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Abstract— Shell Heavy Oil Fractionator (SHOF) is a distillation column type used to separate crude oil into desired products
based on the boiling point difference of each product. The design of control on SHOF has several constraints, it is caused by non-
linearity of the process, mulrivariable interactions, long dead time, and disturbances. It needs the control method that make the
system response track the set point and eliminate the disturbances. This research is designed comparasion of 1 DoF IMC and 2
DoF IMC method to controlling SHOF with 3x3 MIMO decentralized in the form of First Order Plus Dead Time (FOPDT). Filter
parameter tuning on this controller using Rivera filter parameter tuning method. Interaction between subsystems is reduced by
applying the Relative Gain Array method and decoupling. The designed controllers were simulated in the MATLAB/SIMULINK
environment. From the simulation results it was proven that the 2 DoF IMC showed the better performance compared to 1 DoF
IMC with IAE respectively value of 44,4454 at y,, 19,2279 at y,, and 0,1483 at y; on set point tracking test respectively, and IAE
value 93,9574 at y,, 40,0455 at y,, and 0,0099at y; on disturbance rejection test.
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1. INTRODUCTION

Shell Heavy Oil Fractionator (SHOF) is a distillation column type used to separate crude oil into desired products based on the
boiling point difference of each product. Heavy oil will be separated, boiled into steam and the steam is condensed, so the distillation
result is obtained[1].The design of control on SHOF has several constraints, it is caused by non-linearity of the process,
mulrivariable interactions, long dead time, and disturbances. It needs the control method that make the system response track the set
point and eliminate the disturbances, so the output of the product composition as expected. Goal of this research is simulate and
compare of Internal Model Control (IMC) 1DoF and IMC 2DoF control method to controlling SHOF with 3x3 decentralized
MIMO system in the form of First Order Plus Dead Time (FOPDT). Filter parameter tuning on this controller using Rivera method
[2][3]. Interaction between subsystems is reduced by applying the Relative Gain Array method and decoupling, so the system can be
converted into three Single Input Single Output (SISO)[4]. Comparative analysis of the performance of the 1DoF IMC and 2DoF
IMC method is based on evaluation of Integral of the Absolute Error (IAE) value..

2. METHODE
2.1 Shell Heavy Oil Fractionator (SHOF)

The fractionator column on SHOF is shown in Figure 1[1]. Based on the fractionator column as shown in Figure 1, heavy oil
flowed through the bottom of the fractionator which had previously been heated, so it has been in the form of steam. Furthermore,
inside the fractionator, heavy oil is processed to obtain three types of products which is flowed on the right side of the fractionator,
divided into top, side, and bottom fractionators with unit flow is kmol / minute. Top poductand side product specifications are
determined based on economic value and also operation or control,while the bottom product of the specification is not specified,
but there are operational constraints on the temperature at the bottom of the column.

On the left side of the fractionator there are three reflux namely upper (upper reflux), middle (intermediate reflux), and bottom
(bottom reflux)which serves to drain the heatresulting in the separation of the desired product.The lower reflux has an enthalpy
regulator, whose purpose is to regulate heat transfer in the loop by regulating the formation of vapors[1]. Upper and middle reflux
is used for heat removal at the top and the center of the fractional column. Both of these reflux are not controlled separately so that
the mixed temperature is uncontrolled, both of these quantities can be regarded as disturbancesin the system [1].Manipulated input
variables are top draw (u,), side draw (u,), and bottom reflux duty (us). The controlled output variables are top end point
composition (y1), side end point composition (y,) and bottom reflux temperature (ys). Intermediate reflux duty (d;) and upper
reflux duty (d,) will be considered as input disturbance variables to the plant.

www.ijeais.org
57


mailto:budisty@gmail.com

International Journal of Engineering and Information Systems (IJEAIS)
ISSN: 2643-640X
Vol. 3 Issue 5, May — 2019, Pages: 57-66

UPP]
|

&

INTERMEDIATE REFLUX

&

GF.T)
Control

FEED

e !

3

¥

Ya
SIDE
STRIPPER

uz

ys

BOTTOM

Figure 1. Shell Heavy Qil Fractionator column system

In this research, the transfer function of SHOF has shown by the equation (David M. Preet and Carlos E. Gracia) (1) [1].

bR

[4.05e7%75 1.77¢7285 5887279 [1,20 e7%75 1,44 ¢7275]
Y, |505:|—181 605:|—141 505:|—151 ) | 45s+1  40s+1
v,| = 5.39718s 572714 9(Q~15s N 1,52 7155 1,83 7158 [dl] (1)
v, |50s+1 60s+1 40s+1||y,| | 25s5+1 20s+1 |ld2
4387205 4427225 720 1,14 1,26
33s+1 44s+1 19s+1 27s+1 32s+1

The control objectives and Economic Objectives of the Shell Heavy Oil Fractionator (SHOF) are as follows[1][6][7]:
Maintain y, at specification0,0 + 0,005 at steady state
Maintain y,at specification0,0 + 0,005 steady state
Reject the disturbances entering the column from the upper d,and intermediate refluxes d,range between—0,5dan 0,5
Economic Objectives of SHOF is Maximize steam make in the steam generators (i.e. maximize heat removal) in the bottom
circulating refluxu;.Decreasing heat duty implies increasing the amount of heat removed.

Constraints of controlled SHOF are [1][6][7]:
Top draw and side draw have hard bounds:

1.

2.

3.
4.

Bottom reflux duty has hard bound:

—-05 <u; <05
—-05 <u, <05

_0,5 S u3 S 0,5

y;dan y,must be maintenance between—0,5 dan 0,5during disturbance.

yshas minimum value—0,5.

2.2 MIMO Control System

2.2.1 Decentralized Mimo System

Decentralized control systems are widely used in the industrial world because of easily designed system structures, simplicity in
hardware procurement, easy to perform the tuning parameters , and the system is flexible in operation and repair[8][9].
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In practice for a MIMO system with n the number of controlled variables and n manipulated variables will produce n! possible
configurations [5]. So the 3x3 MIMO system structure has 3! or six possible control configurations available. The MIMO
decentralized system 1-1/ 2-2 / 3-3 is shown in Figure 2 [10].

Figure 2. The 3x3 MIMO decentralized control structure.
2.2.2 Relative Gain Array (RGA)

RGA used to calculate the input-output interaction of the MIMO control system and determine the input and output pairs of
decentralized MIMO system[11]. RGA on 3x3 system is formulated in equation 2[12].
RGA = K.Q (K™YH)T (2)

To determine the pairs of input and output variables of a multivariable process with relative gain array as in equation (3) we can

use pairing rule as follows[13][4] :

e Pairing rule 1: Select the reconstituted pair, with a diagonal pair option, having an RGA matrix close to the identity when the
frequency is at around the circumference of the closed loop bandwidth

e Pairing rule 2: Avoid (if possible) a negative pair on a steady state RGA element..

The result of RGA calculation on SHOF as follows.
2,08 -0,73 -0,35
RGA = 3,42 0,94 —3,36
—-4,50 0,79 4,71

Based on pairing rule and RGA value calculation results, the configuration of SHOF is 1-1 / 2-2 / 3-3, where the top draw (u;) will
affect the top end point composition (y,), side draw (u,) will affect the side end point composition (y,), and bottom reflux duty (us)
will affect the bottom reflux temperature (ys).

2.3 Controller Design of 1DoF IMC and 2DoF IMC

The 1DoF IMC structure with decoupling is shown in Figure 3[5].Based on Figure 3, the parameters in the 1DoF IMC structure are
transfer control function set point tracking (q), process transfer function (Gp), transfer function of process model (Gpp),
disturbance transfer function (Gq), set pointcontrolled output variable (yp), controlled output variable (y), manipulated input
variable/ controller outpu t(u), disturbance input variable (d), estimation variabel of disturbance input (de), and decoupling
variable (D)[5].

2DoF IMC is a modern control method that can control the multivariable plant, following set point tracking and eliminate the
disturbances. 2DoF IMC structure with decoupling is shown in Figure 4[5].
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Figure3.The 1DoF IMC structure with decoupling
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Figure4.The 2DoF IMC structure with decoupling

Based on Figure 4, the parameters in the 1DoF IMC structure are transfer control function set point tracking (q), process transfer
function(Gy), transfer function of process model (Gpn), disturbance transfer function(Gg4), set pointcontrolled output
variable(ysp), controlled output variable(y), manipulated input variable/ controller output(u), disturbance input variable(d),
estimation variabel of disturbance input(de), decoupling variable (D), and transfer control fuction of disturbance rejections

(qq4)[5]-

The transfer function of SHOF is shown by the equation (1).

Value of process transfer function (G,,), disturbance transfer function (Gg), transfer function of process model (Gy,), and transfer
control function set point tracking(q(s))on 2DoF IMCis the same as 1DoF IMC.

process transfer function (G,)in FOPDT form can be written using equation (3)[1][7].

4057275 1,77¢7%% 588727

Gpll(s) Gpiz (s) Gp13(S) 55:; -I_—lgs 56;)25 tl}}s 65‘35 —I——és
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50s+1 60s+ 1 40s+ 1
Gp31(5) Gp32(5) Gp33(5) 43867205 4490225 720
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3)

disturbance transfer function(G4)in FOPDT form can be written using equation (4)[1][7].
1,20 e727% 1,44 7778

din izl 5o 15 1,83 715
Gd = = 4 4

)
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Transfer function of process model(Gpy,,)in FOPDT form can be written using equation (5)[16].
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Transfer function of process model (G,,)can be divided into two parts, the part that can be converted (G, )and non-convertible
parts(Gpm+), which can be written by equations (6), (7) and (8)[17].

405 1-27

_ - +__* 2

Gpmll = Gpmll -Gpmll - m@ (6)
2
14s

+_ 572 1-5

Gpm2z = Gpmzz - Gpma2 ™ = g =7 1413 @
_ 7.20
Gpm33 = Gpmzz -Gpm22+ = 19s + 1 (8)

Transfer control function set point tracking(q(s))on 1DoF IMC can be designed using equation (9)[16].

inv. (Gpmll_)- f1 0 0
q(s) = diag.[q:(s) q2(s) gq3(8)] = 0 inv. (Gpmazz " )- f2 0 ©)
0 0 inv. (GmeZ_)' f3
1
= s+ (10)

According to equation (6) to equation (10) the set point tracking control function (q)) can be written by equation (11), (12), and
(13).

50s+1

4O =705+ D
60s+1

%2(8) = 5.72(tes + 1) (12)
19s+1

6O =7 50rms vy )

transfer control fuction of disturbance rejections(qqq)on 2DoF IMC can be designed using equation (14)and (15)[18].

o s+ 1
d . 0 0
[0t 55 |
. | <, s+1 |
qqq(s) = diag.[99d1 994z 9943] = 0 qqdz(S).m 0 (14)
3 s+ 1}
0 0 d .
l 994, (5) Tgs+1
2
-3
S G A (15)

—eT
Value of parameter filter (t.) of Rivera tuning on IMC controller ontransfer control function set point tracking(q(s))and transfer
fuction of disturbance rejections(qqq(s))shown by equation (16)[2][3].

Rivera = t. > 0,80 (16)

Based on 8 and t values in transfer function of process modelGpm11, Gpmz2 dan Gpmss, requirements of parameter filter(t.) of
Rivera in equation(16), so value of parameter filter tuning(t.) of Rivera in transfer function set point tracking(q(s))and transfer
fuction of disturbance rejections(qqq(s))shown by Tablel.

Substitute the tuning values of the filter parameters(t.q, T2, Tez)Shown in Table 2 into equations (13), (14), and (15) so that
transfer function of set point tracking (q(s))shown by Table 2.
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Tablel. Value of Rivera filter parameters tuning

Filter IMC Tuning Value
Parameter T T T
Rivera 25 23 0,1

Table 2. Transfer function of set point tracking (q(s))based on tuning parameter filter value(t.)

Trnasfer Function of

Method Set point Tracking
q1(s) q2(s) q3(s)
. 50s+1 60s +1 19s+1
Rivera
101,25s + 4,05 131,56s + 5,72 0,72s+ 7,2

Substitute the tuning values of the filter parameters(t.q, Tz, Tc3) ON Table 1, transfer function offset point tracking(q, g2, g3)on
Table 2, dead time value(8)and time constant(t) on transfer function of process model Gpm11,Gpmz2, dan Gpmssinto equation
(16)and equation (17), so transfer fuction of disturbance rejections(qqq)can shown by Table 3.

Tabel 3. Transfer function ofdisturbance rejections(qqgq(s))based on tuning Rivera filter parameters(t.)

Transfer Function of

Method
2135,7823s% + 92,7156s + 1
A9a1 2531,255% + 202,55 + 4,05
2515,9032s% + 101,932s + 1
1902 3025,885% + 263,125 + 5,72
3,79s2 + 19,1995s + 1
q9a3

0,072s?> +1,44s+ 7,2

The main purpose of decoupling is to reduce or eliminate the interaction effects between closed loops. This decoupling control
method was developed by Zalkind and Luyben [13]. In the Internal Model Control (IMC) structure, decoupler (D) is placed
between the model transfer function (G,,) and the plant transfer fuction(Gp)[5][15].

For the SHOF system, the order used belongs to the high order. Therefore, to calculate the decoupling elements in this system, each
transfer function G (s) is approximated by each of K gain value and ignores the effect of time delay [13].

From the equation of each input and output variables pair, the following decouplers are obtained :

Di; =Dy =D33 =1
K32 * K13 - Klz " K33 _ 13,24‘6

D, = =
; 1<K11 i(K33 T(KMK. Kz 213 f2016
23 " B2 7 Rq3 " Ra2 ’
D3 = =— = —1,5720733614
3 Ién : IIgzz - Eu . En 1{;3,568266 ’
31 " B3 7 Raq1 " Ra3 )
D3y = =— = 0,8034811903
217 Kyz - Kz — Kaa - Ko 10,686

Kzz K1 —Ky3 Ky —3,7482

T Kip Ky — Koyt Ky —13,6257
K31 - Ky — Kyzq - K3z 1,2298

D3y = =— = —0,1150851582

3 K23 ) K32 - K33 ) Kzz 10,686 !

K3z " Ky1 —Kyz " K3 10,1484

= =- = —2,9799154334
Ki3 " Ksz1 —Ks3 - Ky 3,4056

= 3,8893587033

=0,275083115
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3. RESULTS AND ANALYSIS

3.1 Set Point Tracking Testing

In this section, set point y;, y,, dan y; were raised respectively by 0,5. The simulation runs within 1000 seconds. Test resultset
point tracking of SHOF control with 1DoF IMC and 2DoF IMC is shown in Figure 5
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(b) Response of Side End Point Composition(y,).
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Figure 5. set point trackingy,+0,5, y,+0,5, dan y3+0,5

Based on the graph of the system response in Figure 5, it can be seen that the 1DoF IMC and 2DoF IMC controller used to control
the multivariable SHOF system can follow the set point changes on y,, y,, dan y; that change at the same time and can achieve

stability.
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1DoF and 2DoF IMC performance comparison analysis use Rivera's tuning method of set point increase of y;, y,, dan y;
respectively of +0.5 based on IAE shown by Table 4. Base on IAE value on Table 5, 2DoF IMC Control Method has a smaller
IAE value compared to 1DoF IMC. 2DoF IMC IAE values respectively 44,4454 at y,, 19,2279 at y,, and 0,1483 at y;. 1DoF IMC
IAE values respectively 53,9622 at y,, 17,4733 at y,, dan 0,53 aty;.

Table 4. IAE Value on set point tracking Test

IAE
d; +0,5,dand, + 0,5
Control Method wheny, +0,5,y, + 0,5, dany; + 0,5
Y1 Y2 Y3
1DoF IMC 53,9622 17,4733 0,53
2DoF IMC 44,4454 19,2279 0,1483

3.2  Disturbance Rejection Testing

In this section, the system was given disturbance of Intermediate reflux duty (d1) and upper reflux duty (d2) each of +0,5.The
simulation runs within 1000 seconds.The results of the SHOF control test with 1 DoF IMC and 2DoF IMC with disturbance are

shown in Figure 6.

The system response graph of Figure 6 shows that the 1DoF IMC and 2DoF IMC controllers can reduce the disturbance,
Intermediate reflux duty (d1) and upper reflux duty (d2), then return the top end point composition response (y;), side end point
composition response, and bottom reflux temperatur at the specified set point(ys).

Comparison of 1DoF IMC and 2DoF IMC performance with Rivera tuning on disturbance input of Intermediate reflux duty
(dy)danupper reflux duty (d, of each +0,5 based on IAE is shown by Table 5.
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Figure 6. Disturbance rejection testingd+0,5 dan d,+0,5, whenset pointy;+0,5, y,+0,5, andy3+0,5

Tablel 5. IAE Value of Disturbance Rejectiorn Testing

IAE
d, +0,5,andd, + 0,5

Control
Method wheny; +0,5,y, +0,5,dany; + 0,5
Y1 Y2 Y3
1DoF IMC 142,4342 62,0389 1,1231
2DoF IMC 93,9574 40,0455 0,0099

According to Table 5, the 2DoF IMC control method has the smallest IAE value compared to 1DoF IMC. The IAE value on 2 DoF
IMC are 93,9574 at y,, 40,0455 at y,, and 0,0099 at y;. The IAE value on 1DoF IMC are 142,4342 at y,, 62.0389 at y,, and
1,1231 at ys.

4, CONCLUSION

Based on test, it can be concluded that the 2 DoF IMC controller used in SHOF is able to following set point tracking and
eliminate the disturbances. On testing with step input without disturbance, the best of settling time value is achieved using 2DoF
IMC controller , with respective values of 442,0999 in response to y; , 345,0340 in response to y, and 153.2749 in response to y;.
On Disturbance Rejection Testing, 2DoF IMC shows the best performance compared to 1DoF IMC with IAE value respectively
44,4454 at y,,19,2279 at y,, and 0,1483 at y; on set point tracking test, and IAE value 93,9574 at y,, 40,0455 at y,, and 0,0099 at
aty, on disturbance rejection test.

Refference

[1] D. M.Preet and C. E. Garcia, Fundamental process Control. United States of America: Butterworth, 1988.

[2] Ba. B. Wara, B. Setiyono, and Wahyudi, “Pengontrolan Kolom Distilasi Biner Menggunakan Metode Internal Model Control,”
Transient, vol. 5, no. 2, pp. 166-172, 2016.

[3] “Controller Design Based on Transient Response Criteria,” in Handbook Chapter 12, .

[4] J. Aria, I. Setiawan, and B. Setiyono, “Analisis dan Simulasi Shell Heavy Oil Fractionator ( SHOF ) Menggunakan Metode Kontrol
PID,” Transmisi, vol. 13, no. 4, pp. 114-120, 2011.

[5] B. J. Coleman Brosilow, Techniques of Model-Based Control. United States of America: Prentice Hall PTR, 2002.

[6] A. A. Araromi, Dauda Olurotimi and Sulayman, “Gain Scheduling Control Design For Shell Heavy Oil Fractionator Column,” Eur.
Cent. Res. Train. Dev. UK, vol. 3, no. 1, pp. 13-28, 2015.

[7] R. M.Ansari and Moses, Nonlinear Model-based Process Control Applications in Petroleum Refining, 1st Editio. London: Springer,
2000.

[8] M. Bharathi and C. Selvakumar, “Dynamic Modeling , Simulation and Control of MIMO Systems,” Int. J. Comput. Trends Technol.,
vol. 3, no. 3, pp. 71-84, 2012.

[9] S. Skogestad and I. Postlethwaite, Introduction, Multivariable Feedback Control Analysis and Design, Second Edi. 2001.

[10] A. H. Devikumari and V. Vijayan, “Decentralized PID Controller Design for 3x3 Multivariable System using Heuristic Algorithms,”
Indian J. Sci. Technol., vol. 8, no. 15, pp. 1-6, 2015.

www.ijeais.org
65



International Journal of Engineering and Information Systems (IJEAIS)
ISSN: 2643-640X
Vol. 3 Issue 5, May — 2019, Pages: 57-66

[11]
[12]
[13]
[14]
[15]
[16]

[17]

W. Hu, W. Cai, and G. Xiao, “Relative Gain Array for MIMO Processes Containing Integrators and/or Differentiators,” 11th Int. Conf.
Control. Autom. Robot. Vis., no. August 2017, pp. 231-235, 2010.

D. E. Seborg, T. F. Edgar, and D. A. Mellichamp, Process Dynamics and Control, Second Edi. United States of America: John Wiley &
Sons, 2004.

M. Safitri, A. Triwiyanto, and Wahyudi, “Perancangan Sistem Kontrol Genetic-Fuzzy Studi Kasus Pada Pengendalian Top And Side
End Point Composition dan Bottom Refluksi Temperature Pada Distillation Column,” Transmisi, vol. 14, no. 3, pp. 85-90, 2012.

J. Qibing, Q. Ling, Q. Fei, and W. Xuewei, “Internal Model Control for Multivariable Coupling System with Time Delays and
Optimization Research,” IEEE, vol. 1, no. 1, pp. 505-509, 2010.

D. W. Astuti, J. Juwari, and R. Handogo, “Mp Tuning for Internal Model Control 2x2 Multi Input Multi Output (MIMO) System,”
IPTEK J. Proc. Ser., vol. 1, no. 1, pp. 467473, 2015.

G. Bansal, A. Panda, and S. Gupta, “Internal Model Control ( IMC ) and IMC Based PID Controller,” Dep. Electron. Commun. Eng.
Natl. Inst. Technol. Rourkela, pp. 1-46, 2011.

Juwari, S. . Chin, N. A. . Abdul Samad, and B. . A. Aziz, “A Structure of Two-Degree-of-Freedom Internal Model Control from
Feedback / Feedforward Scheme,” 10th Intl. Conf. Control. Autom. Robot. Vis., no. December, pp. 17-20

Authors

Budi Setiyono, born in Purbalingga on May 21, 1970, completing his undergraduate and
master's degrees in the Electrical Engineering Department of Gadjah Mada University in
the field of Electronic Signal Processing. Become a lecturer in Electrical Engineering
Department Diponegoro University since 2000. The field of science is a technique of
automatic control with specialization in modeling and intelligent Control

Sumardi, born on November 11th 1968 in Sukoharjo, Central Java. Graduated as a
bachelor in Diponegoro University, Semarang, majoring in Electrical Engineering,
Faculty of Engineering, in 1994. Got a master degree in 1998, majoring Instrumentation
and Control Engineering Physics Program, Institute of Bandung Technology. Has
followed some trainings including PLC training organized by OMRON as PLC
producers and digital signal processing training organized by Institute of Bandung
Technology. Has done some researches such as "Perancangan Sistem Kontrol Suspensi
semi-aktif menggunakan Fuzzy Logik Control pada Model Kendaraan Seperempat”,
"Pengembangan Sistem Peringatan Dini Banjir berbasis SMS, and also has cooperated in
the installation of flood early warning instrument with PT Jasa Tirta, BBWS Southeast
Sulawesi, etc. Current busyness is as a lecturer and researcher at Electrical Engineering
Department, Faculty of Engineering, Diponegoro University, Semarang, Indonesia

Aris Triwiyatno, recieved the B.S. degree in Electrical Engineering from Sepuluh
Nopember Institute of Technology, Surabaya, Indonesia, in 1998, and the M.T. and
doctoral degrees in the same college in 2005 and 2011. He has been a lecturer at the
Department of Electrical Engineering, Diponegoro University, Semarang, Indonesia
since 2000. His research interests are on the fuzzy systems including fuzzy control
systems and fuzzy neural image processing, and robotics.

www.ijeais.org
66



