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Nonlinear Observer for Applications of Fermentation
Process in Stirred Tank Bioreactor

Hak Kyeong Kim, Tan Tien Nguyen and Sang Bong Kim

Abstract: This paper proposed a modified observer based on Busawon’s high gain observer using an appropriate time depended
function, which can be chosen to make each estimated state converge faster to its real value. The stability of the modified observer is
proved by using Lyapunov function. The modified nonlinear observer is applied to estimate the states in stirred tank bioreactor: out-
put substrate concentration, output biomass concentration and the specific growth rate of the process. The convergences of the modi-
fied observer and Busawon’s observer are compared through simulation results. As the results, the modified observer converges

faster to its real value than the well-known Busawon’s observer.

Keywords: non-linear observer, bioreactor, parameter esiimation

L. introduction

Fermentation is an important process for cultivating rnicro-
organisms. Fermentation can be run as a batch, fed-batch and
continuous process. In a continuous system, the substrate is
supplied to the bioreactor and extracted from the bioreactor.
Fermentation process is so complex, time varying and highly
nonlinear. Due to pH, dissolved oxygen, temperature, anti-
foam addition, biomass accumulation, production formation
and nutrient depletion during fermentation process, the dy-
namic behavior is significantly changed. So it is difficult to
make a model and control for fermentation process exactly.
Specially, the exact estimate of the specific growth rate is so
uncertain because it depends on parameters such as biomass
concentration, substrate concentration, production formulation
and temperature, etc. Despite the intensive effort spent in de-
veloping new biological sensors in recent years, the sensors
are not much exact. To overcome these problems, observers,
software sensors, for on-line monitoring biological variables
has been developed.

The observer is expected to produce the estimate i(t) of
the state of x(¢) of the original system. One of the reasons of
using observer is that full state measurement of a process is
generally not available. The construction of observers is very
interesting and there are some available methods have been
introduced in literatures. For a linear system, a standard solu-
tion is given by the classical Lubenburger observer. For a
nonlinear system, the list of references at the end of the paper
cover part of recent works done in the area. Gauthier et all'!
proposed a simple observer for nonlinear system application to
bioreactor under general technological assumptions. Farza et
al.!¥! proposed simple nonlinear observer for estimation in
fermentation process. Martinez-Guerra et al.® proposed pa-
rametric and state estimation using high-gain nonlinear ob-
servers applied to bioreactor. Olivera et al® solved the tuning
problem of an observer-based algorithm for the on-line esti-
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mation of reaction rates in stirred tank bioreactors. To-
nambe!'?!
of a nonlinear system to the estimation of its state variables by
a state space immersion using asymptotic high-gain observers.
Busawon et al.®?! proposed simple high gain observer for a
class of nonlinear systems in a special canonical observable
form for state and parameter estimation in bioreactor. Among
the above papers, the Busawon’s high gain observer attained
good performance and agreed well with the experimental re-

reduced the estimation of the unknown parameters

sults. However in some cases, the estimated state of the sys-
tem is not converged to its real value as fast as required.

This paper proposed a modified observer based on Busa-
won’s high gain observer using an appropriate time depended
function, which can be chosen to make each estimated state
converge faster to its real value. The proof is given to prove
the stability of the proposed observer using Lyapunov function
approach. The fermentation process in stirred tank bioreactor
is used for the simulation. Two cases have been done with the
original Busawon’s observer and the modified observer. The
effectiveness of the proposed method is shown through the
simulation results applied to bioreactor system.

1I. High gain observer structure

For general nonlinear system, a high gain observer is used
to handle part of the nonlinearity of the system by choosing a
sufficiently large value of a given design parameter. This part
briefly summaries the high gain observer for a class of nonlin-
ear systems in a special canonical observable form, which is
studied by Busawon et al.l’!

Consider single-output system as follows:

z=F(s,z)z+G(u,s,z) )
y=Cz )]
where

0 fi(s,2) 0 0

0 0 fr(s,z)y - 0
F(s,2)=|: : : : ?3)

0 0 0 Sna(s,z)
0 0 0 0
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gi(u,s,2)
82(u,5,21,23)
G(u,s,z)= : @
8n-1(t,8,21,25,7,2, 1)
&n(u,s,2)
c=[1 0 - 0] )

z=(z),2;...2,) €R", ueR™, yeRand s is a known
function, f;are class C' that the first derivatives are continu-
ous with respect to their arguments.

Let N(s,£,f) be observability matrix for system Eqgs. (1)-
(5) as follows

N(s,&t) = diag L fi(5.6), fi(5.6) fo(5.€),
L, £i(5:9 £,(s,9L £, (5,%)] (6)

Consider the following algebraic Lyapunov equation

ds

#:ASHATSNSAA—CTc:o 0
where §; is the symmetric positive definite matrix, 4 is a
positive number and matrix A4 is of the form:

0 1 0

A=l 8
0 0 1 ®
0 0 0

We assume the followings:

A1) There exists a subset/ = L*(R*,R™) and two compact
sets K; c K, such that every trajectory z(¢)associ-
atedtoany zeU andissued from K; to K,.

A2) s(¢)is known and bounded in class C'and $(¢) is also
bounded.

A3) 3a; >0,YueR",VzeR",Vt20:|f;(s(t),2)|> e,
A4) 3Ja, >0,VueR™ VzeR" Vi20:|g,(u,s(t),2)|>a;

for i=1,---,n.
AS) 3B,y20;YueR™ VzeR";Vt>0
|7, 60.2] 5, |eOs0.2)]
e T e
for j=1--,nland i=1,---,n.
A6) N(s,£,t) is full rank for all #> 0 and its time deriva-
tive is bounded.
Theorem 1): Assume that the system (1) satisfies As-
sumptions (A1)-(A6). Then, there exists A >0 such that the

following equation is an exponential observer for the system

1):

Z=F(s,5)+Gu.s,3)-N(s,2,0)8;' CT(Cz-y) (9

II1. Modified observer
This section introduces a modified observer based on the
above Busawon’s high gain observer using an appropriate time
depending function H(¢), which can be chosen to make each
estimated state converge faster to its real value.

H(t) = diag [Lh (6), hy (1), by (D] (10)

Now, let M(s,£,f) be observability matrix for system Eqs
(1)-(5) as follows:

J1(8.8)/2(s,¢)
hy(2)

ﬁ(s,cf)f2<s,f>~--fnvl(s,¢)}
T (Ohy(0)- Ry ()

b

M(s,&¢) = diag [1, f1(s.€),

(11)

We assume the followings:

A7) H(t) isbounded function and rank (H(t))=n.

A8y M(s,&,t) is full rank for all ¢>0 and its time deriva-
tive is bounded.

The proposed modified observer can be cited in the follow-
ing theorem 2.

Theorem 2: Assume that the system (1) satisfies Assump-
tions (A1)-(A5) and (A7)-(A8). Then, there exists A >0 such
that the follow ing equation is an exponential observer for the
system (1):

F=F(s5,3)5+Gu,s3) - HOM Ys,2,087 cT(Ccz-y) (12)

Proof of theorem 2
For the sake of simplicity, note that F=F(s,z) ,
F=F(s,3), G=G(u,s,z), G=G(u,s,5), H=H() and
M =M(s,5,0).
Define the observer error, £=z—z. Its first derivative
yields

f=%-2
=(F~-HM'8;'cTC)e+(F -F)z+(G~-G) (13)

Now define a new variable

F=MAe - =AM (14)
where
. 11 1
Al:d‘ag[ls;’?:”" ln—]:| (15)

then we have
b AN Ay

Using relation shown in Appendix A, we can derive the fol-
lowing

E=MM7E+AM4-HS{'CTC)z
+MAF-F)z+MA,(G-G) (16)
The Lyapunov function is chosen as follows
=278 7 =g 2 >
v=£'57=|g] 20 (17)

Using Egs. (14)-(16) and the relation in Appendix B, the
first derivative of Lyapunov function can be written as

v=25T8%2

=2ZTS\ MM 'E- AV
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—agTcTce-228"s,(H-1)s7'cTce
+287 8, MA ; (F = F)z+ 28" §;MA ,(G~G)

V<~AV +2

e INE
- el ~24fsia |l |7 - nsi'eT ]
4 2((S15““M"«A 2B - F)z|+ ZNS,EH“MMA (G- G)N (18)

Using Assumption (A5), the boundedness of the state and
the triangular structure of G and f;, with some positive

constants y,¥», we obtaint

('A/{(ﬁ-F)zNS 71“A13 {[ = }/1"[4—15” <rn “M_luu £ ”

e S

Define 7, = ”M I " m =@ -Dsiic’d],
[s:&|[e]=0v =" $12, p=2m+21+2r,

Then we can rewrite (18) as follows
v <=2y 2m i3] e + 20,2 el

+2r2]:8] el - 24412 el ma
V < A0+ 2mo) - pclV (19)

If A is chosen so as to satisfy A=(po)/(1+2n0),
V achieves negative. Hence, £ -0 , &= A}IM 750
when ¢ —>w. B

When the matrix H(¢) in (10) is chosen as an identity ma-
trix, the proposed observer is the high-gain nonlinear observer
which has been studied in the works of Busawon et al.l*). The
first element of H(#) is 1 corresponding to the measured
state of system. Another element of H(f) can be chosen
under the Assumption (A7) to make the estimated state con-
verge faster to its real value.

1V. Application to stirred tank bioreactor
4.1 Process mode!
The system dynamic equations on the substrate and the
biomass in bioreactor are given as the following™®

S = —ku(S)X +(S;, - S)D (20)
X=uS)X-XD 21

where
: biomass concentration in the reactor
: substrate concentration in the reactor
: dilution rate
: the specific growth rate
: the known yield coefficient
S, : external inlet substrate concentration

The specific growth rate is known to be a complex function
of plant states and several biological parameters. More than 60
expressions have been suggested. One of the well-known
model is the Haldane’s law as follows

R U2

u(S) = ———«kf”"'s—az (22)
Kk +kS+S

where
M, : the maximum specific growth rate
k, :saturation constant
k; : inhibition constant
4.2 Observer design
We consider two cases: 1) measure substrate concentration
S and then estimate biomass concentration X using
Haldane’s specific growth rate and 2) measure biomass con-
centration X and then estimate the specific growth rate u
without any assumption on its model.
4.2.1 Case 1: Estimation of X from the measurement of
S when g satisfies Haden’s law
The system can be rewritten in the following form

b L] @
x| 1o o x| |u®HXx-Dx

y={1 0][5} 24)

X

Apply the proposed observer (12) with

;=18 x17
.~ {0 ) ~ k(S
F(s,z)=i:0 ﬁ(zg)i(:[ﬁ kﬁ(’)“)}
P p——

ke + kS + 82

G(u,s,z) :{ DA(S&,, —S)A]
uSHXxX-bx

Het)w 1 0
(1= 0 m(?)

10 1 0
M7 sEn=|y _1 0 1
fi(s2) ku(S)

~ 22 A
s IFLZ /P}
c=h o]
2—2:[3‘—5 A"—X]T

i

The proposed observer is as follows
S =~ku(S)X +(S,, - S)D-24(5 -5)
2 (25)
—(S-35)
ku(S)

X = u($HX - XD+ (0)

4.2.2 Case 2: Estimation of x from the measurement of
X without any assumption on the model of #

In this case, no information on g is available, we assume
instead that u satisfies f=¢(f) with unknown bounded
function @(t). The system can be rewritten in the following
form
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GLCEHET e
a) 0 0Qu ¢
X
y=[1 M{} @7)
]
Apply the proposed observer (12) to the system with
t=[x A

n&a=B ﬁ%j1=h i}

.. |[-XD
Gu,s,z)=| .
Uu,s.z I: ¢ :l

Ht—lo
©=lo na

10 10
M7 (sin=|y 1 |=|y 1
fiGsz X

_ 22 A7
S 1,1 =

c=[1 o]

$=2—z=[/\A’—X /}—y]T

which yields
X = iR~ XD=24(X - X)
: (28
B X-X
= (2=
H 1(7) 7
The time depending function is chosen as
hWty=1-e"+¢ (29)

where ¢ is a small number enough not to give an effect on
simulation result. This function is stable and converges to unit
when ¢ — oo . Hence it satisfies Assumption (A7).

V. Simulation resuits

To verify the effectiveness of the proposed observer,
simulations have been done with Busawon’s observer and the
proposed modified observer. The observers are used to
estimate system states in the controlled system which has been
done in our previous work!'l.

The numerical values used for this simulation follow the
work of Simutis et al.””! and are given as Table 1.

Table 1. The numerical values for simulation.

Parameters Units Values
Saturation constant ke g/l 0.1
Maximum specific growth rate 1 1/h 0.3
Yield coefficient k 2.0
Inhibition constant ki g/l 50.0
Influent substrate concentration S, g/l 20.0

In Busawon observer, H(t) =diag([{1,1]) and in the pro-
posed modified observer, H(t)=diag[{1,1-e" +¢£]. The

noise of zero mean and standard deviation of 5% is used in
this simulation.

The first simulation is done with estimation of X from the
measurement of S when u satisfies Halden’s law. Parame-
ter A ischosenas 6. Simulation results are given in Figs. 1-6.
Fig. 1 shows reference substrate concentration S,. , output
substrate concentration S and estimated substrate concentra-tion
S by proposed method and Busawon method when reference
substrate S, is assumed to be changed as a step type with the
constant influent substrate concentration. Because we measure
S, the values of S can be estimated using Busawon’s and the
proposed observer’s results are not far from those real values
and can be seen form Fig. 3. Fig. 2 shows output biomass con-
centration X and those estimated values X using both ob-
servers. The proposed observer estimates output substrate X
faster than Busawon’s observer as shown in Fig. 4. The errors of
estimation are given in Figs. 5 and 6. Both figures show that the
proposed observer has better performance comparing to Busa-
won’s observer. When the time is large enough, both observers
are identical because we choose hj(t)=1—e ' +& which
converges to unit when ¢— oo,

The second simulation is done with estimation of x from
the measurement of X without any assumption on the model
of u . Parameter A is chosen as 2. Simulation results are
given in Figs. 7-9. Fig. 7 shows the biomass concentrations
and their errors are given in Fig. 9. The specific growth rates
of the controlled process are given in Fig. 8 and their errors
are given in Fig. 10. The bigger value of 1 is chosen, the
faster the estimation value converges to its real value. Of
course, there is the bigger estimation error. From these figures,
we can conclude that the proposed observer has a better per-
formance comparing to the original Busawon’s observer.
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Fig. 1. Substrate concentrations: reference, estimations and output
during the step change of biomass substrate concentration.
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Fig. 2. Biomass concentrations: estimations and output during
the step change of biomass substrate concentration.
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during the step change of biomass substrate concentration.
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Biomass concentrations: estimations and output during
the step change of biomass substrate concentration.
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Fig. 5. Errors of estimated substrate concentration.
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Fig. 6. Errors of estimated biomass concentration.
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Fig. 7. Biomass concentration.
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Fig. 8. Specific growth rates: real value, estimated values with
proposed and Busawon’s observer.
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Fig. 9 Errors of estimated biomass concentration.
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Fig. 10. Errors of estimated specific growth rate.

VI. Conclusion

A modified nonlinear observer based on Busawon’s ob-
server is introduced. By using appropriate time depending
bounded function, the modified observer shows faster conver-
gence to its real value than Busawon’s observer. The proof of
the stability of the modified observer using Lyapunov function
approach is given. The modified observer is applied for esti-
mating output substrate concentration and biomass concentra-
tion of a continuous baker’s yeast cultivating process in stirred
tank bioreactor. In the case of using no model of specific
growth rate, we can also use the proposed observer to estimate
the specific growth rate using only measuring the biomass
concentration. The effectiveness of the modified observer is
shown through the simulation. The simulation results show
that the proposed observer has good performance with smaller
error and faster estimation than Busawon’s observer.
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Appendix A

MAa,(F-HM's7cTonm !

=AM MEAM T A, MEM s cT cay'm !
=M MEMTAG ~A,MmHE M s T eaiir!
=8 HAN -280, M M7 H A, s, 7T e
=AA-A8 H A, 7' s 1A, T e
=MA-Ha A, 7's,7'cT0) =aa-HS, ' cT o)

where

MFM™ = HA

cleam™=c"c

1 1

-1 [ . | -
S}’ =Z'Al Sl AZ.

A HAA =AHA=4 A
Appendix B
267 M Mg + 287 S (A Hs, el o)
= 28T S, MM 'F + 45T (25,4 28, HS,"'cTC)e
= 28T S MM 4 AT (25,405 - AET 28,18, T OOF
=25 TS, MM+ azT (-5, + T O
—agT s HS, T oy
=TS b g+ asT S +cTc-2s,Hs, cT o)
= 2§TS1A§M“IE
2754287 (~cTcv2cT c-2s,88, 7 cT O
w2 TS MM g -Av
gl cg-22T (sl - T ce
26T MM g -AV
—agtcTce-meTsyH-1)s,""cTcg

=

It

where
gl s Ag =7 (-, +cTOxE
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