was
designed with u; as an Ul
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Multiple Model representation of a nonlinear model of a bioreactor

> unmeasurable premise variables
» model uncertainties
> unknown inputs

State and unknown input estimation for uncertain MM with Ul
> proportionnal integral observer

Application to fault diagnosis

» sensor fault detection and isolation
> actuator fault detection and isolation

More complex models are under study (with n = 10)
Estimation error stability conditions should be relaxed
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Thank you for your attention
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