Chemical
Engineering
Journal

www.elsevier.com/locate/cej

Chemical Engineering Journal 87 (2002) 351-356

Reaction heat estimation in continuous chemical
reactors using high gain observers

Ricardo Aguila®?*, Rafael Marinez-Guerrd, Alexander Poznyak

2 Departamento de Energ; Universidad Auténoma Metropolitana-Azcapotzalco, CINVESTAV-IPN, Apartado Postal 75-338, CP 07300, Mexico, D.F., Mexico
b Departamento de Control Automético, Universidad Auténoma Metropolitana-Azcapotzalco, CINVESTAV-IPN,
Apartado Postal 75-338, CP 07300, Mexico, D.F., Mexico

Received 9 August 2000; accepted 28 September 2001

Abstract

The problem of the on-line estimation of the reaction heat in a continuous stirred tank reactor (CSTR) from temperature measurements is
addressed in this paper. The proposed uncertainty observer is based on differential algebraic techniques, such that the algebraic observabilit
condition of the uncertainty from temperature measurements is easily verified and the observer structure is very simple, which lead to
feasible implementation. The observer proposed is robust against noisy measurements and sustained disturbances. The good performanc
of the observer is shown by means of numerical simulations.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction Alvarez-Ramirez et al. [2] used this estimation methodology
coupled with a linearizing controller to regulate temperature
The continuous stirred tank reactors (CSTRs) are widely in FCC units like Aguilar et al. [3] who employed this control
used in the chemical industry, e.g. in polymerization, petro- scheme too for the substrate regulation in a continuous biore-
chemical, pharmaceutical, biochemical, etc. Therefore, their actor, but for dynamic estimation of uncertain terms, these
importance in the industry is great, nowadays the demandsclass of strategies become unstable when the measurements
in security, efficiency, environmental restrictions and so on are noisy, because the derivative related to the accumulation
makes the process engineers to apply more sophisticatederms cannot be calculated adequately, which can lead to
technigues in modeling, monitoring and controlling strate- poor closed-loop performance or instabilities in the process.
gies for obtaining high performance in the processes. Georgakis and coworkers [4] proposed a Kalman filter-
Generally speaking, the evaluation of reaction heats is aing technique to estimate kinetics terms in a polymerization
difficult task in chemical processes, due the complexity of reactor with good results, and following this research line,
the related physico-chemical phenomena. This led us to con-Aguilar et al. [S] using filtering techniques, designed a non-
struct uncertain mathematical models of this process, suchlinear controller based on observer for the regulation of tem-
that the problem of on-line estimation of reaction heats must perature in a CSTR with complex behavior. In this kind of
be tackled. Currently, estimation theory is one of the most estimation methodologies based on observer Kalman struc-
active research area necessary to obtain on-line estimates ofures, the convergence analysis of the observer is difficult be-
unknown terms related to mathematical models for processcause the observer gain is based on an approximation of the
identification and control purposes. Schuler and Schmidt covariance matrix related with the estimation error. Besides,
[1] used an uncertainty estimator based on calorimetric it has the problem of the initial condition proposed for the
balances to infer the reaction heats in chemical reactors.observer equation and tipeakingphenomena can become
closed-loop leading to the unstable behavior of the system.
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the theory of systems of differential equations, which are system outputyu the system input (temperature of the cool-
algebraic in the unknowns and their derivatives some of ing jacket) and andy are the inverse of the residence time
the completeness enjoyed by the theory of systems of alge-and the heat transfer global coefficient, respectively.

braic equations. This mathematical approach has recently We consider the subsystem given by Eqgs. (2)—(4). From
been shown to be the most effective tool for understanding this, the following differential algebraic equations can be
basic questions such as input—output inversions and realiza-obtained:
tions [7-9]. Now, before showing the proposed estimation Xi—Y=0

()

methodology, the following definitions must be considered
[10,11]:

Definition 1. A differential field extensiorL/K is given by
two differential field,L andK, such that:

1. KC L.
2. The derivation oK is the restriction td of the derivation
of L.

Definition 2. Letu be a differential scalar indeterminate and
letk be a differential field, with derivation denoted by d(t)/d

Definition 3. A dynamics is a finitely generated differ-
entially algebraic extensiofj/k(u). This means that any
element ofJ satisfies a differential algebraic equation
with coefficients which are rational functions ovkrin
the components ofi and a finite number of their time
derivatives.

Definition 4. Let {u, y} be a subset off in a dynamics
J/k{u). An elementiry is said to be observable with respect
to {u, y} if it is algebraic overk(u, y). Therefore a stat®

is said to be observable if and only if it is observable with
respect tou, y}.

Definition 5. A dynamicsJ/k(u) with outputy is said to
be observable if and only if any state is so.
3. Problem statement
Consider the following nonlinear dynamic system related

with a mathematical model of a CSTR [12]:
Mass balance:

Xo = 6(Xor — Xo) — KX§ (1)
Energy balance:

X1=0(X1 — X1) + X2+ y(u — X1) (2
Uncertainty dynamics (reaction heat):

X2 = f(X1, X2) 3)
System output:

Y =X1 4)

where Xg is the reactive concentratiol, the kinetic con-
stant,X; the reactor temperaturp the uncertain term re-
lated with the heat generation by chemical reactiéithe

Y+@O+y)Y —0X —yu—X2=0 (6)

Now, a new concept called uncertainty algebraically observ-
able is introduced:

Definition 6. An elementX,, in J is said to be uncertainty
algebraically observable X, satisfies a differential alge-
braic equation with coefficients ovéfu, y).

From Definitions 5 and 6, along with the differential alge-
braic equations (5) and (6), the pair uncertainty—temperature
i.e. {X1, X»} is universally observable in the Diop—Fliess
sense [11].

The corresponding input—output representation of the sys-
tem (2) and (3) is given by:
Y+ @+ y)Y =yu+ f(X1, X2) @)

which can be represented in a generalized observability
canonical form using the following change of variables:

d-1ly

ni = a1 (8
to obtain
n1 = n2, n2 = ®(1, n2, u), Y =mn 9

Now, as it can be seen from the nature of the system given by
Eg. (9), a standard structure of a Luenberger type observer
based with a copy of the system plus measurement error
correction is not realizable since the tednis unknown.
Therefore, the following observer is proposed in order to
filter an estimate ofj; andny, respectively:

A

1 =2 — It — fn) (10)

N = =1t~ (1 — p) (1)
finally from Eq. (6), the reaction heat is evaluated by the
following equation:

X2 =12 —0(X1, — 1) — y(u — 1) 12)

the idea to estimatg, and filtering it is that this variable

is directly the reactor temperature (system output) and in
accordance with Eq. (12), if the temperature measurements
are noisy, the noise would be transmitted to the estimation
of the reaction heat which can lead to poor performance. In
this work, it is assumed that the reactor temperafiye>

0 is bounded for alk > 0. Consequently, the concentra-
tions inside the reactor are bounded input to bounded output
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Fig. 1. Filtering process of the reactor temperature measurenieat$.01).
state. It is also assumed that the uncertain term remainse2 _n2—n2 (14)
bounded. The restraint of the heat of reaction (uncertain l

term) is common for a wide class of chemical reactions and Considering Egs. (13) and (14), the dynamic of the estima-
is a consequence of the characteristics of the mathematicalion error is defined as

modeling commonly employed; chemical reactions are usu-
ally Lipschitz with respect to temperature. It is not hard to E = IAE + 2 (1, n2) (15)
see that global Lipschitz of Hs R(ys, Ty) property is found
if the functionality R(yf, T;) with respect to temperature is where:
of Arrhenius type. . 0
The estimation errors are defined as: E— [61] ’ A= [T 1] ’ Q= |: @ }
l

e1=n1— 1M1 (13)
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Fig. 2. On-line estimation of the reaction h&at= 0.01).
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Fig. 3. Filtering process of the reactor temperature measurements considering sustained distgrbafds.

Considering the following assumptions:
1. 2 is bounded, i.e}|2|| < I.

2. There exist two positive constants- 0 andA > 0, such

that:

llexpAD E|| < j exp(—IAn)]|E]l

Now, solving Eq. (15), the next expression is obtained:

1
E = exp(lAt) Eg -|-/ exp{lA(t — s)}$2 ds
0

(16)

for both sides of the Eqg. (16), the following equation is
generated:

. Jr ir
E|| < jexp(—Iit Eol| — == — 17
E|l < jexp( )[II oll 12x}+lzk (17)
in the limit, whent — oo:
jr
Ell < Z— 18
IEIl < 35 (18)

The above inequality implies that the estimation error can
be as small as is desired if the observer gasrchosen large

Considering the assumptions 1 and 2 and taking normsenough.
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Fig. 4. On-line estimation of the reaction heat, considering sustained disturb@neds01).
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Fig. 5. Uncertainty estimation

in the transformed spdce 0.01).

Note that if the system output is corrupted by additive filters adequately the noisy temperature measurements as
noise i.e.Y = n1 + 8 and the noise is considered bounded can be observed in the Fig. 1, which are used in the estima-
such thatj|5|| < A, a similar methodology used to analyze tion of the reaction heat although it corresponds to the dif-
the estimation erroE can be applied in order to prove that ferential algebraic structure. The observer is able to infer the

the steady-state estimation error beconjés + A)/[%x
which proves robustness against noisy measurements.

4. Numerical experiments

In this section, numerical simulations were carried out
order to show the performance of the proposed observer.

reaction heat with a good performance as shown in Fig. 2.
Additionally to the noisy temperature measurements,
a sustained disturbance in the reactor temperature inlet
X1, = X1eo+ 4sin(I1t) is now introduced to the system
and the observer proposed is able to estimate the corre-
sponding terms, as can be seen in Fig. 3 corresponding
in to noisy reactor temperature measurement and the related
Thetemperature filtered. Fig. 4 shows the performance of the

reaction heat generated in a CSTR is estimated via temper-observer to infer the reaction heat in the chemical reactor
ature measurements, which are corrupted with a white noiseand finally Fig. 5 shows the performance of the observer
of £2 K around the current temperature value. The observerin the new coordinates, which is adequate too, in spite of
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Fig. 6. Filtering process of the reactor temperature measurenieat.001).
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Fig. 7. On-line estimation of the reaction hgat= 0.001).
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