CHAPTER Il

MODEL PREDICTIVE CONTROL

Controlling a nonlinear, unstable, limited manipulated variable process such the
process in this research, sulphur control of Hydro-desulphurisation process, the result of

PID control algorithm would give high over shoot process response because the

fast enough for the change of the

manipulated variables adjustmen
nonlinear process. This lead king use of model predictive in

control.

trol theory, algorithm and

3.1 Theory

From the need to £.Cantrol-\ es (CV) at their set points, Model

Predictive Control, MPC, is a teck r process model in order to predict

_-' lating the Manipulated-

R

Variables (MV) V - in which minimizes the

the behavior of the h

difference of the pred| d values and required setpomtém‘- the manipulated variable
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Set Point

Xsp

I

MPC - Input Outpu
OPTIMIZER | }———P PLANT —>
Optimal Control Problem u o Y(k* !

dictive controller controls plant
n of the process variables from the
signal and the output from

: - 3.1 order to calculate proper and in-line
with the process behavior magef “Aariabl

optimization principlg: =

Calculation uses dynamic

I {lh]
Model Predictive Control can be applied both linear and nonlinear process

model. Moreoxﬂ ‘nﬂi i W)%ch ﬂ be fixed by proper
objective functlcq l;em his |s§c1wever depenm the(?r‘ocess response. The
applicati ; lotive-is limite _ ﬁ]ei ﬂ ich its models
and p:an’ﬂgnrgﬁﬂjmlrﬁm at oﬁﬁj . ﬂheasuring the

control variables and outputs, we can know the current condition of the system.
In addition, using model predictive control together with state estimator and
parameter estimation are able to manage the error of the model and the disturbance in

the process, whenever the model still can represent the real process. As a result, the
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model predictive control performance will be able to give a better control than primitive

control algorithm like PID.

<+ target
------------------------------- ..
o o * . . ° projected
o
inputs
thp
L)
Model predictive struc bjective function for finding
proper manipulated variables les to the desired set points by
using Moving Horizon or Receding is shown in Figure 3.2

calculates a set of manuﬂate v his Bmposes of current MV and

future MV over the input hogzon From the mod&, the algorithm can predict the behavior

of the output atﬂaéuﬁ@ W% ‘C}Wa@ q; ﬂa‘iﬁtve function leads to

minimizing the effor deviation betweer‘), controlled vanables and thelr set points within
el RN A TR
Optimal Centrol. Only the first calculated manipulated variable from the optlmlzatlon will
be used for controlling the process at time t. After that, the model predlctlve control
system measures and estimates the state variables again for finding the next

manipulated variable. This will be looped until the end time t,.
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3.2  Model predictive control structure

Because the model predictive structure requires objective function optimization

for finding the solution, important components composes of

1. Objective function (A mathematic form represents the problem that we wants to

find the solution.)

2. Equal constrain problem ’,#
3. Unequal constrain pr /

Generally, to bcM

state equations within con

‘. ulated variable data set from
|Z|ng the objective function.
Next is an example of the eguaion fg T |pulated variable data set.

In a real process, me ited in a certain range of
operation. This is also include G s. For controlled variable is equated

to its set point at the horizon.

Objective function T ————————min R ‘1 2(AU)2 }dt (3.1)

ac

State equation Iﬂ X=f(x@)U@) 'm (3.2)

Manipulated va%luoﬂrgt qﬂ ﬂ/m i(m ’] ﬂ ‘j . 389)
convl o ANEp) EUMW}ZJ NYa El o

Where
W, W, weighting factors

minimum and maximum manipulated variable

min? max

t; time at horizon
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3.2.1 Process model

General form of process for representing the real process in model predictive

control can be written as below:

x = f(x,u) (3.5)

where

f 2C OCEeSS

x 4

u » inputsignal)

\

y \ N

State equation in thi S in State space fo which is a linear model. In
case the process mode type ave to do locally linearization for every
variable first. After linearizati tat uat the model, both continuous and

ContiNUOUS EqUALi O = a— - ~ (3.6)

Where

ABandC  cosstapt matrix size nxg s

» AUEIRESRENE NI

, =4 s
0 @90 54 IV VRN A 1
g 1 2 ox,, , Ou, n
% 9 %, %h o o
A= a‘xl 2 - axn B e aul auz . aun
o, o, o, o, o, o,
| Ox, Ox, ox,, | | Ou, Ou, ou, |
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(%2 o8 %,
axl &2 axn
% %, %,
C=|ox, oox, ox,,
o, o, 2%,
L a'xl &2 axn .
X =Gx, + Hu, 3.7)

For discrete equation

where
G,Hand C  conste

equality constraint and inequality Cons

rf!ﬂl J,u

1. The —:g,{_ 0 int If‘"l- can be clearly defined.

The equatio&an o 1
d

ﬂ‘IJEl’JVIEPWﬁ‘WEJ’m‘i e
qARTERY P AT 61

g(x,u)>0 (3.9)
The inequality constraint can be divided to Hard and Soft constraints

2.1 Hard inequality constraint
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(3.10)

2.2 Soft inequality constraint

U . <u
e (3.11)

Note that, in the thesis uses har n (3 10)

3.2.3 Objectn

For model predi ive function is written in

quadratic form i.e. sq ariable difference. Objective

s a \ o P
- . Vi P NELY *\\\ )
function is a function that pefformance o \n imization in which the function

)

\ \
can be written in many forms e.g.

alue (and minus value in case

Dynamic Matrix Control (DMC), Pret = nd Gillette (1979) wrote objective function in form

‘.." '_.lf..x.ﬂ,a ,.a.f

of power of one qu d t| ed and manipulated variables,

‘ E,ﬂ' ction in form of power of

two of controlled and nﬂipu atec furﬁon in form of power of two

of controlled and manlpu|a,leganables can b ritten as below:

ﬂ‘iJEJ’J?]EJV]‘ﬁWEJ’]ﬂ‘i

~x, =) Olx, & %)+ () ~ )" Rty — “kl)]u (3.12)
. awwéﬂmmummmaa

=—[x Ox +u" Ru| (3.13)

Q and R are state variables and manipulated variables weighted matrix
respectively. These two matrix are tuning parameters depict the priority of controlled

and manipulated variable movement.
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For model predictive controller, to be able to control the control variables to be
at their set points within N, steps, the process response calculation for N, step can be

written in performance index form as below.
t+N,

Continuous form: I [x Qx+uTRu]dt (3.14)

Because model predictive control is able to control the controlled variables to be at their

set points within time k+Nm, the delta r .‘ > of manipulated variables and state variables
change are zero after time k+ ~:'

rewritten in the form below:

Z

Discrete form: (3.15)

3.2.4 Process op

In reality, process ma at are limited in a certain operating range
e.g. the reactor outlet temperaturv -:f“-‘—’ he imited to 370 degree Celsius. Model

predictive control system can ity and inequality constraints in its

objective function. S = J

Consider a set %( manipulated vanables at time j, which isuj,, where

i=0]l,...,N, aﬁ wﬂt?c?l ﬁnnu? W ﬂ;@rﬂiﬁ objective function is

in quadratic formégs equation

wer 1 NI ALAMNANEAY

interested time for calculating manipulated variable.

k discrete time

From process model equations in state space form, equation 3.7
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X =GCx, + Hu,

(3.7)
Vi =Cx,
Equality constraint: Gx, + Hu, —x,,, =0 (3.16)
Inequality constraint: Upmin S Up S U may (3.17)

From minimum’s principle, t ical method for optimal control problem

with boundary equations is L i /1 977).

From 3.17, we s does not include constraints

. mciple. equation 3.7, 3.16

'\
\

in objective function.

and 3.17 can be co e new performance index

called augmented cost

Continuous form: L(x,u) =

) o

b5 205 4 u,‘—x,,,,',)] (3.19)
Y e

Where A(t)e R"is an :mquations Lagrange Multiplier. m

wen o AN YN I DG v st

in order to get weughtmg matrix P¢for calculating, controller gain _and find proper

oM ATRHUNAD VI DGR e o

and R arg constants, this controller will be called Steady State Optimal Control. The

Discrete form:  L(x, )

Ricati equation in order to find P, which run to a constant.

-0+GP,,G-GP, ,H(R+H" P, \H) H"P,,G” (3.20)
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And the gain finding equation for state feedback control in equation 3.21 will be

calculated only once at the control time.
K, =R'H'(G")"(P,-0) (3.21)

The equation for finding manipulated variable value (only once at the control

time kAt) is as below:

u, =K, x, (3.22)

—

Where A(f)e R"is ann-e ange Mull \
3.2.5 Model Pre ol Alge \
In this thesis, th | red @ ntr algorithm can be written in the form
e \

¥ ¢,
below:
M‘

!’ a ..JJ

1. Measure the mez ry ad v

-I‘

o.he observer for finding the
|

¢ observer mding to model predictive

2. Take n
state ve w

3. Use s -' variable from
ETtroller &t thie control time

U INUINT e

Use matrix G, H, C#Q and R forfipding P, startingsfrom P,,,, to P,

‘4 o) kel 44 4 1127 ﬂ )

P, =Q+GP,,,G-GP, ,H(R+H" P, ,H)" H"PMG’

6. Use the found P, to calculate controller gain by using equation:

K, =R'H(G")' (A, ~0Q)
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i Multiply gain with state variable at control time

8. Define u, if u, >const. let u, =const. and if u, <const. let
u, =const.

9. Feeding the manipulated variable from the model predictive controller to

the lower level controller e.g. PID to control the process

10. Measure the measured variable again and follow step 1.

3.3  Model Predictive Cont@“#ysulphurisation Process
The hydro-desulphWoc S iw‘ | process unit which is used

for treating sulphur out gas oil. With tight sulphur specification

according to the law and cost of production, sulphur

content in product need t model based controllers has

been used widely.

In order to control CD& L “we need to know the reactor

operating temperature. The dynafiic relation befween the temperature and sulphur
content is the main variables tqmj@,@agq; orocess. Because, on the assumption

n the process line in this thesis has proposed
an online sulphur co Filter lab result update

technique, which will be ‘xplained in Chapter 5. The proc model for formulating the

controller will beﬂ:ﬂﬁ?ﬂeﬂ CVI %-"w EJ ,.] ﬂ ﬁ .
NRSL R b GILIE AN VY e

response in figure 6.3C, Chapter VI, the amount of released heat change was little,

approximately 0.25% when the reactor inlet temperature changed from 347 to 352 C.

The assumption is made for the rate of heat change that it is constant.

a0 _ (3.28)
d
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Therefore, the differential equation form from mass and heat balance study in

Chapter 4 can be written in the state space form as:

X =Gx, +Hu, (3.29)
Vi =Cx, (3.30)

or:
SPiw &n
Trow, |=| 8&xn (3.31)
Trik+l 0
1 00
[v,]=lo 1 0 (3.32)
0 0 1
Where
/4
&n =—pV —akge
r_ly E r‘{--h “"'-.I #
g, =—akye R(WABT+273.15). VABT +273
_E ) 1
ey
—AH :
& oV,C,

s A T ‘%:Wir‘i’r‘f‘i ™
jalts) WAﬂ'+273 15
ﬁfu’iﬁéﬁﬂmuﬁnwméfa

hy =——
31 o7,

WABT = ?1;- Tri+ % Tro
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