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Chapter 0

Design of a Cascade Observer for a Model of

Bacterial Batch Culture with Nutrient Recycling

Miled El Hajji and Alain Rapaport

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/52997

1. Introduction

Microbial growths and their use for environmental purposes, such as bio-degradations, are

widely studied in the industry and research centres. Several models of microbial growth

and bio-degradation kinetic have been proposed and analysed in the literature. The Monod’s

model is one of the most popular ones that describes the dynamics of the growth of a biomass

of concentration X on a single substrate of concentration S in batch culture [15, 18]:

Ṡ = −µ(S)

Y
X, Ẋ = µ(S) X . (1)

where the specific growth rate µ(·) is:

µ(S) = µmax
S

Ks + S
, (2)

with µmax, Ks and Yare repsectively the maximum specific growth rate, the affinity constant

and the yield coefficient. Other models take explicitly into account a lag-phase before the

growth, such as the Baranyi’s [1–3] or the Buchanam’s [6] ones. These models are well suited

for the growth phase (i.e. as long as a substantial amount of substrate remains to be converted)

but not after [18], because the accumulation of dead or non-viable cells is not taken into

account. Part of the non-viable cells release substrate molecules, in quantities that are no

longer negligible when most of the initial supply has been consumed. The on-line observation

of the optical density of the biomass provides measurements of the total biomass, but not of

the proportion among dead and viable cells. Some tools allow the distinction between viable

and dead cells but do not detect non-viable non-dead ones [22].

In this work, we consider an extension of the model (1) considering both the accumulation of

dead cells and the recycling of part of it into substrate, and tackle the question of parameters
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and state reconstruction. To our knowledge, this kind of question has not been thoroughly

studied in the literature. Models of continuous culture with nutrient recycling have already

been studied [4, 5, 9, 12–14, 16, 20, 21, 24, 25] but surprisingly few works considers batch

cultures. A possible explanation comes from the fact that only the first stage of the growth,

for which cell mortality and nutrient recycling can be neglected, is interested for industrial

applications. Nevertheless, in natural environment such as in soils, modelling the growth end

is also important, especially for biological decontamination and soil bioremediation.

Moreover, we face a model for which the parameters are not identifiable at steady state. Then,

one cannot apply straightforwardly the classical estimation techniques, that usually requires

the global observability of the system. Estimation of parameters in growth models, such as

the Baranyi’s one, are already known to be difficult to tackle in their differential form [11]. In

addition, we aim here at reconstructing on-line unmeasured state variables (amounts of viable

and non-viable cells), as well as parameters. For this purpose, we propose the coupling of two

non-linear observers in cascade with different time scales, providing a practical convergence

of the estimation error. Design of cascade observers in biotechnology can be found for instance

in [17, 23], but with the same time scale.

2. Derivation of the model

We first consider a mortality rate in the model (1):

Ẋ = µ(S)X − mX

where parameter m > 0 becomes not negligible when µ(S) takes small values. In addition,

we consider an additional compartment Xd that represents the accumulation of dead cells:

Ẋd = δmX,

where the parameter δ ∈ (0, 1) describes the part of non-viable cells that are not burst. We

assume that the burst cells recycle part of the substrate that has been assimilated but not yet

transformed. Then, the dynamics of the substrate concentration can be modified as follows:

Ṡ = −µ(S)

Y
X + λ(1 − δ)mX,

where λ > 0 is recycling conversion factor. It appears reasonable to assume that the factor λ

is smaller that the growth one:

Assumption A1.
1

Y
> λ.

In the following we assume that the growth function µ(·) and the yield coefficient Y of the

classical Monod’s model are already known. Typically, they can be identified by measuring

the initial growth slope on a series of experiments with viable biomass and different initial

concentrations, mortality being considered to be negligible during the exponential growth.

We aim at identifying the three parameters m, δ and λ, and on-line reconstructing the variables
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X and Xd, based on on-line observations of the substrate concentration S and the total biomass

B = X + Xd.

Without any loss of generality, we shall assume that the growth function µ(·) can be any

function satisfying the following hypotheses.

Assumption A2. The function µ(·) is a smooth increasing function with µ(0) = 0.

For sake of simplicity, we normalise several quantities, defining

s = S, x = X/Y, xd = Xd/Y, a = (1 − δ)m and k = λY .

Then, our model can be simply written as

⎧

⎨

⎩

ṡ = −µ(s)x + kax,

ẋ = µ(s)x − mx,

ẋd = mx − ax,

(3)

along with the observation vector y =

(

s

x + xd

)

. Typically, we consider known initial

conditions such that

s(0) = s0 > 0, xd(0) = 0 and x(0) = x0 > 0 .

Our purpose is to reconstruct parameters m, a and k and state variable x(·) or xd(·), under

the constraints m > a and k < 1, that are direct consequences of the definition of a and

Assumption A1. Moreover, we shall assume that a priori bounds on the parameters are known

i.e.

(m, a, k) ∈ [m−, m+]× [a−, a+]× [k−, k+] . (4)

3. Properties of the model

Proposition 1. The dynamics (3) leaves invariant the 3D-space D = R
3
+ and the set

Ω =

{

(s, x, xd) ∈ D | s + x +
(m − k a)

(m − a)
xd = s0 + x0

}

.

Proof. The invariance of R
3
+ is guaranteed by the following properties:

s = 0 ⇒ ṡ = k a x ≥ 0,

x = 0 ⇒ ẋ = 0,

xd = 0 ⇒ ẋd = (m − a) x ≥ 0.

Consider the quantity M = s + x +
(m − k a)

(m − a)
xd . One can easily check from equations (3) that

one has Ṁ = 0, leading to the invariance of the set Ω.

Let s̄ be the number s̄ = µ−1(m) or + ∞ .
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Proposition 2. The trajectories of dynamics (3) converge asymptotically toward an equilibrium point

E� =

(

s�, 0,
m − a

m − ka
(s0 + x0 − s�)

)

with s� ≤ min(s0 + x0, s̄).

Proof. The invariance of the set Ω given in Proposition 1 shows that all the state variables

remain bounded. From equation ẋd = (m − a)x with m > a, and the fact that xd is bounded,

one deduces that x(·) has to converge toward 0, and xd(·) is non increasing and converges

toward x�d such that x�d ∈ [0, (s0 + x0)(m − a)/(m − ka)]. Then, from the invariant defined by

the set Ω, s(·) has also to converges to some s� ≤ s0 + x0. If s� is such that s� > s̄, then from

equation ẋ = (µ(s)− m)x, one immediately see that x(·) cannot converge toward 0.

4. Observability of the model

We recall that our aim is to estimate on-line both parameters and unmeasured variables x, xd ,

based on the measurements. One can immediately see from equations (3) that parameters

(m, a, k) cannot be reconstructed observing the system at steady state. Nevertheless,

considering the derivative µ′ of µ with respect to s and deriving the outputs:

⎧

⎪

⎪

⎨

⎪

⎪

⎩

ẏ1 = (−µ(y1) + k a) x,

ẏ2 = (µ(y1)− a) x,

ÿ1 = (µ(y1)− m) ẏ1 − µ′(y1) x ẏ1,

ÿ2 = (µ(y1)− m) ẏ2 + µ′(y1) x ẏ1.,

one obtains explicit expression of the parameters and unmeasured state variable as functions

of the outputs and its derivatives, away from steady state:

⎧

⎪

⎪

⎪

⎪

⎪

⎪

⎪

⎪

⎪

⎪

⎪

⎨

⎪

⎪

⎪

⎪

⎪

⎪

⎪

⎪

⎪

⎪

⎪

⎩

m = µ(y1)−
ÿ1 + ÿ2

ẏ1 + ẏ2
,

x =
ÿ2 − (µ(y1)− m)ẏ2

µ′(y1)ẏ1
,

xd = y2 − x,

a = µ(y1)−
ẏ2

x
,

k =
µ(y1)

a
+

ẏ1

a x
,

(5)

from which one deduces the observability of the system.

5. Design of a practical observer

Playing with the structure of the dynamics, we are able to write the model as a particular

cascade of two sub-models. We first present a practical observer for the reconstruction of the

parameters a and k using the observation y1 only, but with a change of time that depends

on y1 and y2. We then present a second observer for the reconstruction of the parameter m
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and the state variables x and xd, using both observations y1 and y2 and the knowledge of the

parameters a and k. Finally, we consider the coupling of the two observers, the second one

using the estimations of a and k provided by the first one. More precisely, our model is of the

form

Ż = F(Z, P) , y = H(Z)

where F is our vector field with the state, parameters and observation vectors Z, P and y of

dimension respectively 3, 3 and 2. We found a partition

Z =

(

Z1

Z2

)

, P =

(

P1

P2

)

s.t.

{

dimZ1 = 1, dimP1 = 2

dimZ2 = 2, dimP2 = 1

y =

(

y1

y2

)

=

(

H1(Z1)

H2(Z2)

)

and the dynamics is decoupled as follows

Ż1 =
1

dφ(y)

dt

F1(Z1, P1)

Ż2 = F2(Z2, y1, P1, P2)

with dφ(y)/dt > 0. Moreover, the following characteristics are fulfilled:

i. (Z1, P1) is observable for the dynamics (F1, H1) i.e. without the term dφ(y)/dt,

ii. (Z2, P2) is observable for the dynamics (F2, H2) when P1 is known. Then, the consideration

of two observers F̂1(·) and F̂2(P1, ·) for the pairs (Z1, P1) and (Z2, P2) respectively, leads to the

construction of a cascade observer

d
dτ

(

Ẑ1

P̂1

)

= F̂1(Ẑ1, P̂1, y1),

d
dt

(

Ẑ2

P̂2

)

= F̂2(P̂1, Ẑ2, P̂2, y2)

with τ(t) = φ(y(t)) − φ(y(0)), that we make explicit below. Notice that the coupling of

two observers is made by P̂1, and that the term dφ(y)/dt prevents to have an asymptotic

convergence when lim
t→+∞

τ(t) < +∞.

Definition 1. An estimator Ẑγ(·) of a vector Z(·), where γ ∈ Γ is a parameter, is said to have a

practical exponential convergence if there exists positive constants K1, K2 such that for any ǫ > 0

and θ > 0, the inequality

||Ẑγ(t)− Z(t)|| ≤ ǫ + K1e−K2θt, ∀t ≥ 0

is fulfilled for some γ ∈ Γ.

In the following we shall denote by sat(l, u, ι) the saturation operator max(l, min(u, ι)).
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5.1. A first practical observer for k and a

Let us consider the new variable

τ(t) = y1(0)− y1(t) + y2(0)− y2(t)

that is measured on-line. From Proposition 1, one deduces that τ(·) is bounded. One can also

easily check the property

dτ

dt
= (1 − k) a x(t) > 0 , ∀t ≥ 0 .

Consequently, τ(·) is an increasing function up to

τ̄ = lim
t→+∞

τ(t) < +∞ (6)

and τ(·) defines a diffeomorphism from [0,+∞) to [0, τ̄). Then, one can check that the

dynamics of the variable s in time τ is decoupled from the dynamics of the other state

variables:
ds

dτ
= α − βµ(s)

where α and β are parameters defined as combinations of the unknown parameters a and k:

α =
k

1 − k
,

β =
1

a(1 − k)

and from (4) one has (α, β) ∈ [α−, α+]× [β−, β+]. For the identification of the parameters α,

β, we propose below to build an observer. Other techniques, such as least squares methods,

could have been chosen. An observer presents the advantage of exhibiting a innovation vector

that gives a real-time information on the convergence of the estimation.

Considering the state vector ξ =

[

s
ds

dτ

d2s

dτ2

]T

, one obtains the dynamics

dξ

dτ
= Aξ +

⎛

⎝

0

0

ϕ(y1, ξ)

⎞

⎠ with y1 = Cξ ,

ϕ(y1, ξ) =
ξ2

3

ξ2
+ ξ2ξ3

µ′′(y1)

µ′(y1)
,

and the pair (A, C) in the Brunovsky’s canonical form:

A =

⎛

⎝

0 1 0

0 0 1

0 0 0

⎞

⎠ and C =
(

1 0 0
)

. (7)
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The unknown parameters α and β can then be made explicit as functions of the observation

y1 and the state vector ξ:

α = lα(y1, ξ) = ξ2 −
ξ3µ(y1)

ξ2µ′(y1)
,

β = lβ(y1, ξ) = − ξ3

ξ2µ′(y1)
.

One can notice that functions ϕ(y1, ·), lα(y1, ·) and lβ(y1, ·) are not well defined on R
3, but

along the trajectories of (3) one has ξ3/ξ2 = −βµ′(y1) and ξ2 = α − βµ(y1), that are bounded.

Moreover Assumption A2 guarantees that µ′(y1) is always strictly positive . We can consider

(globally) Lipschitz extensions of these functions away from the trajectories of the system, as

follows:

ϕ̃(y1, ξ) = ξ3

(

h1(y1, ξ) +
µ′′(y1)

µ′(y1)
h2(y1, ξ)

)

,

l̃α(y1, ξ) = ξ2 − h1(y1, ξ)
µ(y1)

µ′(y1)
,

l̃β(y1, ξ) = − h1(y1, ξ)

µ′(y1)

with

h1(y1, ξ) = sat

(

−β+µ′(y1),−β−µ′(y1),
ξ3

ξ2

)

,

h2(y1, ξ) = sat
(

α− − β+µ(y1), α+ − β−µ(y1), ξ2

)

.

Then one obtains a construction of a practical observer.

Proposition 3. There exist numbers b1 > 0 and c1 > 0 such that the observer

dξ̂

dτ
= Aξ̂ +

⎛

⎜

⎜

⎜

⎜

⎝

0

0

ϕ̃(y1, ξ̂)

⎞

⎟

⎟

⎟

⎟

⎠

−

⎛

⎜

⎜

⎜

⎜

⎝

3θ1

3θ2
1

θ3
1

⎞

⎟

⎟

⎟

⎟

⎠

(ξ̂1 − y1)

(α̂, β̂) =
(

l̃α(y1, ξ̂), l̃β(y1, ξ̂)
)

(8)

guarantees the convergence

max
(

|α̂(τ)− α|, |β̂(τ)− β|
)

≤ b1e−c1θ1τ ||ξ̂(0)− ξ(0)|| (9)

for any θ1 large enough and τ ∈ [0, τ̄).

Proof. Consider a trajectory of dynamics (3) and let O1 = {y1(t)}t≥0. From Proposition 1, one

knows that the set O1 is bounded.

Define Kθ1
= −

(

3θ1 3θ2
1 θ3

1

)T
. One can check that Kθ1

= −P−1
θ1

CT, where Pθ1
is solution of

the algebraic equation

θ1Pθ1
+ ATPθ1

+ Pθ1
A = CTC.
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Consider then the error vector e = ξ̂ − ξ. One has

de

dτ
= (A + Kθ1

C)e +

⎛

⎜

⎜

⎝

0

0

ϕ̃(y1, ξ̂)− ϕ̃(y1, ξ)

⎞

⎟

⎟

⎠

where ϕ̃(y1, ·) is (globally) Lipschitz on R
3 uniformly in y1 ∈ O1. We then use the result in [10]

that provides the existence of numbers c1 > 0 and q1 > 0 such that ||e(τ)|| ≤ q1e−c1θ1τ ||e(0)||
for θ1 large enough. Finally, functions l̃α(y1, ·), l̃β(y1, ·) being also (globally) Lipschitz on R

3

uniformly in y1 ∈ O1, one obtains the inequality (9).

Corollary 1. Estimation of a and k with the same convergence properties than (9) are given by

k̂(τ), â(τ) = sat

(

k−, k+,
α̂(τ)

1 + α̂(τ)

)

, sat

(

a−, a+,
1 + α̂(τ)

β̂(τ)

)

Remark. The observer (8) provides only a practical convergence since τ(t) does not tend

toward +∞ when the time t get arbitrary large. For large values of initial x, it may happens

that µ(t) > t for some times t > 0. Because the present observer requires the observation y1

until time τ, it has to be integrated up to time min(τ(t), t) when the current time is t.

5.2. A second observer for m and x

We come back in time t and consider the measured variable z = y1 + y2. When the parameters

α and β are known, the dynamics of the vector ζ =
[

z ż z̈
]T

can be written as follows:

ζ̇ = Aζ +

⎛

⎜

⎜

⎝

0

0

ψ(y1, ζ, α, β)

⎞

⎟

⎟

⎠

with z = Cζ

and ψ(y1, ζ, α, β) =
ζ2

3

ζ2
+ ζ2

2µ′(y1)(βµ(y1)− α)

Parameter m and variable x(·) can then be made explicit as functions of y1 and ζ:

m = lm(y1, ζ) = µ(y1)−
ζ3

ζ2
, x = −βζ2

Functions ψ(y1, ·, α, β) and lm(y1, ·) are not well defined in R
3 but along the trajectories of the

dynamics (3), one has ζ3/ζ2 = µ(y1)− m and ζ2 = −x/β that are bounded. These functions

can be extended as (globally) Lipschitz functions w.r.t. ζ:

ψ̃(y1, ζ, α, β) = h3(y1, ζ)ζ3 + min(ζ2
2, z(0)2/β2)µ′(y1)(βµ(y1)− α)

l̃m(y1, ζ) = µ(y1)− h3(y1, ζ)

(10)
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with

h3(y1, ζ) = sat

(

µ(y1)− m+, µ(y1)− m−,
ζ3

ζ2

)

.

Proposition 4. When α and β are known, there exists numbers b2 > 0 and c2 > 0 such that the

observer

d

dt
ζ̂ = Aζ̂ +

⎛

⎜

⎜

⎜

⎜

⎝

0

0

ψ̃(y1, ζ̂, α, β)

⎞

⎟

⎟

⎟

⎟

⎠

−

⎛

⎜

⎜

⎜

⎜

⎝

3θ2

3θ2
2

θ3
2

⎞

⎟

⎟

⎟

⎟

⎠

(ζ̂1 − y1 − y2)

(m̂, x̂) =
(

l̃m(y1, ζ̂),−βζ̂2

)

(11)

guarantees the exponential convergence

max (|m̂(t)− m|, |x̂(t)− x(t)|) ≤ b2e−c2θ2t||ζ̂2(0)− ζ2(0)||

for any θ2 large enough and t ≥ 0.

Proof. As for the proof of Proposition 3, it is a straightforward application of the result given

in [10].

5.3. Coupling the two observers

We consider now the coupling of observer (11) with the estimation (α̂, β̂) provided by observer

(8). This amounts to study the robustness of the second observer with respect to uncertainties

of parameters α and β.

Proposition 5. Consider the observer (11) with (α, β) replaced by (α̃(·), β̃(·)) such that

(α̃(t), β̃(t)) ∈ [α−, α+]× [β−, β+], ∀t ≥ 0 ,

then there exists positive numbers b̄2, c̄2, d̄2 such that for any ǫ > 0 there exists θ2 large enough to

guarantee the inequalities

|m̂(t)− m| ≤ ǫ + b̄2e−c̄2t||ζ̂(0)− ζ(0)|| (12)

|x̂(t)− x(t)| ≤ ǫ + d̄2|β̃(t)− β|+ b̄2e−c̄2t||ζ̂(0)− ζ(0)|| (13)

for any t ≥ 0.

Proof. As for the proof of Proposition 3, we fix an initial condition of system (3) and consider

the bounded set O1 = {y1(t)}t≥0. The dynamics of e = ζ̂ − ζ is

ė = (A + Kθ2
C)e + (ψ̃(y1, ζ̂, α̃, β̃)− ψ̃(y1, ζ, α, β))v
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where (A, C) in the Brunovsky’s form (7), v =
(

0 0 1
)T

and Kθ2
= −P−1

θ2
CT with

Pθ2
=

⎛

⎜

⎝

θ−1
2 −θ−2

2 θ−3
2

−θ−2
2 2θ−3

2 −3θ−4
2

θ−3
2 −3θ−4

2 6θ−5
2

⎞

⎟

⎠
(14)

solution of the algebraic equation

θ2Pθ2
+ ATPθ2

+ Pθ2
A = CTC. (15)

Consider then V(t) = ||e(t)||2Pθ2
= eT(t)Pθ2

e(t). Using (15), one has

V̇ = −θ2eTPθ2
e − eTCTCe + 2δeT Pθ2

v

≤ −θ2||e||2Pθ2
+ 2δ||e||Pθ2

||v||Pθ2

(16)

where δ = |ψ̃(y1, ζ̂, α̃, β̃)− ψ̃(y1, ζ, α, β)|.

One can easily compute from (14) ||v||Pθ2
=

√
6θ−5/2.

From the expression (10) and the (globally) Lipschitz property of the map ζ 
→ ψ̃(y1, ζ, α, β)
uniformly in y1 ∈ O1, we deduce the existence of two positive numbers c and L such that

δ ≤ |ψ̃(y1, ζ̂, α̃, β̃)− ψ̃(y1, ζ̂, α, β)|+ |ψ̃(y1, ζ̂, α, β)− ψ̃(y1, ζ, α, β)|
≤ |ψ̃(y1, ζ̂, α−, β+)− ψ̃(y1, ζ̂, α+, β−)|+ L||e||
≤ c + L||e||

(17)

Notice that one has ||e||Pθ2
= θ2||ẽ||P1

with ẽi = θ−i
2 ei and ||ẽ||2 ≥ θ−6

2 ||e||2 for any θ2 ≥ 1.

The norms || · ||P1
and || · || being equivalent, there exists a numbers η > 0 such that ||ẽ||P1

|| ≥
η||ẽ||, and we deduce the inequality

||e||Pθ2
≥ ηθ−5/2

2 ||e|| . (18)

Finally, gathering (16), (17) and (18), one can write

d

dt
||e||Pθ2

≤
(

− θ2

2
+

√
6L

η

)

||e||Pθ2
+
√

6θ−5/2
2 c

For θ2 large enough, one has −θ2/2 +
√

6L/η < 0 and then, using again (18), obtains

d

dt
||e|| ≤

(

− θ2

2
+

√
6L

η

)

||e||+
√

6

η
c

from which we deduce the exponential convergence of the error vector e toward any arbitrary

small neighbourhood of 0 provided that θ2 is large enough.

The Lipschitz continuity of the map lm(·) w.r.t. ζ uniformly in y1 ∈ O1 provides the inequality

(12).

106 Biomass Now – Cultivation and Utilization



Design of a Cascade Observer for a Model of Bacterial Batch Culture with Nutrient Recycling 11

For the estimation of x(·), one has the inequality

|x̂ − x| = |β̂ζ̂2 − βζ2| ≤ |β̂ − β||ζ2|+ β+|ζ̂2 − ζ2|

provided the estimation (13), the variable ζ2 being bounded.

Corollary 2. At any time t > 0, the coupled observer

dξ̂

ds1
= Aξ̂ +

⎛

⎜

⎜

⎜

⎜

⎝

0

0

ϕ̃(y1, ξ̂)

⎞

⎟

⎟

⎟

⎟

⎠

−

⎛

⎜

⎜

⎜

⎜

⎝

3θ1

3θ2
1

θ3
1

⎞

⎟

⎟

⎟

⎟

⎠

(ξ̂1 − y1)

dζ̂

ds2
= Aζ̂+

⎛

⎜

⎜

⎜

⎜

⎝

0

0

ψ̃(y1, ζ̂, α̂(s2), β̂(s2))

⎞

⎟

⎟

⎟

⎟

⎠

−

⎛

⎜

⎜

⎜

⎜

⎝

3θ2

3θ2
2

θ3
2

⎞

⎟

⎟

⎟

⎟

⎠

(ζ̂1− y1− y2)

integrated for s1 ∈ [0, min(t, τ(t))] and s2 ∈ [0, t], with

τ(t) = y1(0)− y1(t) + y2(0)− y2(t),

α̂(s2) = sat(α−, α+, l̃α(y1(min(s2, τ(t)))), ξ̂(min(s2, τ(t)))),

β̂(s2) = sat(β−, β+, l̃β(y1(min(s2, τ(t)))), ξ̂(min(s2, τ(t)))),

provides the estimations

m̂(t) = l̃m(y1(t), ζ̂(t)) ,

(x̂(t), x̂d(t)) =
(

−β̂(t)ζ̂2(t), y2(t) + β̂(t)ζ̂2(t)
)

.

The convergence of the estimator is exponentially practical, provided θ1 and θ2 to be sufficiently large.

6. Numerical simulations

We have considered a Monod’s growth function (2) with the parameters µmax = 1 and

Ks = 100 and the initial conditions s(0) = 50, x(0) = 1, xd(0) = 0. The parameters to be

reconstructed have been chosen, along with a priory bounds, as follows:

parameter δ k m

value 0.2 0.2 0.1

bounds [0.1, 0.3] [0.1, 0.3] [0.05, 0.2]

Those values provide an effective growth that is reasonably fast (s(0) is about Ks/2), and a

value τ̄ (see (6)) we find by numerical simulations is not too small. For the time interval

0 ≤ t ≤ tmax = 80, we found numerically the interval 0 ≤ τ ≤ τmax = τ(tmax) � 37.22

(see Figure 1). For the first observer, we have chosen a gain parameter θ1 = 3 that provides
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Figure 1. Graphs of function τ and observations y1, y2.

a small error on the estimation of the parameters α and β at time τmax (see Figures 2 and 3).

These estimations have been used on-line by the second observer, with θ2 = 2 as a choice
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Figure 2. Internal variables ξ̂ of the first observer in time τ (variables ξ of the true system in thin lines).
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Figure 3. On-line estimation of parameters α and β.

for the gain parameter. On Figures 4 and 5, one can see that the estimation error get small

when the estimations provided by the first observer are already small. Simulations have

been also conducted with additive noise on measurements y1 and y2 with a signal-to-noise
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ratio of 10 and a frequency of 0.1Hz (see Figures 6 and 7). In presence of a low frequency
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Figure 6. Estimation of the parameters α, β and m in presence of measurement noise.

noise (as it can be usually assumed in biological applications), one finds a good robustness of

the estimations of parameters α, β and variables x and xd. Estimation of parameter m is more

affected by noise. This can be explained by the structure of the equations (5): the estimation of

m is related to the second derivative of both observations y1 and y2, and consequently is more

sensitive to noise on the observations.
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Figure 7. Estimation of the state variables x and xd in presence of measurement noise.

7. Conclusion

The extension of the Monod’s model with an additional compartment of dead cells and
substrate recycling terms is no longer identifiable, considering the observations of the
substrate concentration and the total biomass. Nevertheless, we have shown that the model
can be written in a particular cascade form, considering two time scales. This decomposition
allows to design separately two observers, and then to interconnect them in cascade. The
first one works on a bounded time scale, explaining why the system is not identifiable at
steady state, while the second one works on unbounded time scale. Finally, this construction
provides a practical convergence of the coupled observers. Each observer has been built
considering the variable high-gain technique proposed in [10] with an explicit construction
of Lipschitz extensions of the dynamics, similarly to the work presented in [19]. Other choices
of observers techniques could have been made and applied to this particular structure. We
believe that such a decomposition might be applied to other systems of interest, that are not
identifiable or observable at steady state.

Acknowledgements

The authors are grateful to D. Dochain, C. Lobry and J. Harmand for useful discussions. The
first author acknowledges the financial support of INRA.

Author details

Miled El Hajji
ISSATSO, Université de Sousse, cité taffala, 4003 Sousse, Tunisie and LAMSIN, BP. 37, 1002
Tunis-Belvédère, Tunis, Tunisie

Alain Rapaport
UMR INRA-SupAgro ’MISTEA’ and EPI INRA-INRIA ’MODEMIC’ 2, place Viala, 34060
Montpellier, France

8. References

[1] J. Baranyi and T. Roberts. A dynamic approach to predicting microbial growth in food.
Int. J. Food Microbiol. 23, pp. 277–294, 1994.

110 Biomass Now – Cultivation and Utilization



Design of a Cascade Observer for a Model of Bacterial Batch Culture with Nutrient Recycling 15

[2] J. Baranyi and T. Roberts. Mathematics of predictive food microbiology. Int. J. Food
Microbiol. 26, pp. 199–218, 1995.

[3] J. Baranyi, T. Roberts and P. McClure. A non-autonomous differential equation to model
bacterial growth. Food Microbiol. 10, pp.43–59, 1993.

[4] E. Beretta, G. Bischi and F. Solimano. Stability in chemostat equations with delayed
nutrient recycling, J. Math. Biol., 28 (1), pp. 99–111, 1990.

[5] E. Beretta and Y. Takeuchi. Global stability for chemostat equations with delayed
nutrient recycling. Nonlinear World, 1, pp. 191–206, 1994.

[6] R. Buchanan. Predictive food microbiology. Trends Food Sci. Technol. 4, pp. 6–11, 1993.
[7] G. Ciccarella, M. Dalla Mora, and A. Germani A Luenberger-like oberver for nonlinear

systems. Int. J. Control, 57 (3), pp. 537–556, 1993.
[8] M. Dalla Mora, A. Germani, and C. Manes A state oberver for nonlinear dynamical

systems. Nonlinear Analysis, Theory, Methods & Applications, 30 (7), pp. 4485–4496. , 1997.
[9] H. Freedman and Y. Xu. Models of competition in the chemostat with instantaneous and

delayed nutrient recycling J. Math. Biol., 31 (5), pp. 513–527, 1993.
[10] J.P. Gauthier, H. Hammouri, and S. Othman A simple observer for nonlinear systems:

Applications to bioreactors.IEEE Transactions on automatic control, 37 (6), pp. 875–880.,
1992.

[11] K. Grijspeerdt and P. Vanrolleghem Estimating the parameters of the Baranyi-model for
bacterial growth. Food Microbiol., 16, pp. 593–605, 1999.

[12] X. He and S. Ruan. Global stability in chemostat-type plankton models with delayed
nutrient recycling. J. Math. Biol. 37 (3), pp. 253–271, 1998.

[13] S. Jang. Dynamics of variable-yield nutrient-phytoplankton-zooplankton models with
nutient recycling and self-shading. J. Math. Biol. 40 (3), pp. 229–250, 2000.

[14] L. Jiang and Z. Ma. Stability of a chemostat model for a single species with delayed
nutrient recycling-case of weak kernel function, Chinese Quart. J. Math. 13 (1), pp. 64–69,
1998.

[15] J. Lobry, J. Flandrois, G. Carret, and A. Pavé. Monod’s bacterial growth revisited. Bulletin
of Mathematical Biology, 54 (1), pp. 117-122, 1992.

[16] Z. Lu. Global stability for a chemostat-type model with delayed nutrient recycling
Discrete and Continuous Dynamical Systems - Series B, 4 (3), pp. 663–670, 2004.

[17] V. Lubenova, I. Simeonov and I. Queinnec Two-step parameter and state estimation of
the anaerobic digestion, Proc. 15th IFAC Word Congress, Barcelona, July 2002.

[18] S. Pirt. Principles of microbe and cell cultivation. Blackwell Scientific Publications London,
1975.

[19] A. Rapaport and A. Maloum. Design of exponential observers for nonlinear systems by
embedding. International Journal of Robust and Nonlinear Control, 14, pp. 273–288, 2004.

[20] S. Ruan. Persistence and coexistence in zooplankton-phytoplankton-nutrient models
with instantaneous nutrient recycling J. Math. Biol. 31 (6), pp. 633–654, 1993.

[21] S. Ruan and X. He. Global stability in chemostat-type competition models with nutrient
recycling, SIAM J. Appl. Math. 58, pp. 170–192, 1998.

[22] K. Rudi, B. Moen, S.M. Dromtorp and A.L. Holck Use of ethidium monoazide and PCR
in combination for quantification of viable and dead cells in complex samples, Applied
and Environmental Microbiology, 71(2), p. 1018–1024, 2005.

[23] I. Simeonov, V. Lubenova and I. Queinnec Parameter and State Estimation of an
Anaerobic Digestion of Organic Wastes Model with Addition of Stimulating Substances,
Bioautomation, 12, pp. 88–105, 2009.

111Design of a Cascade Observer for a Model of Bacterial Batch Culture with Nutrient Recycling



16 Will-be-set-by-IN-TECH

[24] Z. Teng, R. Gao, M. Rehim and K. Wang. Global behaviors of Monod type chemostat
model with nutrient recycling and impulsive input, Journal of Mathematical Chemistry,
2009 (in press).

[25] S. Yuan, W. Zhang and M. Han. Global asymptotic behavior in chemostat-type
competition models with delay Nonlinear Analysis: Real World Applications, 10 (3), pp.
1305–1320, 2009.

112 Biomass Now – Cultivation and Utilization


