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State Variable Estimation of Nonisothermal \
Continuous Stirred Tank Reactor Using Fuzzy

Kalman Filter
Risa Fitria and Didik ¥husnul 2Xwf

Abstract—Increasing safety and product quality, reducing
manufacturing cost, nlinimizing the impact of environmeni in
faul] detection system for Nonisothermall Continuous Stirked
Tani Reactor (CSTR) are the reason why accurate state esti-
mation| is needed. Kalman filter is an estimation algorithm of
the stdchastic linear dynamical system. Through this work, a
modification of Kalman Filter that combines with fuzzy theory,
namely Fuzzy Kalman Filter (FKF) is presented to estimate the
state variable of Non-Isothermal CSTR. First, we approximate
the nonlinear system of CSTR as piecewise linear functions and
then change the crisp variable into the fuzzy form. The estimation
results are simulated using Matlab. The simulation shows the
comparison results, i.e computational time and accuracy, between
FKF and Ensemble Kalman Filter (EnKF). The final result of
these case shows that FKF is better than EnKF to estimate the
state variable of Nonisothermall CSTR. The error estimation of

FKF is 72.9% smaller for estinatio eacta tration,
39.9% smaller for tank temperature, [76.47 % smd i cooling
jacket temperature and the computational time of 6.47 %

faster than the computational time of EnKF.
Index Terms— Continuous| stirred tank| reactor, estimation,
fuzzy] Kalman filter.

[. INTRODUCTION

ONTINUOU;[ Stirred Tank Reactor (CSTR) is one of
the most impdrtant tools in chemical manufacturing. In
general, the reaction in the CSTR takes place in Sh(:j time and
only the stable components that could be observed. So that
the estimation of the state variable in CSTR| model is needed.
Kalman filter is an algorithm to estimate the state variable
of the stochastic linear dynamical system. This algorithm
combines the mathematical model with the measurement data
[1]. The Kalman Filter has become a very useful tool to
reduce the effect of Gaussian white noise and fuse together
measurements within a linear system [2]. Several works have

used this filter to nonlinear| system, such as th Nonisothermal ~~&a

CSTR models, so that it Ls required to modify the Kalman
Filter algorithm. There are many modification of Kalman Filter
algorithm, such as the Ensemble Kalman Filter (EnKF)[3], the
Reduced Rank Square Root Covariance filter [4], the Square
Root Ensemble Kalman Filter [5], Extended Kalman Filter,
Unscented Kalman Filter and others. The modifications of
Kalman Filter have been made to get a more accurate estimate
and the shorter computing time.
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The famous modification of Kalman Filter for nonlinear
system is EnKF it generates an ensemble value as initial
estimation of state variable and an ensemble measurement data
based on real measurement data [5]. In previous research, the
Reduce Rank of Ensemble Kalman Filter had been applied in
the Nonisothermal CSTR [6], the result is the Reduced Rank
Ensemble Kalman Filter can not be applied in this problem
because the dimension of state variable is too less.

Other modification of Kalman Filter is Fuzzy Kalman Filter
(FKF), that is an estimation method that combines the Fuzzy
set with the Kalman Filtering [7]. At the previous research,
FK1 method had been applied to estimate the Longitudinal
Motlon..of - Aircraft {8]. the result is the FKF has better
accuracy than conventional Kalman Filter, but the FKF needs
more computational time than Kalman Fillcl‘Lﬁ)Lhcr research
also applied FKF to estimate the position of hn Autonomous
Underwater Vehicle (AUV) based on dynamica1 system of
AUV motion. The FKF can be used as a controller of AUV
based on the determined trajectories [9].

In this paper we study the efficiency of Fuzzy Kalman Filter
to estimate the state variable of nonlinear dynamic stochastic
system such as the Nonisothermal] CSTR. The estimation
results will be compared with the F method in terms of
error estimation and computational time.

II. METHODS
A. Model of N(mi.mn’mmal&mtiﬂuom Stirred Tank Reactor
Figure 1 is the Nonisot

(5 STR. The mathematical
model of N()nis()lhcrmal?:S{!}J;}r using coolant jacket dynamx
ics, where the following reaction between Sodium Thiosulfate

(Na>8,03) and Hydrogen Peroxide (H20;) is : [10]

F 3
= ClGa—a)- 2kpe FTC2

F —AH : UA

I R L) e S B
1% PC;J pCP

. Fw | wm 8 |

T), = —(Tjpw—-T;)+——(T-T;) (1)
Vv : : l-'lll'plll'(.lﬂlll' :

where Cy is concentration of reactance, ky is pre-exponential
factor, F is feed flow rate, V is ‘.'lll'.lll'.Lian re;

cooling jacket, Tj;, is inlet coolant temperatarc, Ty
feed flow |J\l:mallngjuukul, Cp is ;w;z‘.l capacity of the reacting
mixmre, Cply=is heat papacity of coolanty-1s d*:nsifjkﬂ the
reacting mixturc, E s energy of activation, R'is zay| Carstant
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Fig. li Nouimtherma] Continuous Stirred Tank Reactor [11]

U/ is the overall heat transfer coefficient, and
w.h the heat is transferred.
In this paper we estimate the concentration of Sodium

is areal over

B. State Variable of Nonisothermall Continuous Stirred Tank
Rﬂ‘mr

The estimation methods for state variable of Nonisolhermej

are FKF and EnKE Explanatio Eilof each method is 1

) and D. Bcfcmc we dpp]l

v nespect to time t, by using the Forward
Finite Difference Method.

njere = [C,a_ T Tj] Xy = [CA T Tj]: and we obtain
a discrete time nonlinear model dynamic system as follows:
Ca

(1—EA) Gy —2Atkpe #rC2

T’AEUE—i_
BT+ (1- B ) 7 2ar SRR ko r CF + YT,

FyAr _ FwAt UAAr UAA
W TJ’ in + (1 w Viwpw C,uul) Tf + wPw Cow
(2)
or we can rewrite (2) as
X1 = fXs ) (3)

The model of Nonisothermal TSTR is not exactly same with
the real system, there is a noise system that cannot be written
in the model. So lﬁl (3) can be written as

wi ~ (0,Q%) @

a'ncre wy 1s a noise system, which is a random vector drawn
nn Gaussian distribution with mean = 0 and covariance Oy
m]. An observation equation is defined to make correlalioj
tween the state which we estimate and the observatio

model. The equation is as follows:

X+l :f(xk,uk)+wk H

25 = Hxg + v v ~ (0,Ry) (5)

U\ [Elld then the Kalman Filter is ap

with z; is the observation, H is a matrix represepfing the
observation model, and v; is the observation noig€, which is
a random vector drawn from Gaussian distribugGn with mean
= 0 and covariance Ry [12],

Banbted (
C. Fuzzy Kalman Filter

Let Sbe a nonempl)] set and g be its associate confidence
function, called membdrship function below. Denote the cor-
responding fuzzy sgbby [7].

S¢ = {s € S|s has membership function pg(.)}

Fuzzy Kalman Filter (FKF) is an estimation method that
mbincs the fuzzy set with thel Kalman Filter. We generate
il state variable of Nonisothermbal sing the Fuzzy set,
stimate that state
variable. The variables are concentration reactance, C4 and
nnperature of tank, T. Each characteristic of these variables
s value within a certain range (e.g., the concentration may
be described as low or high) and these variables have manj
@riability at different points In time. Fuzzy logics can hel
the researcher to write control statements to accommodate this
v.ﬂbi]ity [13].

.Supposc we have a dymn'uc stochastic 5y5tcm (4) and ar

S ¢ variables of (1) using lhe observation data
We dpply the system model (2) into the form of fuzzy.
Thc Fuzzy Kalman Filter steps are as follows:
. zziﬁcalion\
Fuzzification| 5. ess of changing the input of crisp
variable for y form (linguistic variable). It is
.nel ated by the fuzzy linear membership function| With
the tuzmhmlmnﬁﬂccss the variable determined at each
intervall is as follow

Casic; C;]
Te[T,T"]

nperscripl minus means minimum interval and super-
script plus means maximum interval. Thus, if A minimum
then the membership function is,

k
gmm (x) =

1 xt—x—

X—x

and if x maximum, then the membership function is,

+

X —Xx

.u-l'nm.\' (.‘f) =
asic Rule of Fuzzy Logic
In general, the basic rule IFI‘HENM}' logic is given
as fo]]ows:

Xt —x—

gle 1:IF Cy and T~ THEN A’
le 2 : IF C; and T+ THEN A’
@lile 3 : IF C+ and T~ THEN A®
Rule 4 : IF céf and T+ THEN A*

. nzzy Kalman Filter Algorithm
The general form of the equation system on the Kalman
Filter algorithm is

X1 = Axy + Buy + wy
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Matrix A and B are modell of the system. In the FKF
algorithm, the matrix A ¢ em 1
matrix A, Matrix A" isl di

Fuzzy logic that has 4 rum:_l% 3.4. The
algorithm of FKF is as follows:

a. Syslen1 and measurement model

1‘,;_'_1 = A‘l_r;‘. + By + wy
% = Hx+w
wi ~ (0,01) 1 vk~ (0,Rg)
b. Initialization
fo=% ; B=P
c. The prediction step
Error covariance :
Py = ALP(ADT + GLOkGY
Estimation :
d. The correction step
Kalman Gain :

Y
‘x.k+l —Akxk —Bku';(

i

-1
i _ p-t T — T
K1 =P Hiny (Hk+1Pk+1Hk+1 +Rk+1)
Error covariance :
i i —f
By = —Ki Hi) Py
Estimation :
" R i n i
o1 =8 + Ky sz+1 —Hk+1-‘f;.v+1)

« Deffuzification
Defuzzificatiolf is a process of changing the form of lhj
fuzzy sets as o y membership function to regai
the crisp form. The final result of Fuzzy Kalman Filter
estimation is calculated by using the formula of average
weight [7],

el 242 343 4
B - pli P P PN
pl+pl+piip?
The weight p' is calculated as follows:

p' =ty (Ca)-pz,, (T)
P’ = HCyiy (Ca) 730, (T)
P’ = HCya (Ca)-i,;, (T)
p’ )<, (T)

:luCAmar (CA luTJm.r T

D. Ensemble Kalman Filter

The Ensemble Kalman filter is an estimation method for the
nonlinear dynamic stochastic system. It generates an ensemble
value as initial estimation of state variable and an ensemble
measurement data based on real measurement data [5]. By
using EnKH method, the state variables (1) will be estimated
using the oBservation data (5). The algorithm of the EnKF is
[5] :

« Initial estimation
Generate the n-ensemble of the initial estimation

Xoi = [10,1 Xp2 Xo3 v xD,n]

with xg ; ~ N(&y, Fy) and mean of the initial estimation is
given by
1 n
fo=-Y xo
nis

+ The prediction step
Generate the n-ensemble for the state variable in the
prediction step as follows:

B = FE ) Fwe 5 i=1,2,..n

with wy ; ~N(0,Qy) is the ensemble noise system. Mean
of prediction step estimation is :

] n

g=-Y&
k n ki
i=1

Error covariance of prediction step estimation :

] i T
p= n_1 Zi (—'fk_i _xk) (—'fk_i _xk)
.

+ The correction step
Generate the ensemble of measurement data,

Zki = Tk + Vi

with vi; ~ N(0O,R;) is the ensemble of measurement
noise.

Kalman Gain :

Ki=P H' (HP,H' +R)"
Estimation of correction step :
Kii =X + Kie (Zk,i - H-?;Z,-)
Mean of correction step estimation :
&
X = B Eixk,i
with the error covariance :

P =[1 —KH| P,

« Repeat and continue the algorithm until we get mean of
correction step estimation as the result estimation.

III. RESULTS AND DISCUSSIONS

This section shows the estimation result of the FKF and
EnKF algorithm. Here, we make a simulation using Matlab
program. In this case, we use the initial value C4p = 1 mol/L,

Ty =275 K, and T).(iz 250 K. The process parameters are
assumed to be known and given in Table L

The model of Nonisothermall CSTR is the nonlinear model.
We derive the state space basedlon that model. For the Ensem- ™~
ble Kalman Filter method, we use the nonlinear model .~;),-'.~;lc1$
but for the Fuzzy Kalman Filter method, we approximated th
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nonlinear model as piecewise linear functions with modeling
error of fuzzy variable, defined to be 5% as followsf

Cy € [Ca— 5%C4,Ca +5%Ca]

T € [T —5%T,T +5%T

Here we take measurement

100
H_[{]]G}

for FKF and EnKF method, that means, based on the data of
concentration, C4 and the tank temperature, T we estimate the
concentration, tank temperature, and cooling jacket tempera-
ture. Fig. 2—4%%]%22}( Kalman Filter (FKF) and
Fig. 5—7 represent the [Ensemble Kalman Filter (EnKF) by
taking ensemble 50.

The I-OOI\MQQJ squard error of C4 is 0.000231, T is
0.003338, T; is 07001589 £ ' the Fuzzy Kalman Filter, whereas
Cy is 0.000853, T is 0.005566, T, is 0.006761 for the
Ensemble Kalman Filter. The computational time for FKF is
0.424 sec and for EnKF is 1.706 sec. The other results of
simulation are represented in Table II.

Table II shows the FKF needs less computational time than
the EnKF and the FKF is more accurate than EnKF with
taking ensemble 50 and 100. However, for ensemble 200, the
estimation of tank temperature using EnKF is more accurate
than estimation result using FKF although EnKF needs more
computational time than FKF.

TAB
\«"ALUE1OF PROCESS PARAMETER

Process Process
Par A Value Parameter Value
F 2L/s Cp 4.2 J/gK
] ol /L Fy 0,5L/s
v 100 L UA 20000 J/sK
n 6,85 10" L/smol Vi 10 L
E 7654704 J/mol Pw 1000 g/L
] 275 K Cow 4.2 J/gK
AH 596.619 J /mol Tiin 250 K
TABLE HL
THE ROOT MEAN SQUARE ERROR AND TIME COMPUTATIONAL
Com. Com.
Var. RMSE time N, Var. RMSE time
FKF FKF EnKF IEF
Cy | 0.00023 | 0424 | 50 Ca | 0.00085 | L1.706
T 0.00334 T 0.00356
[ 0.00159 T; 0.00676
100 | Ca | 0.00085 | 3.569
T 0.00383
7] 0.00526
200 | €y | 0.00078 | 6.116
T 0.00298
T 0.00529
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The Estirnation of Tank Temperature

275 N ™ T * * a T
|

. Real
27495 \

Ensemble Kalman Filter
Fa9f

\\ 1
274.85 .

27481

tank temperatur

27475
2747 ay

27465

2746 L L L L L L n L L
o 10 20 20 40 a0 &0 70 80 20

the time step k

Fig. 6. The EnKF estimation of Temperature Tank, T
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Fig. 7. The EnKF estimation of Temperature Cooling Jacket, T

1
R(. CONCLUSIONS
From the simulation result and the analysis we conclude

that both of the FKF method and EnKF method can appli
to estimate the state variable of Nonisothermall CSTR, that i
1'eaclanshmccntration (Cy), tank temperature (I}, and cooling
jacket temperature (7;). The performance of each method is
compared based on the accuracy and computational time of
estimation. The error estimation of FKF is 72.9% smaller for
Cy4 estimation, 39.9% smaller for T, 76.47% smaller for 7; and
the computational time is 76.47% faster than the estimation
results of EnKF. RMSE of FKF is smaller than RMSE of
EnKF and computational time of FKF is less than EnKE
Hence, the Fuzzy Kalman Filter is better than the Ensemble
Kalman Filter to estimate slal«i]:ariab]c of Nonisolhermaﬂ
CSTR for the reaction between Sddium Thiosulfate (Na2S>03
and Hydrogen Peroxide (H>0;) in this case.
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Proofread the sentence to correct the mistakes.

Sp. This word is misspelled. Use a dictionary or spellchecker when you proofread your
work.

Possessive This word may be a plural noun and may not need an apostrophe.

Sp. This word is misspelled. Use a dictionary or spellchecker when you proofread your
work.

Article Error You may need to remove this article.
Confused You have used A in this sentence. You may need to use an instead.
Article Error You may need to use an article before this word.

Sp. This word is misspelled. Use a dictionary or spellchecker when you proofread your
work.

Article Error You may need to use an article before this word. Consider using the article
the.

Article Error You may need to use an article before this word.
Article Error You may need to use an article before this word.
Missing "," You may need to place a comma after this word.

Wrong Article You may have used the wrong article or pronoun. Proofread the sentence
to make sure that the article or pronoun agrees with the word it describes.

Sp. This word is misspelled. Use a dictionary or spellchecker when you proofread your
work.

Confused You have a spelling mistake near the word an that makes an appear to be a
confused-word error.



SPp. This word is misspelled. Use a dictionary or spellchecker when you proofread your
work.

Article Error You may need to use an article before this word.

Proofread This part of the sentence contains a grammatical error or misspelled word that
makes your meaning unclear.

Article Error You may need to remove this article.

Sp. This word is misspelled. Use a dictionary or spellchecker when you proofread your
work.

Sp. This word is misspelled. Use a dictionary or spellchecker when you proofread your
work.

Sp. This word is misspelled. Use a dictionary or spellchecker when you proofread your
work.

P/V You have used the passive voice in this sentence. Depending upon what you wish to
emphasize in the sentence, you may want to revise it using the active voice.

Sp. This word is misspelled. Use a dictionary or spellchecker when you proofread your
work.

Article Error You may need to use an article before this word.

Sp. This word is misspelled. Use a dictionary or spellchecker when you proofread your
work.

Article Error You may need to use an article before this word.

Sp. This word is misspelled. Use a dictionary or spellchecker when you proofread your
work.

Sp. This word is misspelled. Use a dictionary or spellchecker when you proofread your
work.

Sp. This word is misspelled. Use a dictionary or spellchecker when you proofread your
work.

Article Error You may need to use an article before this word.
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Article Error You may need to use an article before this word. Consider using the article
the.

Confused You have used A in this sentence. You may need to use an instead.

Proofread This part of the sentence contains a grammatical error or misspelled word that
makes your meaning unclear.

Missing "," You may need to place a comma after this word.
Proper Noun If this word is a proper noun, you need to capitalize it.

Article Error You may need to use an article before this word. Consider using the article
the.

Wrong Article You may have used the wrong article or pronoun. Proofread the sentence
to make sure that the article or pronoun agrees with the word it describes.

Sp. This word is misspelled. Use a dictionary or spellchecker when you proofread your
work.

Sp. This word is misspelled. Use a dictionary or spellchecker when you proofread your
work.

Article Error You may need to remove this article.

Wrong Article You may have used the wrong article or pronoun. Proofread the sentence
to make sure that the article or pronoun agrees with the word it describes.

Sp. This word is misspelled. Use a dictionary or spellchecker when you proofread your
work.

Article Error You may need to use an article before this word.

Sp. This word is misspelled. Use a dictionary or spellchecker when you proofread your
work.

Missing "," You may need to place a comma after this word.




E’f;p Sp. This word is misspelled. Use a dictionary or spellchecker when you proofread your
work.

E?a Sp. This word is misspelled. Use a dictionary or spellchecker when you proofread your
work.

@ Run-on This sentence may be a run-on sentence. Proofread it to see if it contains too many
independent clauses or contains independent clauses that have been combined without
conjunctions or punctuation. Look at the "Writer's Handbook" for advice about correcting
run-on sentences.

E?E} S/V This subject and verb may not agree. Proofread the sentence to make sure the subject
agrees with the verb.

S/V This subject and verb may not agree. Proofread the sentence to make sure the subject

E’f;l agrees with the verb.

E,T:E} Article Error You may need to use an article before this word.

Article Error You may need to use an article before this word. Consider using the article
the.

ETS)
E?E} Proofread This part of the sentence contains a grammatical error or misspelled word that
makes your meaning unclear.

ETS)

Missing "," You may need to place a comma after this word.

E/T:;’ Article Error You may need to use an article before this word.

E?E} Verb This verb may be incorrect. Proofread the sentence to make sure you have used the
correct form of the verb.

E?a Sp. This word is misspelled. Use a dictionary or spellchecker when you proofread your
work.

E?a Sp. This word is misspelled. Use a dictionary or spellchecker when you proofread your
work.

E/T.:Sh) Article Error You may need to use an article before this word.



E?Sj Sp. This word is misspelled. Use a dictionary or spellchecker when you proofread your
work.





