49th IEEE Conference on Decision and Control
December 15-17, 2010
Hilton Atlanta Hotel, Atlanta, GA, USA

State estimation of two-time scale multiple models with unmeasurable
premise variables. Application to biological reactors

Anca Maria Nagy-Kiss, Benoit Marx, Gilles Mourot, Georges Schutz, José Ragot

978-1-4244-7746-3/10/$26.00 ©2010 IEEE

Abstract— This paper deals with the state estimation of
nonlinear systems. The systems under study are characterized
by two-time scale models. The state estimation is performed by
designing a proportional integral observer (P10) with unknown
inputs. In order to design such an observer, the nonlinear
model is transformed into an equivalent multiple model form
and the fast dynamics are considered as unknown inputs. An
application to an ASM1 model of Wastewater Treatment Plants
(WWTP) is considered and the obtained numerical results show
the performances of the proposed approach.

Index Terms— multiple modeling, singularly perturbed sys-
tems, unmeasurable premise variables, LMI, . approach

1. INTRODUCTION

The application of linear methods to nonlinear systems is a
difficult problem when talking about the observer/controller
synthesis. The multiple model (MM) [12] -also called in
the literature fuzzy Takagi-Sugeno model [17], or polytopic
linear model [1]- has received a special attention in the last
two decades, in order to overcome this difficulty. The MM
structure is mainly based on the idea of complexity reduc-
tion of nonlinear systems, by constructing linear submodels
aggregated by weighting functions [17]. Several techniques
were developed in order to obtain such a structure from a
general representation of nonlinear system. In this paper, the
MM is obtained by applying a method proposed in [13] to
represent nonlinear system into an equivalent MM. Only the
general steps of this technique are given here.

In many practical situations, systems can have multiple
time scale dynamics. In order to deal with such systems,
the singularly perturbed theory is often used to highlight
the decomposition of the system into various time scales.
Nevertheless, it is not obvious to model a process under the
standard singularly perturbed form especially if the system
is nonlinear.

The first difficult point of this modeling technique is the
separation of the slow and fast dynamics. Different methods
are proposed in the literature [16], [15], [6]; the most
frequently used is based on the evaluation of the jacobian
eigenvalues of the linearized system and will be used here.
After the separation of the multiple-time scale dynamics,
the standard singularly perturbed form is obtained. In the
limit case, when the singularly perturbed parameter tends
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towards zero, this form has a dynamic part, represented by
an ordinary differential equation (ODE), and a static part
expressed by an algebraic equation. Thus, a second difficult
point is to solve the algebraic system in order to express the
fast variables and replace them into the ODE corresponding
to the slow dynamics. The method mainly used to deal with
this problem is based on a coordinate change [16], [18]
requiring a linear transformation in order to eliminate the
fast dynamic components. In order to be able to apply this
method, the nonlinear system has to respect some structural
constraints, which are not always satisfied.

By considering the standard singularly perturbed system, an
equivalent MM can be written. The classical MM form is
slightly modified in order to separate the slow and the fast
dynamics of the system.

The main contribution of this paper is to estimate the state
variables of a two-time scale nonlinear system by avoiding
the resolution of the algebraic -static- equation correspond-
ing to fast variables. This is possible by constructing an
augmented output vector using the static equation and by
considering the fast state variables as unknown inputs. Thus,
a proportional integral observer (PIO) with unknown inputs
can be designed by using the MM singularly perturbed form.
Due to the limited number of sensors, this approach turns out
to be interesting because of the choice of the fast variables
as unknown inputs. This observer enables to reconstruct
simultaneously the slow and fast variables and gives better
results than a classic unknown input observer concerning the
noise reconstruction [8].

In [11] is presented a state estimation method for singu-
lar MM affected by unknown inputs and with measurable
decision variables. As in [11], most of the existing works,
dedicated to MM in general and to observer design based
on MM in particular [4], [9], are with measurable decision
variables (inputs/outputs). But, in many practical situations,
these premise variables depend on the states, thus they are
not accessible. Recently, few works [2], [8], [19] are devoted
to the case of unmeasurable decision variables. This last case
will be treated here. The convergence conditions of the state
and unknown input estimation error are expressed through
LMIs (Linear Matrix Inequalities) by using the Lyapunov
method and the .%, approach.

In the second part of the paper, the MM structure and the
singularly perturbed theory are used in order to reconstruct
the states of an ASMI1 (Activate Sludge Model 1)[14]
describing a biological degradation process characterized by
two-time scale dynamics. The proportional integral observer
proposed previously is applied to this model for this purpose.



In section II are given the essential tools for modeling
nonlinear systems, in section III the observer design is
presented. Section IV proposes the application to the ASM1,
known to be a realistic model of WWTP. The paper ends with
some conclusions and future works.

II. MODELING MAIN TOOLS
A. Multiple model representation

Generally, a dynamic nonlinear system can be described
by the following ordinary differential equations:

() = S(x(0).0(0)) 0
y(t) = g(x(1),u(t))

where x € R” is the state vector, # € R” is the input vector,

y € R’ the output vector.

The multiple model enables to represent a nonlinear dynamic

system into a convex combination of 7 linear submodels:

(t) = él i 0) [Aix(t) + Biu(t)]

- ()
y(t) = Zl 1i(x,u) [Cix(1) + Diu(t)]
=
where A4;, B;, C; and D; are constant matrices of suitable
dimensions. The functions y;(x,u) represent the weights of
the submodels {4;,B;,C;,D;} in the global model and they
have the following properties:

.
Wilx,u) =1 and pi(x,u) >0,V(x,u) e R"xR" (3)
i=1
In order to obtain the MM form, a method giving an
equivalent rewriting of the nonlinear system (1) is used [13].
Firstly, by extracting the state in the input vectors contained
in the functions f and g, the system (1) is transformed into
a quasi-Linear Parameter Varying (quasi-LPV) form:

X(1) = A(x(2),u(t)) x(1) + B(x(2),u(t)) u(t) @)

y(#) = Cx(2),u(t)) x(2) + D(x(1), u(t)) u(t)
Secondly, some nonlinear entries of the matrices 4, B, C
and D are considered as “premise variables” and denoted
zj(x,u)(j =1,...,q). Several choices of these premise vari-
ables are possible due to the existence of different equivalent
quasi-LPV forms (further details on the selection procedure
can be found in [13]).
Thirdly, a convex polytopic transformation is performed for
all premise variables (j = 1,...,q), as follows:

zj(x,u) = Fj(zj(x,u))zj1 + Fya(zi(x,u))zjp - (5)

where
zj) = n;?ux{zj(x,u)} (6a)
Zjp = %{Ln{zj(x,u)} (6b)
and where
zi(x,u) —zj2
Fii(zi(x,u A A 7a
JJ(J( ) Zi1—z)2 (72)
zi1—zi(x,u
Fialzjva)) = =264 (7b)

Zj1—Zj2
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Remark 1: For g decision variables z;, r = 29 submodels
will be obtained. By multiplying the functions ch_j, the

weighting functions are obtained:
q
:ui(xau) = l_I]Fjﬁij(Z_/(xvu))v i=1,,r (8
j=

where the indexes O'ij (i=1,..,29and j=1,...,q), equal to
1 or 2, indicate which partition of the ;" decision variable
(Fj,1 or Fj») is involved in the " submodel.

In definition (2), the constant matrices 4;, B;, C; and D;
(i=1,...,29) are obtained by replacing the premise variables
zj(x,u) involved in the matrices A(x,u), B(x,u), C(x,u)
and D(x,u) with the scalars defined in (6). Here, only the
matrices 4; are given, the others being obtained similarly:

A = A(Zlﬁo'il""’zq,(’,-q)’ i=1,---,r )

B. Singularly perturbed systems

Considering equation (1), the standard form of a singularly
perturbed system with two-time scales can be expressed by
the following system:
(10a)
(10b)

SXf(f) = ff(xs(t)vxf(t)vu(t)ve)
xs(t) = ﬁ(xs(t)vxf(t)vu(t)ag)

where x, € R™ and x; € R"/ are respectively the slow
and fast state variables, fr(x,u,e) € R", fi(x,u,e) € R™,
n=ns+ny and € is a small and positive parameter, known
as singular perturbed parameter.

In order to obtain the standard singularly perturbed form,
the identification and separation of slow and fast dynamics
is the keypoint. In this article, this is realized by using
the homotopy method for the linearized system [18]. This
method enables to link each state variable with an eigenvalue.
By comparing all the real parts of the eigenvalues, the biggest
(resp. smallest) ones will be associated with the slowest
(resp. fastest) dynamics. The comparison has to be performed
when linearizing the system around several operating points
in order to test if this classification remains the same.
Remark 2. Note that the linearized system is only used
to identify the slow and fast dynamics, but not to design
the observer in order to estimate the state variables. An
equivalent MM representation will be used for this purpose.
In the limit case € — 0, the degree of the system (10)
degenerates from 7 to n,, and the system becomes:

0 = ]?-(xs(t)7xf(t),u(t)70)
xs(t) fs(xs(t)7xf(t)7u(t)70)
By solving the algebraic equations (11a), the solution x(z) =

@(xs(¢),u(t)) is obtained and used in (11b) to derive the
reduced system:

xp(t) = olx(r),u())
xs(t) = f;(x.c(t)axf(t)au(t))
Remark 3. The fast variables cannot always be explicitly

expressed from (11a). The most popular method used to deal
with this problem is based on a change of coordinates [16],

(11a)
(11b)

(12a)
(12b)



[18], requiring a linear transformation in order to eliminate
the fast dynamics. So, this method can only be applied to
systems for which this linear transformation can be found.
By taking into account the previous remark, no change of co-
ordinates will be considered; the reduced standard singularly
perturbed form (11) is taken into account, supposing that the
fast variables cannot be obtained by solving the algebraic
equation (11a). Thus, this last equation is used to construct
an augmented output vector, as it will be described in detail
in the following section, where the design of the proportional
integral observer is presented.

III. STATE ESTIMATION
A. Multiple model with slow and fast dynamics
Let us consider the reduced system (11) under an equiv-
alent QLPV form
0= Aff(x, u)xf(t) -‘,—Aﬁ(x, u)xs(t) +Bf(x, u)u(t) (13)
(1) = Agp(x,u)x p() + Ags (0, 0)x () + By (x,u)u(t) — (14)
It is here assumed that in the QLPV form, the matrix function
B does not depend on x(¢), i.e. By(u(t)). The multiple model
form that is obtained using the methodology described in

[13] slightly modified in order to separate the slow and fast
variables:

0= i Wi(x,u) [A}fo(t) +A;-é.xs(t)] + éﬂ,(u) u(t)

i=1

1= iuf(xvu) [l px (1) + Aloxs (1) + Biu(t)]
i=1

y(l‘)ICfo(l)-‘rCst(l) (15)

where 7 <r, t;(x,u) and [i;(u) satisfy (3), the matrices A},,
A’f Y Alf AL, B’f B! correspond to slow and fast dynamics

identified in the matrices 4; and B;:
i i
i
A, A BS
The measurement equation in (15) can be considered as
linear and time invariant since, in most practical situations,
the sensors do not change according to the operating point.

In the first equation of (15) the control term is moved from
the right side of the equality to the left side to obtain:

Xs(2) u) [A;st

(16)

“‘(xv (17a)

I
-M‘

(1) + Bou(e) + Ay (1))

M\z

Ya(t) ﬁ( ) [ s (1 )"'Gixf(t)] (17b)

where y,(¢) is a measurable augmented output vector defined
by:

= 3 M(w)Bju()

va(t) = (18)
»(1)
where the matrices C; and G; are given by:
Al Al
- /s = I
¢ { Cs ] G [ Cy } (1)
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As it can be seen, the new output vector y, is no more
linear in the state variable, as the initial output vector y,
but becomes nonlinear.

The system (17) can be considered as a MM affected by
the unknown inputs x,. Let us note the unknown input
d(t) = xy(t), with the following property:

6y = 0 (20)

The assumption of a constant d(z) is classically needed in
the framework of PIO design for the theoretical proof of the
convergence of the state estimation error [10]. Nevertheless
it is well known that the only practical need is to have a
low frequency signal. One should not be confused by this
assumption made an a signal called fast. The vocable fast
refers to the dynamics of f;. Due to this, x/(¢) is -for € — 0-
a static function of x,(¢) which obeys to a slow dynamic
process. As a consequence, when € — 0 (i.e. when neglecting
the dynamic behavior of the fast part of the system), xr(¢)
is also a slow signal.

Let us construct the augmented state vector x/ = [x! d7]
and denote:

N Ai Al N Bi, -

Ai:|:dgs éf:|7 Bi:|:05:|7 Ci:[ci Gl]

Using the previous notations and the property of unknown
inputs (20), the system (17) is equivalent to a system under
an augmented form, as following:

1) = g#t(%(t)vu(t)) [Aix4(t) + Biu(1)) (21a)
= iui(xa(z) u(t))Cixa(t) (21b)
i=1

Since x, is unknown, the following form with p;(£,,u) is
used:

(22a)

M~
=
%
S
=

ixa(1) +§,—u(l)] +To()

=.
)
—
~
=
Il
LR

M <
=
E
<
S
O
=
Q
=
~
>

(22b)

<
2
—
~
=
I
—_

where T'= [/ 0" and the term (r) plays the role of a
bounded disturbance of the form:

Z[ul Xastt) = Wi(Rayu)] [Aixa(t) + Biu(r)] - (23)

B. Proportional Integral Observer

The following proportional integral observer is proposed:

z.ut xav [ txa( )+Eiu(t)+Ki(ya(t) _),}a(l))]

(24a)
F ~
= [ii(u)Cixa(t (24b)
i=1
The state estimation error is given by
eq(t) = xq(t) —%4(1) (25)



Taking into account (22a) and (24) the augmented state
estimation error is governed by:

One can see that the dynamic of the state estimation error is
only disturbed by (7).

Theorem 1: The optimal proportional integral observer
(24) for the system (22) is obtained if there exists a sym-
metric positive definite matrix X, matrices M; and a positive
scalar A, minimizing A under the LMI constraints (27) for

11 (u) (di — Ki Cp)eq(r) + T(1) (26)

xav

'u[\/]m

i=1,...,rand j=1,.
iT AT agT .
AX+XA IE'%M - MC;+1 i({l <0 @)

The observer gains are given by: K; = X~ M.

Proof: The state estimation error e,(f) converges to
zero when @ = 0 and the % gain from (¢) to e,(7) is
bounded by y if there exists X = X7 > 0 such that the

following inequalities hold for i=1,...,r and j=1,...,F
[3]:
OFX+X¢;+1  XT 28)
I'’x —y2I

where ¢;; =4, —KiC'j is used. With A = y* and M; = XK;
the LMI (27) is obtained. ]

Remark 2: In order to improve the estimation quality, the
conditions (29) (for all i=1,...,r and j =1,...,7) can be
added to (27) to ensure pole clustering [5]:

AT X+ X4 -CI M —MCij+2aX <0 (29)

These conditions ensure that the eigenvalues of the gener-
ating system of the state estimation error (26) lie in the
following region of the complex plane:

Z(a,p) ={weClRe(w) < —a,|w[ <p}  (30)

IV. APPLICATION
A. Process description and nonlinear model

The wastewater treatment with activated sludge is widely
used in the last two centuries [14]. It consists in putting in
contact waste water with a mixture rich in bacteria to degrade
and eliminate the polluting constituents contained in the wa-
ter, in suspension or dissolved. The functioning principle of
the process is briefly described after. The simplified diagram,
given in Fig. 1, includes a bioreactor and a clarifier. In this
figure ¢;, represents the input flow, ¢,,, the bioreactor output
flow, g, the air flow, gg, gw are respectively the recycled
and the rejected flows. The reactor volume is assumed to
be constant and thus: g, = ¢in +gr. In general, gr and g
represent fractions of input flow g;,:

qr(1) TRGin(1),
qw (1) S qin(2),
The polluted circulates in the bioreactor in which the bac-

terial biomass degrades the organic matter. Micro-organisms
gather together in colonial structures called flocs and produce

1<fr<2
0< fr <1

€3]
(32)
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sludges. The mixed liqueur is then sent to the clarifier where
the separation of the purified water and the flocs is made
by gravity. A fraction of settled sludges is recycled towards
the bioreactor to maintain its capacity of purification. The
purified water is thrown in the natural environment. The

Air

Qin Feed, * Qout Effluent

Bioreactor Clarifier

gr
qrR+qw
Sludge Recycling gr Wasted Sludge
»-a"

Fig. 1. The diagram of activated sludge wastewater treatment

ASM1 is a commonly used model to describe this process.
For simplicity reasons and lack of space, only the carbon
pollution of the activated sludge reactor is considered. Thus,
the proposed estimation method is illustrated by using a
model with three state variables x = [Ss, So, Xax]”:

$s(1) = —Y—lﬁml (1) + (1 — fp)bra(t) + D1 (1)

So(t) = =L s (1) + Da(0)
Xpr (1) = pr @1 (1) — b (t) + D3 (¢) (33)
where:
Dule) =1 f55,,0) — 500
Do) =1 [55.(1) ~ S0(0)) + K1) S~ S0(0)]
D3(6) =24 | X 0) ~ X () + ey =20 1)
(34)
The process kinetics are:
Ss(t) So(t)
1) = Ks+Ss(t) Kon +So(f)XBH(t) 33
¢2(t) = Xpr (1) (36)

The variables involved are presented in table I. We suppose
that the dissolved oxygen concentration at the reactor input
(S0,in) 1s null.

The clarifier is supposed to be perfect, i.e. with no internal
dynamic process and no biomass in the effluent. In this case,
we can write at each time instant:

[qin(t) +qr()|XBH (1) = [qr(¢) +qw ()| X r(?)
Ss.r(t) = Ss(t)

The following heterotrophic growth and decay kinetic
parameters are considered [14]: uy = 3.733[1/24h], Ky =
20[g/m’], Koy = 0.2[g/m?], by = 0.3[1/24h]. The stoichio-
metric parameters are Yy = 0.6[g cell formed], fp = 0.1
and the oxygen saturation concentration is So so = 10[g/m’].
The following numerical values are considered here for the
fractions fz and fy: fr = 1.1 and fr = 0.04.

(37a)
(37b)



Reactor input Reactor output Recycled

Xay Heterotrophic biomass concentration
XBH in XpH out XpH R
Ss Fast biodegradable substrate concentration
Ss.in Ss.out Ss.r
So Dissolved oxygen concentration
S().in SO.nur SO.R
q Flow
din Jout 4R
qa Air flow
vV Reactor volume
TABLE 1

TABLE OF VARIABLES

B. Slow and fast variables

Let us consider the linearization of the nonlinear system
(33) around various equilibrium points (xo, uo):

X(1) = Aox(1) + Bou(1)

df(x,u) df(x,u)
Ox |(x071l0) and By = “ou |(x071l0)'

Considering Re(A;) < Re(A;) < ... < Re(A,) the ordered
real part eigenvalues of A, the biggest (resp. smallest) real
part of eigenvalues correspond to the slowest (resp. fastest)
dynamic. This separation will be made by fixing a threshold
of separation of both time scales, 7, such as: Re(4;) < ... <
Re(?L,,f) <<1< Re(l,,/.ﬂ) < ... < Re(Ay).

For the reduced ASM1 (33), the slow and fast separation is
confirmed by the eigenvalues of the jacobian Ay, as one can
notice on Fig. 2 displaying the real parts of these eigenvalues
for forty operating points. The real part of two eigenvalues
(A; and A3) are included between —50 and —0.4 and the
real part of the other (1) between —175 and —250. Setting
a threshold at 7 = 70, it can be deduced that the system
has one fast dynamic (x; = Ss) and two slow dynamics

(xs =[So Xgu]").

(38)

where Ay =

—05h
50 * * e
i3
S
3 LA, (Sg)
£-100 —k— A, (Sg)
2 —— Ay Xgy)
=
Koy
-g150
=3
<
<
—200 -
—250 i H H i i i i
(¢} 5 10 15 20 25 30 35 40

Operating points index

Fig. 2. The real parts of jacobian eigenvalues in various points of the
operating space

C. Multiple model

A multiple model is built and used to design an observer
allowing slow and fast state estimation.
Considering the process equations (33) and (34), it is natural
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to define the following decision variables:

21 (u(r)) = 220

7 (39a)
_ 1 So(t)
2(x(1) = Ks+Ss(t) Kom +So(t) Yo (1) (396)
z3(u(t)) = qa(1) (3%)
The input vector is defined by:
u(t) = [ Ssin(t) qa(t) Xpran(r) ] (40)

The quasi-LPV form of the model (33) is characterized by
matrices A(t) = A(x(¢),u(z)) and B(¢) = B(u(t)) decomposed
in the following way:

A(,):[Aff(t) AfS(f)] B(,):{B_f(t)} @n

ASf(t) ASS(l) B(’)
where
Aps(t) = {le (0)~ oz (z)] (42)
Ap(t)=[0 (1—fp)bu] (43)
By(t)=[z1(r) 0 0] (44)
PRE 20
_—KZ3(I)—21(I) 0
S B € S SURLY
(46)
[0 KSoww O
Bs(t):_o 0 Zl(t)] (47)

The decomposition of the three premise variables (39) is
realized by using the convex polytopic transformation, as
in (5), (6) and (7). Multiplying the functions F_, the r =8
weighting functions w;(z(x(z)),u(z)) are obtained:
IJ'i(Z(x7 u)) = Fvl,o'il (x7 u)F'20'12 (x7 u)F'?,’(y? (x7 u)

The constant matrices A4; and B; representing the 8 sub-
models are defined as in (16) by using the block matrices A
and B and the scalars (6), for i=1,...,8:

A}f = Aff(zl,ci' 722‘,0,‘2)
Ay =[0 (1= fp)bu]
Aif = ASf(Zz,al.Z)
Ais = Ags (Zlﬂc} 7Z3,a,.3)
B} = B,f'(Zl,O'il)
B =By(z,41) (48)

The model (33) is thus equivalently written under the MM
form by using the separation into slow and fast states.

The output vector is defined by y = Crxs+Cyxs + 1, where
n(¢) is a bounded measurement noise and the matrices C
and Cy are given by:

o=[o] a=[1 0] (49)



By applying Theorem 1 to the ASM1 model (33), represented
into an equivalent MM form, the following state estimation
results are obtained and presented in Fig. 3. The %5 gain
from w(z) to e,(t) is bounded by y=1.057.

100

g/m3

50

[}

g/m3

N

(=}

1400 T T T T T T T T

1200 o

©
E 1000;/’—'_//\/—/ : 4
o

800 [~ q

600
time(h)

Fig. 3. State estimation using PIO

The estimation of the fast dynamic Ss, considered as
unknown input in the global MM, is presented first and is
followed by the estimation results of the slow dynamics Sp
and Xpg. The output estimation results are displayed on Fig.
4, where one can see that the output noise is filtered.

time(h)

Fig. 4. Outputs

V. CONCLUSIONS AND FUTURE WORKS

In this article we propose state estimation of two-time
scale systems represented under a MM form with unmeasur-
able premise variables, by means of a proportional integral
observer with unknown inputs. The nonlinear system is
put under a MM form that highlights the slow and fast
dynamics and then the fast dynamics are considered as
unknown inputs and estimated simultaneously with the slow
variables. The application to a biological reactor offers good
state estimation results. As future works, first the design
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of a proportional multi-integral observer is envisaged, and
second, the extension to the complete ASM1 model.
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