CHAPTER VI

RESULTS AND ANALYSIS

This Chapter collects all the simulation results of controlling sulphur content
remain from hydro-desulphurisation process. Simulation in this thesis composes of

Hydro-desulphurisation process simulations in item 6.1 and plant mismatch simulation

6.1  Hydro-desulphuris

can be seen in figure 6. %A and

and 6.2B. The error of the-model is as below tab
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vtfjintiﬁgaﬁon o Verifications
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Reactor iflet temperature, T}, 19.689 0.10456 68.517 0.19505
Reactor outlet temperature, 7, 77.413 0.20732 145.3 0.28403
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Open Loop Response : Trisp=347-352 C

Tiiplant
iTri-model |

' H H H
| 1 1 1

i
150 200
Time - min

....................................................

Figure 6.1A

Figure 6.1B

355

The relation

response.

mperature and model reactor

Trispvs Tri-C
w
3

5

.......................

374

372

5 370

Tro

Time - min
LY

..........

Figure 6.2A

Figure 6.2B

Time - min

The relation graph between the reactor inlet temperature setpoint and the response

of verification data set.

The relation graph between the real reactor outlet temperature and model reactor

outlet temperature of verification data set.
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Mean while of plant step testing, the product samples were taken at each steady
state step. The lab results for sulphur content in product is as in table 6.2 and 6.3 for

learning and verification data set, respectively.

Table 6.2 Sulphur content comparisons for identification data set

Sulphur content Time=100 Time=220 Time=330
Model 0.044 0.043 0.042
Sample 0.040 0.041

Table 6.3 Sulphur content

Sulphur content » -m ' ‘-"'S Time=330
/7//en
Sample \\‘\ 0.040

For open loop np_. i ctor inlet temperature
was changed from steady state te : 2 @This simulation study the

dynamic response of reactor i&t temperature, Qytlet temperature and effluent sulphur

ﬂ‘uEJ’J‘VlEJﬂ‘SWEJ’m‘ﬁ
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minute. As the result, the process time horizon for controller must be more than 50
minute. To be able to characterize the process, the scan can be either 1 minute or less.

In the thesis, 0.2 was chosen.
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6.2.1 Sulphur Content Prediction

41

Because the process feed stock contains a lot of components with could make

model mismatch for sulphur contest estimation just by the identified model in item 6.1.1,

a simple linear model which could be able to be updated by lab results for this thesis is
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proposed. The linear model was identifying by a simple regression data between WABT
and the lab result. This was based on the assumption that the sulphur content in feed

and the space velocity in the reactor were constant.

To be able to simulate, the sulphur in product from model was modified. The
result of the linear model prediction with out lab result update is shown in figure 6.4A,
6.4B, 6.4C and 6.4D. The ISE between the prediction and emulated sulphur in product is
0.1355 with RMSE=0.0058.
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1.2, 0.9 and 0.8 times at time 900, 1900 and 2900, respectively and sulphur in

product estimation without lab update mechanism
Figure 6.4C Without lab update mechanism; WABT coefficient sulphur estimator is constant.

Figure 6.4D Without lab update mechanism; bias term of sulphur estimator is constant.
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To simulate the lab updating results, assumed that the lab results were taken at

every time x100. The result of prediction of prediction trends can be seen in figure 6.5A,

6.5B, 6.5C, and 6.5D. From the result, found that by using Kalman filter technique, the

coefficient and bias could be identified every lab result. By using this technique, the ISE

reduced to 0.0196 with RMSE=0.0022. Kalman filter tuning parameters are shown in

table 6.4.
Sulphur Estimation with Kaiman Filter Lab Update Simulation
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With lab update mechanism, WABT coefficient sulphur estimator is updating.

With lab update mechanism, bias term of sulphur estimator is updating.
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Table 6.4 Kalman filter tuning parameters for sulphur prediction model
P Q R

P(1,1)=1 Q(1,1)=1e-3 R(1,1)=1e-2

P{2:2)-1 Q(2,2)=1e-3

6.2.2 Process State Variable Estimation

In the thesis, Kalmal : m?tate variable estimations.

Especially with sulphur cont ] imated by a simple process

model. In figure 6.6 is befc;r uni in figure 6.7 is after Kalman

Sp-estlmated -~ :
| |
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Time - min
Figure 6.6 State variable estimations for reactor inlet & outlet temperatures and sulphur

content in product before Kalman filter tuning.
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Kalman Filter Simulation after Tuning
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Sulphur contw( m

Before tuning Inlet Te
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6.3 MPC and GMC with Kalman Filter Slmulatlons

Just just a simple controller like PID could not easily control sulphur content in
product because the controller could not know the nonlinear behavior of process.

Therefore, in this thesis, model predictive controller was used and was compared with
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generic model controller. Both controliers are the control system that based on a
process model in order to find the manipulated variable values. By using with Kalman

filter state variable estimators, the results can be seen in figure 6.8 with tuning

parameters sated in table 6.6.

MPC&GMC Comparison

140 160 180 200

..........

200

K1=0.667, K2=1.11e-3

RITETIET s TRTY

Q(1,1)=1e-1 Q(2,2)=1

Kalman Filter Q(33)=1 Q4.4)=1
R(1,1)=100 R(2,2)=5e-3

From experiments, the ISE was used as a performance index for sulphur content

in product compared with sulphur content reference point in product. In the simulation,
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the sulphur content in product reference point was decreased from 0.046 %w to
0.042%w. found that, the ISE of MPC was 1.883e-3 and the ISE of GMC was 3.867e-4.
From figure 6.8 found that both controllers moved the reactor inlet temperature rapidly
during early period and slowly down to it target temperature without any overshoots
either in sulphur content in product or both reactor temperatures. This was the result of
being able to estimate sulphur content in product and having a process model to
estimate the state variables i.e. reactor inlet and outlet temperature and sulphur content
in product. If we notice carefully, we |d see that the reactor inlet temperature
setpoint moved by MPC has less W‘Jy)}) The reason is because the MPC
predicted the manipulated va@a set a@M steps and optimizes both

—_—

manipulated variable and C to produce the proper

manipulated variable for

6.4 MPC with Mismatch

¢
'Jd'
Because the real hydro-des
A

created simplified model, adjusting the manipulated va

eﬁthe real process might

the Inext simulations study

both @MC and MPC for hydro-

not get the expected results a the model.

about the performance oﬂvaﬁﬂ g moc

desulphurisation process. g
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The heat of reaction is a variable that could be mismatch from the real heat of
reaction in the process, which is the result from thermodynamic. Heat of reaction
change could also be from non-true heat value or there were other side reactions in the

reactor, etc. The heat of reaction has highly effect in controlling the reaction temperature
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and the sulphur content in product. In this thesis, we simulate the robustness of heat of

reaction mismatch by using higher heat of reaction values than the model. The result

can be seen in figure 6.9 and table 6.7.

Table 6.7 Performance index when heat of reaction mismatch

Heat of ISE x 107 ISEx 10°
Reaction Sulphur Content Control Sulphur Content Estimation
(%) |
MPC \\W GMC
110 | x——m 4' : 2.653

120 2.941

7
w | G| s | s
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From figure 6.9, 7_ ._ ;r3' when the heat of reaction in the real
-l'.r I

process is higher than the heat of Feactic del, the reactor outlet temperature

would increase faster. This leads i . o ter oroduct decrease faster than the

V.o
content was decreased fower . ou-c brought back to its

setpoint by decreasing reactor inlet temperature However, from table 6.7, we can see

that even the heaﬂ ﬁﬂ g:] ﬂ w‘ﬂnﬂTlfI | can perform their
sulphur pri lo]

control actions. In term o ediction, the performan es not really change

™ AR ﬂ\‘lﬂ‘im UANAINYA Y
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reaction leads to higher hea&«flr&r‘n reaction releasi asing than usual. The simulation result

ente oS B 11T E)11) 5

Table 6.8 P rformance index when ratg o&reiaﬁtlgn iﬁt 'n B 1A #
%@ﬂ TPV T Tisgxadt od V1] 1 d Fibeanot 61 0
Réction Sulphur Content Control Sulphur Content Estimation

(%)

MPC GMC MPC GMC
110 1.958 2.564 0.381 0.376
120 2.868 2.373 1.341 1.329
130 14.440 13.095 2.675 2.654




50

MPC&GMC Comparison
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because the rate of the re 'ction was not a state variable fo

be actually solvedF;.TII ﬂﬁﬁdeWI%Wﬁ rpT?eT 3explained in6.2.1.
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The sulphur content in feed can vary depending on the crude type. The sulphur
content in feed can be mismatch from the fixed sulphur content in feed used in the
model. The effect of higher sulphur content in feed could lead to lower total reaction rate

than usual. The simulation result can be seen in figure 6.11 and table 6.9.
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Table 6.9 Performance index when sulphur content in feed mismatch

Sulphur in Feed ISE x 10 ISE x 10°
(%) Sulphur Content Control Sulphur Content Estimation
MPC GMC MPC GMC
110 4.312 4.597 4.312 4.504
120 7.754 8.162 16.914 16.937
130 11.830 12.283 36.052 36.048
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Figure 6.11 GMC ﬁx ﬁ Efaasﬁm wh% %fwgent in fec%mcreased 20%
e 1) ﬂﬂﬁ@iﬁd BAINLIA oraph that

major effect was the sulphur content in product. The slight effect happened with
predicted sulphur content in product control. When the sulphur content in feed
increased, the actual reactor outlet temperature was also slightly increased. For both
controllers to be able to control the sulphur content in product at their target, the reactor
inlet temperature was reduced. In term of controller and prediction performance

between GMC and MPC are not really much difference. But the performance decreased
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along the change of sulphur content in feed incremental. For the move of reactor inlet

temperature MPC did smoother move compared with GMC.

6.4.4 Feed Flow Mismatch Simulation

is thesis, the assumption for

model was made on fixed the feed mismatch can be

seen in figure 6.12 and t

Table 6.10 Performance

Feed Flow Ex10°
(%) Content Estimation
GMC
110 4.256
120 .| 16116
130 64| 34620

U

f o o/
| ‘ ~
From ﬁgu%u a gwuutnej twﬂ ;Jvfi]cgase. it increase the
sulphur cgétew ;jc:é:ﬁbﬁﬁs ;no iff ct (ﬁh /giil because the'feed flow is not a
state variable finith ricontrol ij ictions. m f\llaa an%nlt in product

prediction with lab update mechanism can solve this problem.
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