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Hot section of an incineration plant
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_ Grate kiln
()
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Boiler and turbine
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Fabric filter and exhaust gas
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DeNOx and Catox
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Layout of an incineration plant
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Primary kiln — Modeling scheme “ﬂ

Homogenous
combustion zone

Heterogeneous
combustion zone
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Primary kiln — Material bal. on the grates “ﬂ

Solid Phase

dM,, ..
% = FR!INF,i - FR(’)IlIJ:Ti B RRIF,i
=1 NG
Gas Phase
ouT RRIF,i ouT
Wk,i + * Xy _Wk,i
rif

k=1,NC 1=1 NG

IN
|:RIF,i

i-th grate
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Kinetics ‘ﬂ
Combustion reaction in the solid phase
Hoy i y N m - k
C,H,S Ol N, —>—nCO+kHCI + pSO, + X;NO + ‘N, +——H,0
Xi=Wnoi'Y
174 = 2 1 (Bowman, 1975)
NO,i — 100% _ ’
i 1] 2500-W2S%
Combution reactions in the gas phase
1 1 1
CO+=-0, - CO, Z.N,+=-0, > NO
2 2 2
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Primary kiln — Combustion kinetics «ﬂ

Kinetic determining step: O, diffusion

R

kxi Ko,i
=— A%c,i ) PMwaste

O, Ho, i see L2-18 eq. (8)

waste, i

Asc,i = f (d p,i? gi ! M waste,i ! M inerts,i)

9 10 } Solid granular bed
Kei = T8 W,iai X T)

aria,i !

-
-

A:c,i =1 Asc,i

N ...
Fi =1+ 11— exp (_ ;G" ) Corrective factor with adaptive 5, A

parameters

N

\
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Grate schematization ‘A

AM=p,...-AX-b-h
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Waste pulse schematization «ﬂ

Fwaste (t) = Am ’

1 .exp(_ (t—(t0+(9))2j
NP 2-0°
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Moving average '&\
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Model equations

4

dIWWL N ut .
T =Fy,— Fy;,— Ry, i=1..NG (1)

dM; . .
TR F“L Fii i=1,..NG (2)

Fo,=Fpt (Fi=F, i=2..NG (3
Fi:w = Fy(1 — wpo — wyp) (4)

Fyy = Fyoy (5)

C,H,S,0,CLN/ —2nCO + FHC + pS0, +x,NO +

y;“Nf+m 1,0 (6)
kx’ix%,i
RW’:: — - (7)
Hopl
toyi = %(n +2p +x, + 2 2_ k_ q) (8)

Manca D., M. Rovaglio, Ind. Eng. Chem. Res. 2005, 44, 3159-3177

k.; = Sh; gzg;aictot,i (9)
dp’i
Sh; :jD,£R9£SC£1I3 (11)
[ U,
o=
HAM
< (12)
Sci - :A ix
U i
L PA0,,
A _r Oif: JfWﬂr’i + IWLE (13)
Ei =i — Gi)ﬁv,;: P
[=1+ 61 — e Nosity (14)

© Davide Manca — Dynamics and Control of Chemical Processes — Master Degree in ChemEng — Politecnico di Milano 12—18




Model equations

Manca D., M. Rovaglio, Ind. Eng. Chem. Res. 2005, 44, 3159-3177

A‘Pi 150!"[—'1”[—'1 E(]‘ - EL)Q I'TSPAUA Ez(l - E.’:) IM“’L + ‘{Wf:
= 53 + —3 (15) SB..i:—.f] —
SB.i d, ;e d, € PwlcWe
Ry o
¥ 2 I
Wy, + WA,L,G,i)xozA - W - o;,c;.f =0
Ry, xyw
Wag,; + WA,LG;)xN A MWI —'—(1 = Wyo) —
WO N, Gi — =0
Ry,
MWWxC “;?JO Gi =
Ry, wou
2 MWWxS,W 80,,G; =0
RW”J ut _
MWW“’CJ,W ~ Whcii =0
Ry,

MW NWIPNOt “;;?VO Gi

[Ryy Xyw— Xow out Fyop,00

— YH061 T T
) A;WW 2 ’ MWHzo
wi XHW ~ XcLw .
MWy 2 Hoei =0 1= 2""’NG(17)
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Model equations

4

My p; = pwlXeesg, (18)
Fy':=MypfwiNas, (19)
1= Myp,(1 — fy)Ngs, (20)
(z — z,)
flz) = exp|— 5 (21)
270 20
[t — (¢, + 6,
F‘?{fi — IW‘H-’_F_:' :W.i 1 exp(— 0 9 (22}
V2ma* 20
[t — (¢, + 6]
F?zft = IWWT.F i(l T fW.’) 1 eXp(— 0, 9
V2o 207
(23)
0.5
h. = (24)
" Ngs,
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3600 1 [t — (Zy, + 0] 2)
M exp(— - dt
o Marope 20” N
3600 —
= 1
Fo ty, <t<t,,+—=—— (25)
W 0.k 0.k NGS.O
0= kvVo® (26)
ty— (t, + 6)
Z _ 0 0
o>

_ _ ty — (t, +6)
o= =h=7=-2" 27)
Jo?
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Model equations

NG

— Z out
Homur G,

J = C0,50, HCI,NO,H,, 0

Hom 0, Z :IE) T Wyt WA,LS)xO A

NG (28)

WHom,N2 - Z g"f\rz; + Wyst WA,LS)xNzA

i=1
. I;om ]
x}}”om‘i = 7’} J = 0,4,N,,C0O,S0, HC1L,NO,H,0
2 Hom,}
co +10,—co (29)
9 2 2

N, + O,— 2NO (30)

dego 10 25000
0= 1.8 x 10%cgp,feq, exp|~ “Hm|  (BD)

0 +N,— N+ NO
N+ 0,— O+ NO (32)
N + OH — H + NO

dn’Hom,COZ

Manca D., M. Rovaglio, Ind. Eng. Chem. Res. 2005, 44, 3159-3177

dt = _(Wiﬁm + qut) ;jm CO, +

in
RHom.,COZVHom + WHom,COZ

dng,, -
Hom,j — _(ngm + qut) out + Wn

Hom,_,r Hom,j

j=80,,1,0,HCl

dt

dn
(Wt + Wit — SRrtamnoVitom +
Wgom,l\’z
dnH"m’O ¢ £y out 1 o
T —(Wg,,, + Wi° )‘xHom,Oz - §RHom,N0VHom -
%RHom,COZVHom + W;;om,oz
dn’Hom ,CO* ut outy _out
T ~(Wy,,, + Wi )xHom,CO='= -
RHom,COEVHom + ngm,co(l - f})‘ypass)
RO (gt + Wy e+

n
Hom,COfb}pass

nHom,Co=l= + N Hom,co*

out
XHom CO

NC+1

Z " Hom,j
J=1
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Model equations

4

2
v

1
P1_P2:J’P1T

S
Wiut — k tot g pamb@

Ctot,amb P g

Weut — 2P PK_|P rx — Pre  pout
Hom y ﬂ[WgRT

dU _

E - Hin o Hout o Qd.isp o QV,PK

NC
=1

NC
H=YWH,, +MgHj
=1

(37)

(38)

(39)

Manca D., M. Rovaglio, Ind. Eng. Chem. Res. 2005, 44, 3159-3177

¢,=¢, TR
_ 7 (40)
H,,=U,,+PV=U,, +RT
s~ g = Ug~ Hg (41)

NC

. dT x T
(Mg, s + Znsén,f:)g == Z(WHom,i me ¢, dT) —
i=1 , =

NR

Mg [ &,.dT — Y AHFNDR(T) + RyWLHC +

=1

d ¢ . .
RT E(En,;) ~ Quisprx — Qupr (42)
't =1
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Model equations

4

NC
Zl; Wgom;fgwn p.r, dT) _ (WAPK + WArL)fT . p,AdT
- (43)

M [ & odT = F(l — w0, T — T +

FW‘“H2O
(44)

H, O
IWWH OfTrb P

NR
> AHXT)R(T) = AHo.coReo, + AHy _noRyo
=1

(45)
NG Ry,
RyWLHC* = ’ {WLH C +
il — oy — a)HEO\
We W
AHgo—-co —+ AHf, —No——1 — @nop,)| (46)
"MW, 2T MWy, ’
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d NC
RT —Zn 47)
de - O(AG—WVT — AW—-GTW‘l) (48)
g
Agwly=Ay Ty (49)
1-k&° Ty
Qrad = Ag-w(T, ! TW4)1 Y k= T, (50)
Agy
Agw=1—7 (51)
S
€ g
conv G—W W GW 4 OTG_.W'3
T + T“r
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Model equations

4

18 PKQ disp.PK

QV,PK

i, #T
dt W g2

we, dT;
Picpi¥i”qp

,?utA?ut '1, — 1

__ .in gint
=q; A" —

L (55)

dn o,

dt

Manca D., M. Rovaglio, Ind. Eng. Chem. Res. 2005, 44, 3159-3177

mt(T W) - —(Tnt 7‘]1-?) (59)
ext( T?xt amb (TE(VIL wat ( 60 )
Nuk .
hext = z 2 + 4O€metTmet'3
(61)
Tamb + T’g‘-’t
met T
out  out

pcXco,pc T Beo,Vee + Weexco,pe (62)

dnSOZ out out
—— = ~Wpia%o,pe + Wecso,pe - (63)
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Model equations

dng o
ar PCXH,0.PC + chH ,0.PC (64)
dnge
ut out in
dt pcXHClPC + PCxHCE PC (65)
an2 — __TYxjout_out . lR V.. + Win in (66)
dt PCYN,PC ~ 9f'NOY PC PCYN, PC
d”'oz o
dt = ~WpcXo, pc QRNOVPC - §RCOEVPC +
pc*o,pe (67)
Mco . yout ou Rep Vo + W2 (68)
dt pc*copc — frco,VPe PCxCO PC
dnyo
ut out
dt PCcXNO.PC + RyoVpe + PO’CNOPC (69)

Manca D., M. Rovaglio, Ind. Eng. Chem. Res. 2005, 44, 3159-3177

szngg LPC
AP, D, re (71)
fp= ! (72)

l4 log(O.ZTDik n (%)O'g)r

(73)

dt H H Qdisp,PC o QV,PC (74)
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Model equations

4

NC dT NC _ T
(Zniav,ﬁ)— = —Z(W;},C me ¢,; dT) —
i=1

zAHR(T)R () +RT— En) Quisp.pc

Jj=1

dM; o
“di mo ~ Orv
dM,
di Gp.v— Gy

QV,PC

(78)

(79)

Manca D., M. Rovaglio, Ind. Eng. Chem. Res. 2005, 44, 3159-3177
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_— PVD};,SHAP SH

Gy = AV\/ T (80)
P = exp|73.649 — 72?8'2 — 7.3037 log (T) +
4.1653 x 107°-T%) (81)
G Gfbs }3 Oép,L( TI; O) (82)
L=V = AH,(T.,)
1—-Tg T

AH. (T) = AH. ref)(m) Ty= - (83)
G o= Gt + kp(ec + ?11 [Te, dt) (84)
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Model equations

4

g:-B __ in ut
dt - %:B WE,B

ut _ 'Dg‘qBUg

L Mwgg
H — 3 — Q=

1

1+ 155}.3&}

Le

H’in
q= Aexc mef p.g dT

N % T
Qyp=mH, = ng,B T

ref

© Davide Manca — Dynamics and Control of Chemical Processes — Master Degree in ChemEng — Politecnico di Milano

"o B ~m:,x
Cpg dT

(85)

(87)

(89)

Trad,out 4 T-r
) o] T -

Manca D., M. Rovaglio, Ind. Eng. Chem. Res. 2005, 44, 3159-3177

ad,out

I
o

(90)

g
T+

~ X

Pg

: _ T W TR ~m.=,x
QV,B _ mHin — 461 9 Bf rff dT (91)
hO 15
1+—%— -
g
Tgag out __ T _|_ 1000 — (92)
2.52,015 , “pg
252015 ‘pe
Vg ¢ hy
%LSH Wm”f + WL SH (93)
n T:’g.S‘H

g’SH T}t‘

-vmm: ot Ta,ﬁ -rmr,x
o dT =Wy [ & dT +

Wy su TT?SH ¢4 dT (94)
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Model equations

4

= o — d) = (s, — d,)
s, — d,
(95)
u.r,nst .
u, — (707) 2( - dt) < (St - dt)
Ty + Tc\?
h., = JAG_.T( o5 C) (96)
U= : ©7)
hint " h’conv + hrad " f}“‘"ou
~ 1—exp(—NTU( —r))
11— rexp-NTU( — ) 17 =098
~_ NTU :
=1L NTU 1f0.98 <r=<1

Manca D., M. Rovaglio, Ind. Eng. Chem. Res. 2005, 44, 3159-3177

_ CmiIN
= c
o (98)
{CMIN = Min{F Hcp,H?F Cpct
Copax = Max{FHép’H,FCép’c}
UA
NTU =—%£
CMIN
Twut Ttn + ) (Twm o Tzn)
FiHer — "0 (99)
Ty = T ?yr(T'H off TV
Tou’t f[l’”‘”—|—:rr(7_”B —T’)
7" et (100)
T = T = 1Ty~ TO)
A'}D-exc - fDPgUg,Mzn’T (101)
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Model dimensions in terms of DAEs

4

Material Energy Momentum Total
balances balances balances
Primary kinl
55 29 2 86
Postcombustion
chamber 10 15 1 26
Heat recovery
section
6 9 5 20

Grand total = 132 DAE system
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Some significant input process variables

Number of feed-strokes [1/h] 40
Inlet waste flowrate [kg/h] 4,000
Number of strokes to the first grate [1/h] 23
Number of strokes to the second grate [1/h] 20
Number of strokes to the third grate [1/h] 13
Number of strokes to the fourth grate [1/h] 23
Primary air flowrate [Nm3/h] 12,500
Secondary air flowrate [Nm3/h] 6,500

Some significant output process variables

Outlet smokes temperature from the primary kiln [°C] 1,035

Outlet smokes temperature from the postcombustion chamber [°C] | 1,115

Outlet oxygen molar fraction from the postcombustion chamber [%] | 8.5

Outlet CO content from the postcombustion chamber [mg/Nm3] 11

Steam flowrate [t/h] 12
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Model validation

12/05/00 12/05/00
0

15.0

14.0
13.0%

12.0 o/
IRVAVEYEAVA WA, W ™
10:0/ \\f v \/I\\/ \\wf‘

9.0

NN l REAL PLANT
\J Vv VY

o

8.0

7.0

6.0
01:09:49 01:18:23 01:26:57 01:35:32 01:44:06 01:52:40 02:01:14 02:09:49

16

=
~—
=
2
©
S
=
o
frm
S
(35}
[<5]
2
(Vp)

0 0.2 0.4 0.6 0.8 1
Time [h]

© Davide Manca — Dynamics and Control of Chemical Processes — Master Degree in ChemEng — Politecnico di Milano L2—31




Model validation
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Model validation

Real plant <——=)p» Model

16

Experimental data

Simulated values =

Steam flowrate [t/h]

10 A

11 12 13 14 15 16 17
Time [h]
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On line model validation

1160 ; ; . ;
Experimental data =—— Experimental data =—
1140 |- simulated values —— r Simulated values =——

1120 | L

11

=
o
T

1100

©

1080 |-
1060

©
T

1040
1020 |

~
T

1000

980 | L

Primarv kiln temperature [°C]
()]

960 | L

Postcombustion oxygen molar fraction [%0]

|
3]

940 = ‘ ‘ ‘
11 12 13 14 15 16 17 11 12 13 14 15 16 17

Time [h] Time [h]

1120 -

1100 | L

1080 |

1060 |- L

1040 L

1020 | L

1000 |

Postcombustion temperature [°C]

980 |- Experimental data —— |
Simulated values ——

960 ‘ ‘ ‘ ‘ ‘ ‘ ]

11 12 13 14 15 16 17
Time [h]

L2—34




Inference of heat of combustion and HCI

1600 ‘ ‘ : : 12400
1500 12200
s
1400 | 12000 &
(]
,,'E 1300 ° 11800 §
z 11600 =
S 1200 | o
E Lo 11400 g H|:| Inferred waste heat
= =}
11200 .
g 1000 | = Of combustion
5 11000 &
© 900} )
O 10800 ;
T eo0| 10600 &
~
(o]
700 | 10400 —
600 \ ‘ ‘ : 10200
11 12 13 14 15 16 17
Time [h]
19000
18000
<
‘e 17000 |
Z .
2 Experimental trend
@ 16000 .
5 [“] of the total air
g 58 flowrate
I
°
F 14000
13000 — : : : : :
11 12 13 14 15 16 17
Time [h]

© Davide Manca — Dynamics and Control of Chemical Processes — Master Degree in ChemEng — Politecnico di Milano L2—35




Dynamic response to different forcing actions
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Multivariable model based
control
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Table of contents '&\

& Analysis of a multivariable MPC control system
@ Model reduction

& Synthesis of a non-linear MPC control system
& Identification of an ARX linear model

& Synthesis of a linear MPC control system and comparison with

the non-linear counterpart
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MPC — Implementation scheme

4

Optimizer
+

| Y| Model
- +
Constraints

na

Process

Model

Use of a model for predictive
pursposes
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MPC — Objective function ‘&L

imizati . min f ..
Optimization problem to be solved: o I o

T = { kzh: [a)y .(éy(j))2 + PFy(j)} + k%_l[a)u -(AG(i))” + PF, (i)]}

j=k+1 i=k

6. () - [9(j)+(;(k>](;)9sg(j) S0 = y(K) — 9(K)

PF,(j)= {max[O,( 9(1-;/_ Vi J]} +{mi n[o,( 9(1-;/_ Vi J]}

sa - 200D

PF, (i) = {max[O,(o(i): Oyiax J]} +{mi n[o,(o(i): O J]}
ul\/lAX uMlN
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MPC - Controlled variables (CV) ‘&L

CONTROLLED VARIABLES (CV)

@ Steam flowrate (set point)

@ Primary kiln temperature (upper bound)

@ Postcombustion chamber temperature (upper bound)

@ Postcombustion chamber temperature(lower bound)

@ Volumetric O, fraction in the postcombustion chamber (lower bound)

@ CO content in the postcombustion chamber (upper bound)
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MPC — Manipulated variables (MV) ‘&L

MANIPULATED VARIABLES (MV)

o Strokes number to the feed grate

@ Primary air flowrate (to the grates)

@ Secondary air flowrate to the kiln

@ Strokes number to the first moving grate

@ Strokes number to the second moving grate
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MPC — Control model '&\

NON-LINEAR MPC LINEAR MPC

Control
model

\

0%

4 )

Detailed L.mea/.'/;ed
identified
model model
(DAE) (ARX)

\_ J \_ J
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NL MPC — Continuous simplified model ‘&L

3600

= 2.0
Averaged flowrate HI]I::} F =AM —

CPU time for a 1 10% disturbance on s
min simulation the waste flowrate

14
interval

Discontinuous model
(132 DAE) 6.02 s

125 ¢

Continuous model
(132 DAE) 2.26 s

Steam flowrate [t/h]

Continuous model 132 DAE mm

Continuous model 68 DAE ===
. . . Average value of the discontinuous model =
Simplified continuous 0.54 s 1 ‘ ‘

model (68 DAE) 0 0

115

15 2

ﬂme%h]

Same simulated average values but significantly reduced CPU times
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NL MPC - Servo problem

14.5 i i i i i
Average value 4600 |
Instantaneous value =
14 - Set point w4
4500 J
N N
3 S
[« 135 , 3
= = 4400 [
s 3
—~ L
13 =
3 4300 J
S [
~ -~
3 S
g 125 g 5
S 4200 1
b o
13 =
S 12 i ]
] ] 4100 N
® S
11.5 ] 4000 J
11 : : 3900 : : :
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
Time [h] Time [h]
13500 : : : - 6800 : ; .
=
S
S < 6700
= 13350 |- 1 E 6600
N ~
S <
[ T 6500
£ 13200 | : >
9 < 6400
£ ]
N S 6300
S
o 13050 - g
£ = 6200
] X
< S 6100
g 12900 1 >
5 ~§ 6000
Q ]
= 12750 | g 5900
X 3
< r 5800
12600 . . . . 5700 . . .
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
Time [h] Time [h]
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NL MPC — Comparison with PI controller

~ 145 T T T T T T
> NL MPC —— NL MPC =
o Pl —— 5000 | Pl —
— i EmEmnm ()
= 14l Set point IS
= = 4800
. N
Q —
© <
O 1357 o 4600
2 ~
2 d
= ’ O 4400
e 13f = | |'|
] . s
% : E 4200
o 1257 B
(@)} . +
@ : ¢ 4000
o ; Y
> 125t =
< Sk 3800

11.5 ' ‘ ‘ ’ ‘ 3600

0 0.5 1 15 2 2.5 3 0 0.5 1 15 2 25 3
Time [h] Time [h]

MPC Controller
@ Faster control action

@ Reduced oscillations of both the controlled and manipulated variables
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NL MPC — Regulator problem

12.6

124

(] il

Steam flowrate [t/h] (CV)

Averaged value =—

Intstantaneous value ——

Set point =—— |

Lo L St
Iv"ll"”’[’HIMIHIMIIH ;!]v, "l |’

11.4
11.2 ¢
11
0 0.2 0.4 0.6 0.8 1
Time [h]

Air flowrate to the grates [Nm3h] (MV)

0 0.2 0.4

0.6 0.8 1

Time [h]

waste flowrate [kg/h] (MV)

Secondary air flowrate [Nm3/h] (MV)

4500

4400

4300

4200

4100

4000

3900

6600

6400 r

6200

6000 r

5800

5600

5400 r

5200
0

0 0.2 0.4 0.6 0.8 1
Time [h]
O.é 0.; 0.5 0.8 1
Time [h]
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Linear MPC — ARX model

u(t) y(1)

SN Plant — >

ARX (Auto Regressive Model with Exogenous Input )

Yita Y a+ay, Y o+ o +a, Y =bru +bo u 4+ e by

Yi-i NY output vector at time (k-i)

Uy j NU input vector at time (k-j)

a; Matrix of NY:NY output parameters at time (k-i)
bj Matrix of NY:-NU input parameters at time (k-j)
na Model order respect to the outputs

nb Model order respect to the inputs
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Linear MPC - Identification procedure

PRBS Input (Pseudo Random Binary Sequence)

Input and output S|gnals

1.5

1r
5 05
o
g of

05| MATLAB

_l 1000 1200 1400 1600 1800 2000 SYSTEM

Time
IDENTIFICATION
0.02
TOOLBOX

5 0
o
<

-0.02

0.04 : : ‘ ‘ : : —

200 400 600 800 1000 1200 1400 1600 1800 2000
Time
Measured and simulated model output
1.5 T T T T T T T

LINEAR MODEL
ARX

1 . , , , . , , , ,
1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000
Time
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Linear MPC — Models comparison

| |
_ 1350 | 1
g 1
Q | |
c 137r
Similar trends within the HH:} % : :
prediction horizon E 125 |

3 | |

2 Ll | Continuous mode| e

| | Linear model  mm

| |
q

I 5 1 15 2
v Time [h]

CPU time for a 1 min 10% disturbance on the
simulation interval waste flowrate
CPU times get HU:}
significantly reduced

Simplified continuous 0.54s
model (68 DAE)

Linear model (ARX) 4 E-5s
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Linear MPC — Servo problem

Comparison between linear and non-linear MPC

Z

——1
> —_— 2 )
Linear MPC =
L on-linear — .
13.5 The non-linear MPC

\_

reaches the
setpoint faster

J

Average steam flowrate [t/h] (CV)

0 0.2 0.4 0.6 0.8 1
Time [h]
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Linear MPC — Regulator problem '&\

Comparison between linear and non-linear MPC

Y/,

4 )

12.4 Linear‘MI_:’C —
Non-linear MPC —— The non-linear MPC
12.2 | shows a smaller
deviation from
12y the setpoint

11.8 | 1 \ /

=
=
o))

Average steam flowrate [t/h] (CV)

H
-
N

0.2 0.4 0.6 0.8 1
Time [h]

o
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Conclusions

4

14 r

=
w
()]

[N
w
T

125

=
N
]

MPC non lineare =—— |

11.5

MPC Iiﬁeare _—
Set point ——

Portata vapore media [t/h] (CV)

[N
ok

0.2 0.4 0.6
Tempo [h]

0.8 1

CPU time for a
20 min
simulation of
the whole plant

CPU time of the
optimization
procedure

(600 F,,; calls)

Non-linear 0.65 [s] 390. [s]
MPC
Linear MPC | 7.E-4 [s] 0.45 [s]

& The control efficiency is comparable

@ The CPU time is shorter than the

control time only for the linear MPC

@ Higher robustness for the linear

MPC

Optimization CPU time < tc

[

———

-

The implementation of the
linear MPC on the real plant is viable
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Linear MPC — Effect of varying 4,

4

14 |

13 |

1257

i

Average steam frlowrate [t/h] (CV)

HP = 20 m—
HP = 10 ===
HP = 4(
Set point ===

0 0.2 0.4 0.6
Time [h]

0.8 1

\_

Prediction horizon, hp:

short: reduced predictive
capability

long: the prediction becomes

less realistic

~

/
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Linear MPC — Effect of varying A_

— 140 ‘ Average value == N G2l ‘ ‘ ‘ ( hC - 3 >
5 Instantaneosues{ \F/)glilrj](te — é 4250
: 1351 E‘ 4200 [
= (LN T D 41507 / \
g B Ml W o 4100
S s S 4050 | ]
s ° 2 Control horizon, h_:
E 1 % 3950
2 S 3900 |
U) o

115 = saso | short:

2o 0.2 04 06 08 Rt Ty 04 06 08 1 Few degrees of

< Time [h] Time [h] freedom_

7000 ‘ ‘ 18000 ‘ ‘ ‘ )
= S oo Bolder actions from
e - -
T 116800 manipulated variables
Z e ‘€ 16200 |
2 £.15600 f
= 5500 £ 15000 Iong:
o jo.
e 3 14400( ;
= 5000 2 0| Longer CPU time,
e 13200 Smoother control
2 £ 12600 ] £
S 4000 ‘ ‘ ‘ (5 12000 ‘ ‘ ‘ ‘ action
e 0.2 0.4 06 0.8 1 0 0.2 0.4 06 0.8 1

Time [n] Time [N] \ /
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Linear MPC — Ringing
4 )

RINGING trend

0 0.2 0.4 0.6 0.8 1 1.2 1.4

) Time [h]
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Linear MPC — Prediction and control horizonﬁ

Controlled variable (CV)

Time

Manipulated variable (MV)

tc Control time:

Shorter than 1/10 of the
characteristic time

t / This is the effective action that is

c implemented in the plant

h, <h

c p

h, high:

® High predictive
capability

¢ Significant role
played by the
model error

h, high :

® High number of
d.o.f.

® Smoother control
actions
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MPC — Selection of the controller parametersﬁ

Steam flowrate [t/h] (CV)

Waste flowrate [kg/h] (MV)

14.5

14 1

13 |

125 |

12

11.5

11

4600

4500 |

4400 |

4300 |

4200 |

4100 |

4000

3900 |

3800

135 |

M‘J
Hlyﬂml il

HIHHW' IH|M‘J ]

T L T ]
p
>!
I
L 1 L L
0.5 1 15
Time [h]
0 0.5 1 15
Time [h]

—

=)
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NL MPC — Constraints

1 | No const‘raint —
| With constraint == |
118 Set point =
—~ 116 &
5
g 114 | ﬂl]l:::’ Setpoint Step Change
— 112
2 of —10%
E 11
9o
e 10.8 |
S
©
O 106
)
10.4
0 0.2 0.4 0.6 0.8 1
. Time [h]
S
O 1010 —
i No constraint =
8 1000 r Vli/zlatvr\]/ Sgﬂéggm m——
(]
S 900 f
5 o Law constraint on the
g I
& .l outlet temperature from the
s | [||]|:::> postcombustion chamber:
>
o]
g 950 | T > 950 °C
*g 940 |
L ‘
0 0.2 0.4 0.6 0.8 1
Time [h]
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Linear MPC — Heat of combustion ‘&L

(20 No switéh —
Set point  s—
122 Switch =~ == / \
>
Q’ 12
=g "Switch” between two
2 ARX models identified
= Il ) according to two
£ 114 different waste heats
§ | | of combustion
e N W N Y
0 0.2 0.4 0.6 0.8 1 1.2 1.4
Time [h]
124 ‘ ' ‘ ‘ No prediétion —_—
Set point m—
912,2 Prediction = - / \
o
= 12
%u ) The waste heat of
‘§ I combustion is an input
gt value of the ARX
£114 mode/
(]
nh11.2 1
e ko \_ Y
0 0.2 0.4 0.6 0.8 1 1.2 1.4

Time [h]
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