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Abstract—An adaptive observer is proposed in this paper for Gauthier et al. [15] proposed a simple observer for nonfinea

joint estimation of unmeasurable states and unknown paramiers  system application to bioreactor under general technoébgi
of nonlinear systems. The formulation of discrete-time nolinear assumptions

observer design problem is realized by using Euler approxirate
discretization of the continuous observer. Martinez et al. [16] proposed joint parametric and state
A nonlinear discrete high gain observer is constructed, whih can ~ €stimation using high gain nonlinear observers applied to a

be chosen to make each estimated state and parameters conyer bioreactor.

faster to its real values. Performances of the proposed appeach .
are illustrated through simulation results related to a typical [N Leher et al. [19], a novel parameter estimate for a class

bioreactor. of discrete-time nonlinearity parametrized systems was de
veloped, the application of this method is applied to highly

I. INTRODUCTION : .
. . ) i nonlinear system of a bioreactor.
The construction of observers is very interesting and there

are some available works have been introduced in literatufearza et al. [8] proposed a high gain adaptive observer for a
by numerous researchers [1]-[12]. class of uniformly observable nonlinear systems with maedr

) ) arametrization and sampled outputs for state and parssnete
Many different classes of systems have been considered @ﬂmation in a typical bioreactor

a number of papers and studies have focused on just are

nonlinear observers design deal with the continuous tima-mé\n outline of this paper is as follows:

surements [1][2][4]. Another observers approaches haea bgy, he next section, the design of nonlinear continuous high
proposed for a particular classes of continuous-time BYSteg,in ghserver proposed by Farza et al.[8] is briefly reminded
with discrete-time outputs measurements [5]-[14]. Howevge iion 3, includes the main results of this paper, in which
the study of the nonlinear discrete-time observers is it 5 pew time-discretization method via the Euler approximate
Of those , design of discrete-time nonlinear observers Bas b 5, nonlinear system and the new discrete high gain observer

p_aid a_lot _of attention i.n recent years and many methods Qfa introduced. In section 4, the effectiveness of the wego
discretization are considered [4][19][21] and [22], exd@8p ,qantive observer in discrete-time is shown through sitiaria

include the methods using the exact discretization [1§28 ogyits applied to a bioreactor system. Finally, section 5
the Euler approximation [24][25], but the exact discref@@  oncludes the paper.

of continuous-time nonlinear model is usually not posstble

obtain. However, the Euler approximation is very importarit. THE CONTINUOUSTIME OUTPUT ADAPTIVE OBSERVER
because not only it is easy to derive but also maintains the DESIGN

structure of the original nonlinear model. This part briefly summaries the high-gain nonlinear obgerve

The objective of this paper, is the design a adaptive noaiinefor a class of contlnuogs—tlme systems, Wh'Ch_ is studied by
discrete-time observer for joint estimation of the unmealsie Farza_ et al. [8]. Cons_lder the class .Of nonlinear systems
state vector and the unknown parameters of a typical bitnueacdescrlbecj by the following set of equations:
model. A high gain discrete observer is constructed by using { x(t) = Azx(t) + ®(u,x, p)

the Euler approximation of continuous high gain nonlinear y(t) = Cx(t) = 1 () (1)
observer proposed by Farza et al.[8]. wherez — [z1---2n] € R and p = [p1---pm] € R™

In this theme, many different observers for state and peespectively denote the state and the parameters estjmates
rameters estimation in bioreactor have been treated. thdee € R andy € R are respectively the input and the output of
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system (1), whered = (21...4,)T € R" andp = (p1...pm)’ € R™
0 I, respectively denote the state and parameter estimatesrand
A= { . } ,C=(10 -~ 0) respectively the input and the output of system (41), Let us

0 0
) ] introduce some useful notations and definitions relatedgb h
The sampled output adaptive observer has the following fo”ﬁ‘ain observer design.

2(t) = Aﬁ(t}f @(?(t)vf(t)’ ﬁ(t))T S A, C, Ay, S Qpand®(u, z, p) are respectively given by (2),

o 0T (ST TP ()CT CF(1) (5), (7), (9) and (42) and is a positive scalar.

p(t) = —0Qe ' P()YT (1)CT CE(t)

T(t) = 0(A - 0S~1CTC)Y(t) + 0D (u(t), Z(t), p

with  Y(0)=0

P(t) = —0Pt)YT(t)CTCY(t) + 0P(2) Al. The stater(k), the controk:(k) and the unknown param-

with P0)=PT(0)=0 etersp are bounded, i.ec(k) € X, u(k) € U andp € Q
(2) whereX c ®", U c ® andQ2 C R™ are compacts sets.

1) The nonlinear descritization requires an appropriaternafe
lation of the assumption 1,2,3 and 4 , namely

whereZ(t) = z(t) — &(t) and p(t) = p(t) — p(t

1) = 2(t) - (1) At =p(®) _ p) _ A2. @ : R" x P — R" is a discrete nonlinear function.
Ag, S S and ®(u,z,p) are respectively given by theMorever, it is Lipschitz with respect to andp and uniformily
following form: in u for all (u,z,p) € U x X x €; its Lipschitz constant is

The diagonal matrixA is defined by: denotedLqsx.

Ay = diag [ T, i, . g, ] ©) A3. the function®; ;(u,z,p),j = 1,...,m, satisfy the fol-

_ N _ lowing conditionV(u, %) € U x X,V (p,p) € N2
where § is a positive scalar. One can easily check that the

following identities hold. ‘

ol (2.7) — 08,9 < Ty PP )
AQAA971 =0A, CA.971 =C (4) (10)
Based on (8), the Lipschitz constant of the Euler approxima-
tionis L}, = T..v. Again, we assumé}, < 1. This is even less
S+ATS+SA-CTC=0 (5) restrictive than in section 2, because h&ralirectly multiplies

v and can be chosen sufficiently small.

The unique solutiort of the algebraic Lyapunov equation:

Now, let Qy be the followingm x m diagonal matrix:
O =diag[ I, 7= ... 2= ] (6) Where]|.|| is the induced 2-normf, is a sampling time S
_ _ ) ) o and P are respectively given by (2) and (5) ands a positive

® is a continuous nonlinear function with triangular struetu g55r satisfyingl = T..v < 1.

in the state, i.e. ) _ )
A4. The inputwu is such that for any trajectory of system

®(u, w,p) = Pi(u, z1, -+, i, p) @) (8) starting from(z(0), 5(0)) € X x Q, the matrix CY(t)
I1l. THE DISCRETETIME OUTPUT ADAPTIVE OBSERVER IS persistently exciting i.e.
DESIGN 361,09,3T > 0Vt = kT, >0
The proposed discrete observer is obtained using Euler BT T
approximate discretization of the continuous observeys (2 511, < Z YT (r)CTCY(1)d(r) < 21 (11)
{ z(k+1) = (I, + T.A)x(k) + To®(ug, x, pr) ) t=k.T,
y(k) = Cx(k) = z1(k) IV. A TYPICAL BIOREACTOR MODEL
whereT, is the sampling time of the discrete observer. In this section, we will illustrate the discrete-time high

The choice of7. is such that the discrete-time nonlineaf@in observer by means of an example concerning a typical
system as stated above provides a good approximation of figreactor. We consider a simple microbial culture which
corresponding continuous-time. involves a single biomass of concentraties(t) growing on

_ . . . a single substrate of concentratian(t). The bioprocess is
The proposed discrete observer is obtained by using Eulgihposed to be continuous with a scalar dilution ratg)
approximata dlscretlz_atlon of the continuous observer (ghd an input substrate concentratisy, .

whereT, is the sampling time of the discrete observer:

Tk +1) = (In + TeA)2(k) + Te®(u(k), 2(k), p(k))
— T80 (S~ + Y (k)P(E)Y (k)T)CTCx (k)

plk +1) = p(k) — T.00 ' P(k)Y (k)T CT Ci(k)

Y(k+1)=(I+T.HA—-STCTC))Y(k) { 21(t) = —p*x1 () w2 (t) / (kexa (t) + 21(2))

A. System description

The mathematical dynamical model of this process is hence
constituted by the following two mass balance equations:

T T00(u(k), (), 5()) + D()(Sn — 21(1))
P(k+1) = (I - T.0P.Y (k)T CTCY}, + T.0) P, o do(t) = pra (t)aa(t)/ (kewa(t) + 1(1)) — D(k):cz(t()lz)



where: At) =00 H(STLEY()PH)YT(H)T)CTCA(1)

« x1(t): cell density of inhibitor resistant species, and
« x2(t): cell density of inhibitor sensitive species, . S
« D(t): dilution rate, Q) =609 PO)Y@)'CTCZ(t)

o Sin(t): the input substrate concentration,

o p*: the Contois law parameter,

« k.(t): the input substrate concentration. Consider the following system representing_ a typical biore
The objective of this paper is to estimate(t) together with actor, discretized using a Euler approximation method, we
the Contois law parameteys’, k.(¢) and the input substrate have:
concentrationS,,,. 2141 = 216 + Tezop + TeD (p1 — 21,1)

2o k41 = 22k — Teps(z2.6/21.6)% (226 + D (p1 — 21.1))
+ Tepaza k(1 + ps(22.6/21.k))?
—TeDzo i (14 p3(z2,6/71.1))

B. Discrete-time system

System (12) has been already considered in Farza et al. [§],
where the transformation:

fi(z,a)’ e X Yk = 21,k
} . (13) 17)
. _ _ —prmi(D)ma(h) The model (17) can be written as follows:
7 (Zl =T1,R2 = (k:‘LQ(i)-‘r‘le(t))) ( )

where is a diffeomorphism from¥X, the system (12) can be (18)

input under the following form:

Z1(t) =22+ D(p1 — 21)
Z(t) = —ps(z2/21)* (22 + D (p1 — 21))

2(k+1) = I, + T.A)z(k) + TP (u, z, p)
y(k) = Cz(k) = z1(k)

Consider the proposed discrete high gain observer describe

by the following form:

2 _ 2\ (14) 2k+1)= (I, + TeA),%( ) + To®(u(k), 2(k ) p(k))
—|—/igm(1 + p3(22/21))* — Dzo (1 + p3(z2/21) ) LA (ST 1 T(R)P(R)E(K) YO CE(R)
y=4 p(k + 1) = p(k) — T.0Q0 " P(k)Y (k)T CTC3(k)
wherep; = Sin, p2 = p* and ps = ko/p*. Y(k+1)=(I+T.0(A—-S™ 1CTC NY (k)
ﬁ}f;efrotrrr]ﬁ transformation, the system (14) is described unde Pk + ;)LZ (el‘bi T(ﬂ]:é})k(“];)(}c/;(ch)‘)TCTk L1
' () = Az(t) + B(u, 2, p) 15 (19)
y(t) = C=(t) = 2 (1) (15)

D (p1 — z1)

2k +1)

5(k)

O(u,z,p) 2| —ps(22/21)* (22 + D (p1 — 21))
cov e Fp2za(l+ p3(2a/21))?
— Dz (1 + p3(22/21)2

(16) — 5
1] 5
A — > ps

u

L
. ® VAt . J. 2 . Fig. 2. Nonlinear discrete high gain observer design.
QS 7] n

h where
@ CA®R) = 00 NS+ Y (R)P(K)Y (K)T)CTC(k)
[ a] ’ @ ;. and

L. 5 Qk) =09 'P(R)Y(K)TCTC3(k)
The estimation of the state and the unknown parameters
Fig. 1. Nonlinear continuous high gain observer design @seg by Farza p1, p2 and ps can then be achieved using an observer of the

etal. [8]. form (19). One can check that the values of the characteristi
indices associated to the unknown parameters are:

where e U1 =1, U9 =v3 =2,

™




o Qg =diag(1/6,1/6% 6%)
The following theorem shows that how the proposed desit

observer proposed in (9) using Euler approximate discre! 3 Tl 3
time model guaranteing observer practical converge wh 3 | ; ; | | | ; |
. 10 | | | | | | | | |
applied to the exact model. 0 1 2 3 ¢ 5 5 7 B y 0
femps(s)
C. Smulation results T T T T

hoz
=]
]

To verify the effectiveness of the proposed observer, smul
tions have been done with the discrete high-gain obserher. 1

observer are used to estimate system states and the unkn T w;u L
parameters in the typical bioreactor. 0 ‘ ‘
The numerical values used for this simulation follow the kvor - /“\,./;- i
of Farza et al. [8] and are reproduced in the table 1
Parameters | Values | Units ' 1 ‘ ' ‘ qemss(s] ' ' ' ' !
Sin 20 (9/L)
o 1.064 | (1/h)
ke 4.39 | (9/9)
p1 20 (9/L)
02 1.064 | (1/h)
03 4.1259 (") _ i
TABLE T Fig. 3. Estimation of the unknown parameters p2 and ps.
THE NUMERICAL VALUES FOR SIMULATION
The resulting values of the parametegsare: 0 !
p1 = 20(g/L), p» = 1.064(1/h) and p; = 4.1259(h), N
The above system is also studied in [6]. Notice that tF ] ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
equilibrium point is(x1(0); 22(0)) = (15;7.5)(g9/L); v 8 tem;s(s] e
while the observer was initialized with Q T T T T T
) [ : : : :
21(0) = z1(0) = 1.522(0), p2(0) = p3(0) =0 s
and 51 (0) = 0.501 = 10(g/L). 1 I T T S S N T
0 1 2 3 4 § ] 7 8 9 10
All the entries of the matriX('(0) = 0 were set to zero and st
P(0) was set to thel x 3 identity matrix. BT
In this simulation, we consider a constant sampled tirr g = “\\ A
T. = 0.1s. Indeed, the choice df is such that the discrete- B e M
time nonlinear system as stated above provides a good appi o—
imation of the corresponding continuous-time dynamicshef t tompe)
bioreactor.

Simulation results are reported in figures 3,4,5 and 6. [Eigu

3 shows the parameter estimatipn, po andps and the true

valuesp;, p2 and ps. Since the parameter estimation error

p(k) = p(k) — p(k) are given in Figure 4. The Figure 5 and  Fig. 4. Error estimation of the unknown parametpisps and ps.
6, shows the evaluations of the state variable@), z2(k),

their estimates variables (k), 22(k) and the state estimation

errorsdy (k), d2(k). as fast as required and the estimation errors remain the
Based on simulation results, one can conclude the following  neighbor of zero.
« From Figure 3, it is clear that the parameter estimatdie high gain observer attained good performances anddgree
converge to their true values, well with the experimental results.
« From Figure 4, it is shown that the parameter estimation
error converges to a neighborhood around zero,
o The Figure 5 and Figure 6, it is clearly seen that the A discrete high gain adaptive observer has been proposed in
state variables converges into the state estimate vasialileis paper to calculate the state and the unknown parameters

V. CONCLUSION
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Fig. 5. Evolution of the state variable;, their estimateZ; and their error
z21 — Z1.

——————

0 1 7 H 4 i i 1
el

Fig. 6. Evolution of the state variable;, their estimatezs and their error
z9g — 29 .

The new discrete-time observer is obtained after disattin

using the Euler approximation of the observer introduced
Farza et al. [8]. Of a typical bioreactor model, simulatiea r
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