Tesfabirhan Shoga

Lecturer

Jimma Institute of Technology
School of Electrical and Computer
Engineering

Ethiopia

Amruth Ramesh Thelkar

Assistant Professor

Jimma Institute of Technology
School of Electrical and Computer
Engineering

Ethiopia

C Bharatiraja

Associate Professor

SRM Institute of Science and Technology
Department of Electrical and Electronics
and Visting Researcher, Engineering
Department of Electrical, University of
South Africa

Sisay Mitiku

Lecturer

Jimma Institute of Technology
School of Electrical and Computer
Engineering

Ethiopia

Yusuff Adedayo

Associate Professor
Department of Electrical, University of

Self-tuning Regulator Based Cascade
Control for Temperature of Exothermic
Stirred Tank Reactor

In the process of chemical industries production, an exothermic stirred
tank reactor permits the reaction to release the heat due to mixing of
substances. The release of heat due to the exothermic process in the stirred
tank makes the system nonlinear and uncertain unless it is not regulated
properly. In order to regulate the heat release, the self-regulated cascade
control model of reactor temperature plant is developed with reference to
material and energy balance model of exothermic stirred tank reactor.In
this paper the recursive least square algorithm is used for self-tuning
regulator cascade control online temperature plant and its controller
parameters estimation and also the temperature plant output has been
simulated in the presence and absence of a primary self-tuning controller.
The use of the secondary loop PI controller will respond rapidly to the
flow rate of cooling jacket plant that in turn cascade with the disturbance
variables like inlet feed concentration and cooling water temperature. The
reactor temperature is monitored to the desired steady state level and
becomes stable for further steady state value of parameters. The
parameters of the temperature plant will also be stable with online
parameter estimating loop of the control system.The designing of master
controller and desired plant model using minimum degree pole placement
algorithm is highlighted. With the developed SIMULINK design of self-
tuning controller, the better comparative results have been achieved over
Internal Model Control (IMC), Model Predictive Control (MPC) and

South Africa

conventional based temperature controller plant.

Keywords Exothermic Stirred Tank reactor, Cascade control, RLS
Algorithm, Self-tuning controller, Pole placement Algorithm.

1. INTRODUCTION

The development of chemical production industries has
become the expanding environment-friendly technology
for a country to enhance its national income through the
desired manufactured products. A chemical reactor is one
which plays an important role in the reaction of chemical
compounds of different composition to increase the
production process. It allows the reactants to be mixed
effectively so as to generate a well manufactured desirable
product at a specified production rate [1,2]. The stirred
tank reactor allows an exothermic reaction which releases
heat energy so that the reactor temperature will increase, so
fast [3,4]. Due to the production of large increment in
temperature, the heat generated on the reactor highly
affects the proper operation and the life span of the reactor.
This may result in unexpected loss of the product. Since
the temperature of exothermic stirred tank reactor exhibits
non-linear properties. The rising of temperature should be
controlled well by applying certain appropriate control
mechanism a for offering more stable output.

Received: September 2018, Accepted: December 2018
Correspondence to: C. Bharatiraja, Associate Professor,
Department of Electrical & Electonics Eng. SRM
Institute of Science and Technology, India

E-mail: bharatiraja.c @ktr.srmuniv.ac.in
doi:10.5937/fmet1901202S

© Faculty of Mechanical Engineering, Belgrade. All rights reserved

Self-tuning regulator advanced control strategy is
used to resolve the problem on the reactor due to the
time varying fluctuation of temperature. Associated
with the cascade model of stirred tank reactor, self-
tuning regulator will be able to make better control of
the non-linear reactor temperature.

This advanced control technique has the capability
to provide a response for the plants having non-linear
dynamic characteristics. In such control process, the
reactor temperature is controlled properly in such a way
that the plant parameters are adjusted using RLS
estimatimation algorithm and the desired control action
can be determined online. On the other hand such
control system provides good tracking of the plant
output with the set point with minimum error and better
transient characteristics when it is compared with other
control techniques. This paper is tending to describe
self-tuning regulator advanced control to provide a
solution by enhancing the stability of the temperature of
the chemical reactor through its intermediate process
dynamics control. In conjuction with cascade confi—
guration of the reactor temperature plant model, self-
tuning regulator involves online monitoring and
controlling of process parameters. The reactor
temperature is considered as controlled variable, while
the flow rate of liquid within cooling jacket will be
manipulated variable. However, the inlet feed concen—
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tration and inlet temperature of the cooling jacket are
disturbance variables of the system. In the control
system, PI controller is used as a slave controller and
self-tuning controller was used as the primary controller
for the output. Self-tuning controller as a primary
master controlling element is used for monitoring the
temperature of exothermic stirred tank reactor in the
cascade control system of the reactor. In such control
scheme, due to the process exhibiting non-linear
behavior, the entire temperature plant of the reactor
tends to be uncertain. Such uncertainty can be
controlled by using two major control loops. The inner
loop has a plant with feedback controller, while the
other loop consists of a process parameter adjustment
network [5,6]. The system can be considered as an
automation of the model and process design with the
corresponding estimation of both plant and controller
parameters for every sampling interval. The parameters
of the controller need to be re-tuned after the process
parameters have been adjusted effec—tively for each
interval to increase the system perfor-mance [7,8].

The entire cascade control system configuration with
master self-tuning controller is shown in figurel with
RLS estimator and Stirred Tank Reactor control law.

RLS
Estimator

Controller Design

STR
’/> Control Law

Figure 1. Block diagram of cascade control master self-
tuning controller

Specification

+

T(s)

The control strategy is based on the fact that the
temperature of the reactor expressed in terms of inlet feed
temperature, inlet feed concentration and flow rate of
cooling jacket around the reactor. The other task was
computing the stability of the desired plant model under
each sub-system and the entire control process dynamics
which was followed by designing the reference plant
model, the primary self-tuning controller and parameter
estimator for both controlled outputs. For the sake of
having better control of process variables, this paper
provides the ways to perform Continuous regulation of
controlled variables, to determine updates or estimation
of the past and present time slot plant parameters
adjustment, to control both linear and non-linear plant
dynamics having uncertain characteristic under different
circumstances, to make online or continuous update of
parameter of both plant dynamics and controller, to
obtain an accurate result in finding the extent that the
plant model is to be stable or not [9,10].

Besides achieving the above purposes of this work
allows the chemical reactor to be effective in its
operation by reducing the heat generated on its surface.
Enables for chemical factories to avoid unnecessary loss
or wastage of products and to deliver good quality of
products to the community at any time and place. Also
how the chemical reacting system is more effective and
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efficient in its operation of reacting two streams of
mixtures having different concentration. Since a
continuous stirred tank reactor has a constant height that
can react two mixtures at constant volume. With the
improvement of product quality, due to continous
updating process parameters adjustment, the factors
influencing the inlet mixture of the reactor will be easily
adjusted to enhance the stability of the system.

The remainder of this paper is organized as follows.
In Section 2, the system design procedure and metho—
dology are outlined. Section 3 addresses theDynamic
model of exothermic stirred tank reactor. Section 4
establishes the Simulink Design of the Proposed System.
Section 5 elucidates the Temperature of reactor plant
output, Self-tuning controller parameters,Reactor tempe—
rature estimation error and Reactor temperature estimated
parameters.Finally, the concluding remarks are given in
Section6 to summarize the contribution of this paper.

2. ‘SYSTEM DESIGN PROCEDURES AND METHODS

The analysis of the system designs includes some sys—
tematic standard approaches such as a non-linear mate-
rial and energy balance model of exothermic continuous
stirred tank reactor, Development of transfer function
model related with controlled variables, Representation
of block diagram for cascade continuous stirred tank
reactor system having secondary slave controller and
primary self-tuning controller as master controller,
Designing the master controller and desired plant model
using minimum degree pole placement algorithm,
Development of Proposed Simulink design of the entire
system and comparative analysis with reference to
existing and conventional model.

The method which is going to be used for cont—rolling
feed concentration and temperature of chemical reactor is
adaptive self-tuning regulator. It adjusts the parameters of
the dynamic plant model under the control system of
cascade feedback loops having slave controllers.

2.1 Self-tuning regulators (STR)

Self-tuning regulator can be thought of as being com—
posed of two loops. The inner loop consists of the pro—
cess and an ordinary feedback controller and the other
loop is a parameter adjustment loop. The para—meters of
the controller are adjusted by the outer loop, which is
composed of recursive parameter estimator and design
calculation [11,12].

Self -tuning regulator
Process parameters

o—:

Estimation |<_A_

outpyt

@ Controller —>| Process l——.
input

t

| Controller Design

Controller
parameters

Figure 2. Self-tuning regulator block diagram
2.2 Estimation algorithms

It is important to estimate the process parameters on-
line in adaptive control. For an adaptive control system,
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the adaptive mechanism is based on identifying the
system first. A self-tuning regulator in Figure.2 expli—
citly includes a recursive parameter estimator. The
process parameters estimation is a part of system
identification. In a broader sense, system identification
is selection of model structure, experiment design,
parameter estimation, and validation [13,14].

2.3 Least-squares estimation algorithm

Its principle is that the unknown parameters of a
mathematical model should be chosen by minimizing
the sum of the square of the difference between the
actually observed and the analytically predicted output
values with possible weighting that measure the degree
of precision. The least-squares criterion is quadratic, so
an analytic solution to the least-squares problem exists
as long as the measured variable is linear in the
unknown parameters.In adaptive control system the
observations are obtained sequentially in real time.
Recursive estimation algorithm is desirable. It saves the
computation time by using the results obtained at
previous time to get the estimates at present time.
Hence, the recursive least-square (RLS) estimation
method is used in this section [15,16].

2.4 Exothermic stirred tank reactor process control

The reactor temperature and concentration are moni—
tored on the basis of the cascade control of the cooling
water flow rate with the inlet feed temperature and
concentration. So that, the reactor is equipped with a
heat transfer surface that contains a flow of cooling
water. It is required to know how the output concen—
tration and temperature may vary with time. Figure 3
illustrates the schematics of STR. A stirred tank reactor
with an exothermic reaction requires a more elaborated
system model, in terms of controlled variables like
temperature and concentration. Furthermore, the model
is nonlinear, which forces us to make a linear
approximation to solve it [17,18].

o= i

B4
>| —

Cooling
Water out

Figure 3. Schematic diagram of stirred tank chemical
reactor

3. DYNAMIC MODEL OF EXOTHERMIC STIRRED
TANK REACTOR

The dynamic model is developed using mole and energy
balance of the given reactant A given as [19]:

dc A
dt

1% = FC,, —FC, =V(-ry) (1)
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The equation takes a second-order kinetic rate
expre—ssion for the rate of disappearance of reactant A,
according to Arrhenius temperature dependence [20].

1 dN -
—ry =gk — ke EIRT )
VvV dt
The energy balance equation is applied for the
reaction process and heat transfer.

dr
VPCp = FPCY (T} ~Typ)=FpCp(T~Tyop ) ~AHRV(-14)=Q 3)

For heat transfer rate, Q is represented to eliminate
in terms of thermal variables as:

-1
Fn
Q:Fcpccpc(T_TC[) l—CXp - AO i+ AO Crn (4)
FepcCpe\ho  Aihip Fey

Applying the Taylor series approach for linearizing
the above non-linear balance equations (1) and (2). The
two equations will be expressed in terms of ordinary
first order differential equation as:

dc T,
7, dA +Cp =S Cp; +KopT.Cx(0)=0 (5)
t TR

ar T '
Tt =aT" +KpcCp+KpFe . T(0)=0 (6)

where

2
R _ECY,

- Rk ke,
1420k, Cy, T 2 TC

\%4
TR =;’TC

R

TT =
F, C
m(l_ﬁr)‘H'R AH, Lkrci 7
FpCp PCy RTZ AT

1+

—1
U, AH
By = oty Kpe =207k Cpr—=

FerpcCpe PCp

ht

_ TTchpC (Tr _TCi) ﬂoner [1_ nUorAO ]—(1—,8 )
RFPCp | ForPeCpc\ Ay r

The Laplace transform of the mole balance equation
(5) and energy balance equation (6) is:

(Tes+DC 4 (5) = T—CcAi (5)+ K oy T(s) (8)
T
R

TC
(Tps +DT(s) = T—Ti ($)+ KpeCy () + Ky Fe(s)  (9)
R

Combining equations (8) and (9) by taking the
standard Reference steady state parameters values of
table 1, the transfer function for reactor temperature can
be expressed in terms of coolant flow rate (F.), inlet
coolant temperature (T;) and inlet feed concentration
(Cap) as:

0.01935s +0.917)T; (s
7(5)=%2 i),
57 +3125+0.0635 57 +3125+0.0635

(32225 +1534.15)F, (s)

(10)

s2 +3125 +0.0635
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The slave PI controller in the secondary control loop
is represented with a transfer function as[22]:

1
14— (11)
Tl's

Ge(s)=K,

TABLE 1. List of Standard Reference steady state parame—
ters value [21]

Variable | unit Value | Variable | unit Value
P Kg/m'  [800 |F m’/hr | 1.13
Pe Kg/ m’ 1000 |T., K 331.4
v m’ 1.36 |F. m’/hr | 1.41
C, KI/KgK [3.13 [T, K 335
E KJ/K mol | 69815 | Cag K 4.031
mol/m’
R KJ/K mol [8.314 |C, KI/Kg |4.18
K K
(-AHp) |KJ/Kmol |69815 T K 294.7
Uor KJ/hr m*> [3065 |k s! 1100
0
K

3.1 Design of secondary loop pi controller

The characteristic equation is obtained for the plant
transfer function of reactor temperature, with the
manipulated variable of coolant flow rate(Fc) by
assuming the reference value of the peak overshoot of
less than 5% and settling time of 10s [23]. From
equation (10) the plant model in terms of manipulated
variable is taken and the gain K will be computed by
applying Routh’s Stability analysis as:

K(32.225+1534.15)
+ 3 =0

s 4+31254+0.0635 (12)
52 +(32.22K +312)s +0.0635+1534.15K =0

1

From the given transient parameters, the natural
frequency (w,) and the damping ratio (&) become 0.614
rad/s and 0.652 respectively.

Using the given transient parameters value and
equation (7), the gain K becomes:

K =0.0242 (13)

Using the Ziegler Nichols tuning topology, the
critical period and gain can easily be obtained as [14]:

kep = K =0.0242, K, = 045%k;, = 0011,

(14)

2z Py
P, =—=1023,7; = ——=8.525
) 1.2

n

Substituting all the above values of parameters,
equation (11) become:

1
G, (5) =0.01\(1+ j (15)
8.5255

The closed loop transfer function for the entire
secondary control loop can be written as:

G (5)Ge(5)
G(s) = ———— (16)
1+G y (5)Ge (5)
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where

T(s) _ 32.225+1534.15

G (S)Z =
PP Fe(9) 52 43125 40.0635

a7

Thus, the closed loop transfer function of the se—
condary control loop become:

0.7269s2 +32.245+230.2

3

G(s) = 5
5° +6.525% +114.45+80.88

(18)

Representing the z transform equivalent for the tem—
perature plant in equation (10), bilinear transformation
technique is applied to obtain G(z) as:

2
0.19822 —0.012z—0.0323
G(z)=2= £ £ (19)

U 3172772 413022-0.521

Now the reference model should be specified so that
it would track the plant output to the steady state level
which is expressed as :

2
B (2) _ bin0?” + o1 2+ by

A (2) z3 +am1z2 +a, 2+a,s

Gp(2)= (20)

The parameter B is chosen between 0 and 1 so that it
will expressed in terms of the ratio between A,,(1) and
B(z) as:

Ay ()
B(1)

=0.789 Q1)

The numerator polynomial B,,(z) can be written as:

2

By, () =0.798(0.198z —0.012z - 0.0323)

(22)
—0.158 22 —0.00943 7 —0.0253

The denominator polynomial A,,(z) is expressed as:
_3 2
An(2) =27 +a, 12" +a,rz2+a,3 (23)

From equation (13), the denominator polynomial
An(1) is represented as

Am )= il + L) + a3

24
= BB(1) =0.123 9

Since the the denominator polynomial A(z) of the
plant model G(z) has two complex and one real zeroes
so that for appropriate model following between both
the reference and plant models, there should also be two
complex and one real zeroes in the denominator of
reference model G,(z).

K =a+ jb,n =a— jb,r=c,
Ap(2) = (z—=(a+ jb))(z—(a— jb)((z—c) (25)
= P +(e=2a)22 +(@® +b% ~2ac)z+(a +b%)c

Choosing arbitrary values between 0 and 1 for the
real and imaginary parts of the two roots as:

7 =05+ j0.4,r, =05- j0.4 (26)
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Combining equation (24) and (25) with z=1

1+ (c—2a)+ (@® +b% —2ac) + (@ +b%)c = BB() on
c=0.7

Thus the coefficients of A, (z) can be computed by
combining equation (23) and (25)

a  =(c—2a)=-1.687
ml

a = (a2 + b2 —2ac) =1.102 (28)
m?2

a  =(@a?+b%)c =—-02873
m3

Thus, the reference model for the reactor tempe—
rature plant will be:

0.158 z2 —0.00943z - 0.0253

Om(2) =3 2
22 ~1687 2% +1.102 7 - 0.2873

(29)

3.2 Controller design of reactor temperature

The primary controller for output temperature y repre—
sented with the pole placement control law algorithm in
terms of the desired parameters R, S and T as[24].

Ru=Tuc - Sy (30)

Parameters of the plant and its reference model can
be related by using Diophantine equation as:

AR+B™S = AyAy (31)

From the compatibility condition, the degree of
polynomials R, S and T will be determined as[25]:

deg Ag =deg A—degB-1

degR=degAcp —deg A

degT =degS <degR (32)
R(z)= 2+ nztn, S(z)= s022 +512+ 59

T(z) =t012 +Hzt1y

The observer polynomial Ay(z) is chosen as arbitrary
polynomial so that the its zeroes should be negative and
real and should satisfy jury stability criterion given as:

Ap(z)=(z+0.4)(z+0.8) = z2 +1.2z+0.32 (33)

Substituting all the parameters in the Diophantine
equation (31) and equating coefficients with equal
power of z, we have the following equations:

1) +01 +0.198 5 +0s1 +0s5 =—0.687

=1.627ry +1 —0.0125 +0.198 51 + 05y =-0.425

13027y —1.6271 —0.032355 —0.01257 +0.198 5, =0.5448 (34)
=0.5211y +1.30211 +0s —0.0323 5 —0.01259 =-0.111

01y —0.5217 +0sy +0s1 —0.0323 55 =-0.0459

Solving the unknowns in (34) simultaneous, the
controller parameters become:

206 = VOL. 47, No 1, 2018

1 =0.875, i =0.172, 59 = 0.872,
s; =-0371, 5 =1.231
S(2)=0.872z% —0.371z +1.231,
R(z) = 22 +0.8752+0.172 (35)
T(2) = p1491(2)

=0.798(z% +1.27+0.32)

=0.798 22 +0.958z +0.255

Control law can be obtained using equation (30)
which is computed as shown below
u(t) =1.482u(t —1) — 0.524u(t — 2) + 0.798u,. (t) +

+0.798u,. (t —1) + 0.128u, (t — 2) (36)

—1.687y(t) —0.643y(r —1) + 0.123y(t - 2)

The overall transfer function of reactor temperature
become:

Y BT QIS +014842°5 00862002731 -0004131

Y - (37)
e ARFBS 20687704057 10544822 —0111z—004597

3.3 Parameter estimation

The reactor temperature Process model (19) can also be
rewritten as:

y(t)=1.727y(t = 1)~ 1.302y(t —2) +
+0.521y(1 = 3) ++0.198u(t 1) — (38)
—0.012u(t—2)—0.0323u(t —3)

The plant output is represented in terms of estimated
parameters and regression vector as::

y =¢T (1)0 (39)

where
FO=-yt-) -2 —-3) ur-D) ur-2) ur-3] (40)

0T =[0198 -0012 -00323 -1.727 1302 -052] (41)

The new parameter estimate for the desired internal
plant model can be obtained as

01)=0@t—-1D)+K()e()a (42)
where
&)= y(t)—¢T(t)9(t—1) (43)

-1
K@) =Pa-190)(2+67 0Pa-1o0)) @)

where A is an exponential forgetting factor for the
temperature plant which is chosen between 0 and1.

The initial covariance matrix P(f —1) is necessarily

chosen as large value for further computing the matrices
K(t) and P(¢) in the estimation algorithm.
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4. SIMULINK DESIGN OF THE PROPOSED
SYSTEM

Simulink design of figure4 shows the entire control
system of stirred tank reactor with controller,plant
model with estimator block for temperature outputs. The
parameter estimator block uses an RLS estimation
algorithm. On the other hand, the controller block uses
the pole placement algorithm for estimating coefficients
of the controller parameters.

) —
( RLS Estimation

)

Estimation Eror

Plant
parameters

| orsefoonsag0ns ym
» 5
231.0872241.10220.2873

Referznce Model

ol

0.198220.012:0.0423 ¥

= clerence
17272241 020,521 model & plant
output
Contraller Temperature plant
of—

ue - I
N Cosflicients of
» R parameter

set point

¥
B o= 2
\

|
vf

Cocflicients of
5 parameter

Contral Law Casfiicients of
Rru=True- ) T parameter

Figure 4. Simulink design of the proposed system
4.1 Recursive least squares estimator

The RLS estimator updates the plant parameters for
achieving a stable plant model output. It estimates the
desired temperature plant parameters of the reactor
system. It updates the parameters a,, a, as, by, b; andb,
as shown in the figure 5. With the change in the para—
meter A, the entire parameter of the system will also be
varied.

sum

M
Mt i M
i+ 1 ‘

thetaft1) Add2 \/

Wtix
sl g
i)
gl Phif) i

Jemés#a P i)

Netix
I il

phi)*pt1)

Pttt )

W latix

gl tiph
L i

Matix lutipy

Figure 5. Simulink design of Parameter estimation block for
Temperature Plant
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4.2 Controller Block

The master self-tuning controller will estimate the coe—
fficients of each controller parameters S, T and R with
the corresponding update in the plant parameters. It
satisfies the pole placement control low algorithm in
order to estimate the controller parameters

0
L

]

—a
]

¥ )

\
}

e

Tpuame

teg Y
alu| slw s mE T
j
Lo

1| 2 — ]
0oz L—T| W)
- »

%
+ b
» Na
N ¥ )
Yy » o
Uy »
ﬁ Cofistol

Tawerete

X

1 1o

=g

P ; " ]
> ) {2

gz ;
Coefficients o
: f—

B
.

; , —
: o

s

Figure 6. Simulink design of Primary Self-tuning controller
of Temperature Plant

5. RESULTS AND DISCUSSION

5.1 Temperature of reactor plant output

In this case the output of temperature plant dynamics
followed the reference model as the step reference input
to the entire system and the simulation result of the
temperature of reactor plant with reference to reference
model is shown in figure 7. From the simulation graph,
temperature of the plant output without controller
exceeds the required steady state temperature value
335k. But in the case of the plant with controller, the
plant output approaches to the steady state value.

100 : . ! :

S EEEE————————— .,----.; .........

EulS : : 4
J‘" : :

11} SR ,“' s | ———— Plant Output without Controller | -
7 .

s '!\-- Bk SRUUIR A LLLLLLELTLY Plant Output with Controller -1+
2 BlF J"I | e V0] Qutput NI W
gl :
gsmf 2 4
=3 |I :

Ewu- £ £ o
a :
2l a :

auu—r ‘.‘..4-4“’" i a

g .-_;_.4l RN i
i’ :

10 :"‘ : 4
] :

0 | | | | | | | | |

3
Time (s)

Figure 7. Simulation result of temperature of reactor plant
with reference to reference model
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Table 2. Outputs of Temperature plant and its controller at
different period of time

Time Temperature Temperature plant
(sec) plant output y output y with
without controller controller
X X
t y(® y(®©
0 0 0
2.5 480 260
5 750 250
7.5 800 300
10 900 316
15 950 334

5.2 Self-tuning controller parameters

Figure8 shows the simulation results of Temperature
Plant Master Controller Parameters, the controller para—
meters S and R shows slight variation in their coe—
fficient values before 13s compared with the
coefficients of the parameter T.

With reference to figure 8 graphs the following data
has been collected as shown in the table 2.

3

=  —  ra

S parameter

H

=
on

T parameter

Figure 8. Simulation result of control parameters

Table 3. Controller parameters value at different period of
time

Controller Parameters

Time
(sec)

S parameters T parameters R parameters

Jo qi 92 to 4 tL | Po P1

0 |0 0.15 ]-36 |0 125 |1 [-145 |0

1.5 |0.5 0.2 24 1.25]-0.25 |1 [-1.45 |-04

2 |1 -0.9 10.85 [045]0.6 04109 1035

4 [1.05 |-0.85 10.75 |0.35]0.45 [0.3 10.95 0.3

6 |12 -0.9  ]0.8 0.35]0.45 (0.3 1095 0.3

As it can be seen from figure 8 the value of each
controller parameters shows slight variation up to 2s and
will be stable beyond such time. This will ensure that
the stability of the temperature plant output will be
maintained with the stability of both the plant and
controller parameters.

208 = VOL. 47, No 1, 2018

As it can be seen from table 3all controller para-
meters in the pole placement algorithm tends to be
stable after 2s so that the stability of such parameter
makes the plant output to be stable.

5.3 Reactor temperature estimation error

As it can be observed in the following simulation diag—
ram of figure 9, the appropriate model following bet—
ween the output of temperature plant dynamics esti—
mation error become zero for time t>5s.

T T T T T T T T

Temperature Plant Parameters Estimation Error
I

=
=1

5 0 k-] 40 45 20
Time(s)
Figure 9. Simulation result for parameter estimation error
of temperature plant

With reference to figure. 9, the following data has
been collected as shown in the table 4.

5.3 Reactor temperature estimation error

In this section there is also an estimator block that esti—
mate or adjust the plant parameters of the reactor
temperature using a recursive least square algorithm the
simulation results are obtained as shown in figure 10.

Table 4. Parameters Estimation Error of Temperature plant
at different times

Time(s) Estimation error(g;)
t e(t)
0 -0.83
2.5 0.17
5 0
7.5 0
10 0
15 0
15 T T T T T T T
e |
a 05
= L N S N N LI SRR T S
n(ll- SEEREE P O SR
&
E.os b |
0 | KNS S S SN SO S S N B L by
E =1 by
E "
2
E~| 5
=]
2 : 10 s | 3 £l 3|5 W 5 El

Time(s)

Figure 10. Simulation result for parameters of temperature
plant dynamics
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Table 5. Comparative Results of Proposed Self-Tuning
Regulator based design over the existing controller design

Plant Peak Settling | Rise Peak
Overshoot | Time time Time
Proposed Self- | 0.042 0.22 0.204 [0.822
tuning controller
based
Temperature
plant

IMC based 0.12 0.512 0.248 [0.95
Temperature
plant[21]
MPC based 0.74 0.621 0.345 |0.94
Temperature
plant[21]
Conventional 0.08 21 9.85 50
based
Temperature
plant [22]

As it can be seen from the simulation graph, until the
time t=2s the response of the estimated parameters of
temperature plant shows the variation and become
stable from this time. Table 5 Enumerates the
comparative results of the proposed system with the
other design system.

6. CONCLUSIONS

An exothermic chemical reactor allows, releasing of
heat energy in the production of desired chemical
products from the entire chemical reaction. The feed
steams are reacted with the same flow rate and the
product of the reactor is withdrawn with its own unique
composition. The PI controller in the secondary control
loop of the cascade process minimizes the steady state
error of its plant so that, the effect of disturbance will be
reduced. On the other hand, the controller of the
primary control loop will monitor its plant after the
secondary plant has been control. An adaptive self-
tuning controller is used as a master that allows online
and continuous update of the parameters of un-certain
reactor temperature and outlet concentration plants. The
temperature of the entire reactor system is properly
monitored so that its steady state value is kept around
335K. For optimizing the performance of un certain
system, the self-tuning regulator based temperature
control approach is an important tool rather than the
conventional PID controller based control and other
controlling approaches.
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NOMENCLATURE

CSTR |Continuous stirred tank reactor

PI Proportional and integral

PID |Proportional, integral and derivative

STR |Self-tuning regulator

MPC |Model predictive control

RLS |Recursive least squares

ko Frequency factor

Kk, Arrhenius law

TR Residence time

Tc Composition time constant

1T Thermal time constant

Ker Gain for the effect of temperature on
concentration

K¢ Gain of heat transfer

g Damping ratio

Ca Concentration of reactant A in reactor tank

Cyi Concentration of reactant A in inlet feed
stream

ra Rate of reaction for reactant A

Q Heat energy of reaction

P Product density

Pe Water density

)\ Reactor volume

C, Thermal capacity

E Activation energy

R Perfect gas constant

AHy |Reaction heat

h; Inner surface heat transfer barrier

h;, Reference Inner surface heat transfer barrier

h, Outer surface heat transfer barrier

Ay Outer heat transmission surface

Uy, Heat transmission coefficient

F Feed flow rate

T Reactor Temperature

T Reference temperature of cooling jacket

T; Reference inlet feed temperature

T Steady state cooling water input temperature

F.: Reference flow rate of water in cooling jacket

T, Reference reactor temperature

T; Inlet feed stream temperature

Casr |Reference feed concentration

| Cpe Water thermal capacity

Be Number of transfer units

0, Parameter of temperature plant

0, Parameter of concentration plant
Regression matrix for temperature plant

o parameters
Regression matrix for concentration plant

P2 parameters

P, Covariance Matrix for temperature plant

. Exponential forgetting factor for temperature
plant parameters estimator

hy Exponential forgetting factor for concentration
plant parameters estimator

& Temperature plant parameters estimation error

£, Concentration plant parameters estimation
error

P, Covariance Matrix for concentration plant
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CAMOIIOAECHUBH PEI'YJIATOP BABUPAH HA
KACKAJTHOM YIIPAB/bAIBY TEMIIEPATY-
POM KO/ EI'30TEPMHE PEAKIINJE MEIIA-
HOI' CPEJACTBA Y PESEPBOAPY PEAKTOPA

T.Cxora, A.P.Txenaxap,ll.bxapatupaja, C.Muruxy,
J.Anenajo

Y mpomecy NpOW3BOOKEC y XEMHjCKOj HHIYCTPHjU
pe3epBoap peakropa omoryhaBa ocnobahame TorIoTE
KO peaklyje Koja HacTaje MeMameM  CyICTaHIIH.
Ocnobahame TOMIOTE er30TepPMHOM PEAKIMjOM YUHH
CUCTEM HCJIMHCAPHHUM MW HCU3BECHUM YKOJIIMKO HEMa
aJickBaTHE perynamnuje. Y LUbYy peryjiandje ocioda—
hama TOmIOTE pa3BHjEeH j€ MOJCI CaMOIOJACCHUBOT
KacKa/IHOT yIIpaBjbarba KOjU j€ YKJbYYHO M MOAEN
ypaBHOTEXKEmha Marepujana W eHepruje. Kopuctu ce
PEKYpP3UBHH ajJropuTaM HajMamuX KBaapaTa 3a OHJIajH
KacKaJHO YIPaBJbatbe TEMIICPaTypoM CaMOIOACCHBOT
peryiaropa W IpoleHy lapameTapa KOHTpoJiepa Kao U

FME Transactions

W3JIa3He TeMIlepaType y 00jeKTy, udja je cumynaiuja
W3BEJICHAa y TPHUCYCTBY M OJICYCTBY IIPUMapHOT CaMoO—
nojxecuBor kourtponepa. I[Ipumenom PI konTponepa
CEKyH/IapHOT' KOJIa JI0JIa3u 10 Op30T o/3MBa HA Op3HHY
MIPOTOKA y PACXIAJHOM OMOTady 00jeKTa KOjU KacKamaHO
omajia KoJ TPOMEHJPMBHX BpemHOCTH nopemehaja kao
mMTO Cy KOHIEHTpanWja yia3HE CYICTaHUEe W
TeMIepaTypa pacxiagHe Bozae. Temmeparypa peakropa
ce MpaTH JI0 JKeJbEHOI' HUBOA CTAOWJIHOCTH W IIOCTaje
CcTa0WJHa KOJ HapeJHUX BPEIHOCTH MapaMmeTapa
crabuiHor crama. [lapameTpu Temneparype objekra he
tTakohe OWTH CTaOMJIHM NPWIMKOM OHJIAjH IPOLIEHE
napamerapa KoJa yIPaBJbA4YKOT cucrema.
[IpojekroBame TIaBHOI KOMTpoOJepa M  JKEJHEHOT
Mojena 00jeKTa IPUMEHOM alroOpUTMa 3a IOJICIIABaAhEe
mojoBa je 'y pamy wucrakHyro. Kopumhemem
SIMULINK oxpyxkema 3a MpOjeKTOBalE CaMOIO—
JECHBOT KOHTpOJIEpa TOCTHXKY ce OOJbM pe3ynTaTtd y
nopehemy ca IMC, MPC wu KOHBEHIIMOHATHIM
00jeKTOM IPUMEHOM KOHTpOJIepa TeMIlepaType objeKkra.
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