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Problems to solve

A

u(k) | a(k) X(k)
x(k+1)=Ax(k)+ Bu(k), z(0) = xo,

y(k) = Cx(k), uel, yey,
A, B] € convhull{|A,, B,]}, q € Q.
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u(k) q(k) X(k)

SDP:

min ¢
st.: <k 0= M(x) <0
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u(k) [ ack) X(K)
Control law:  w(k) = F(x(k)) z(k)

Quality crlterlon

Ze u(k +1))
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Lyapunov
Function

V(e(k) = o(k) T Pa(k), 0< P — PT € R
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Ju®))1® < flumax]l®,  IyF)I® < lymax|?
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Lgawnov Function

Lyapunov function:
V(x(k)) = x(k) ' Pa(k)

Lyapunov matrix:
0<P=P" e R™>*" P=nryX"}

Stability condition:
AV (Tnom(k)) < —J(Tnom(k))



Lgapu\r\ov Function

X
AoX 4+ Bo(E’Z + ETY)

VX
VR(E'Z + E7Y)

Stability condition:

AV (Znom(k)) < —J (Znom(K))

*
X
0

0
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0




LS&‘PVV\O\/ Function

X I S
A0X+B0(EJZ—|—EJY) X * *
VX 0 ~I «
VR(E'Z + E7Y) 0 0 ~I
Stability condition:

AV (Znom (k) < —J(Znom(K))



Lgawnov Function

X *

AXAB(EZ+EY) X |7

Vo ed{l,2,...,ny}, Vje{1,2,...,2"}

Stability condition:
AV (x(k)) <0, VreX
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Robust Wvariant Ellipsod
e ={x|xk) Pe(k) <~}, P=rX"'

- x(k) X_EO

Objective function:

miny+tr(X) <



hWput / Output Constrants

w2 I % ]
Imax >_
zl x |=9
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hWput / Output Constraints

TR
IMax >_
Z'" X =

X *
| C(AvX 4+ By(E'Z+ EY)) y2.d
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Single LF

Worst Case

W-SAT

Bound

111 Wan and Kothare, Automatica, 2003.
Bl Huang et al., Automatica, 2011.
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Levre, 3 + L, § = Bovrcad

Single LF

Single LF

Worst Case

W-SAT

Bound

(1] Wan and Kothare, Automatica, 2003.
Bl Huang et al., Automatica, 2011.
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Lsapunov TFunction

Lyapunov function:
V(x(k)) = (k)" Pz(k)

Lyapunov matrix:
0<P=Pl e R™=*" P=~X"1

Stability condition:
AV (Znom(k)) < —J(Tnom(k))



Lsapu\r\ov TFunction

X *

AgX +Bo(E’Z+ EY) X
Jox o

. VR(E'Z + E’Y) 0
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Lgawnov Function

AoX + By(E1Z + E7Y)

X

JOX

VR(E'Z + E7Y)

X

Ao X + BgY X
0 vl

VOX
VRY

*
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X
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Lsapu\r\ov TFunction

AoX + Bo(E?Z 4+ E’Y)

X

JOX

VR(EVZ + EY)

X

Ao X + BgY X
0
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VRY

*

0

*
*
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Robust Wvariant Ellipsod
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Robust Wvariant Ellipsoid

e={z|x(k) Pzx(k)<~}, P=~X"!

:U(k) X |~

Objective function:

min v+ s + tr(X)
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(2] Cao and Lin, Control Theory and Applications IEE Proc., 2005.
4] Mao, Automatica, 2003.
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lBMPCJ -+ UMPCJ — EMPC&EJ
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Worst Case

Worst Case

)

Bound

(2] Cao and Lin, Control Theory and Applications IEE Proc., 2005.
4] Mao, Automatica, 2003.
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EMPQ + UMPC4 = i RMPC,; i
Worst Case
Souraton-

(2] Cao and Lin, Control Theory and Applications IEE Proc., 2005.
4] Mao, Automatica, 2003.
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Lsapu\r\ov TFunction

Parameter-dependent Lyapunov matrix:
P=P' cR=*n=x p—~Xx"1

X+X'=@G, =0

Stability condition:
AV (z(k)) < —=J(x(k)), VreX



Lsawnov Function

T X+ X' -G, Xk ok
Ay X + By,(EiZ + EY) G, * *
VX 0 ~I x

. VR(EVZ + EY) 0 0 A _

Vo € {1,2,...,nv}, Ywe{1,2,...,n},
\V/j S {72772nu}
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YT OX+X -G, |50
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Robust Wvariant Ellipsod

(k) G, | =

Voe{l,2,...,ny}

Objective function:

min v+ tr(X)
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Bl Huang et al., Automatica, 2011
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PDLF & W-SAT

. rRvec, |+ | rwee, | =[ Rwec,, |
Worst Case

Bl Huang et al., Automatica, 2011
4l Mao, Automatica, 2003.



Lsapunov TFunction

Parameter-dependent Lyapunov matrix:
P = PT c R?’LXX?’LX’ P —= ,YX—l

X+X"'=@G, =0

Stability condition:
AV (Zworst (k) < —J(2(k))
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" X+X'" -G, *
A, X +B,(E'Z+ EY) G,

VOX 0

. VR(E'Z + E7Y) 0

Yo e{l,2,...,ny}, Ywe{l,2,...
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X+X'"-@aG, *
A X +By(E’Z + EY) Gy

VQX 0

VR(E’Z + EIY) 0
X+X'"-@G, T
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VX 0 I *
VRY 0 0 .l
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*
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Lsapu\r\ov TFunction

X+X"-a@G, *
A X +By,(E°Z+ E’Y) G,
VX 0
VR(E’Z + EIY) 0
X+X"-@G, * *

*
A, X +B,YY G, * %
VX 0 I *
VRY 0 0 .l

*
*

*
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Robust Wvariant Ellipsod

(k) G, | =

Vo e {l,2,...,ny}

Objective function:

min vy +/ s
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NSO & SDLF

LRMPC1J 4+ LRMPC5J — UMPCAJ

SDLF

Single LF

Worst Case

Bound

111 Wan and Kothare, Automatica., 2003
Bl Zhang et al., Automatica, 2013.
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hMPCJ + uMPcJ = EMPCJ
ool
Sstation’

111 Wan and Kothare, Automatica., 2003
51 Zhang et al., Automatica, 2013.



NSO & SDLF

RMPC, |+ | RMPC. | =| RMPC,

SDLF SDLF

Single LF

Worst Case

L rwee; = [ rwiec,, )
_ SOLF iy SOLF
Worst Case Il SNorinaIS
Saturation i Saturation

Bound

111 Wan and Kothare, Automatica., 2003
51 Zhang et al., Automatica, 2013.



Lsapunov TFunction

Parameter-dependent Lyapunov matrix:
P = PT c RnXXnX’ P = ,YX—l

X+X"'=8 0

Stability condition:
AV (znom(k)) < —J(x(k))



TFeedback Law

Feedback law:
usat (k) = F(k)x(k), u(k) €U

Feedback law parametrization:
F(k) =Y (k) X~ (k)

Control input saturation:

Umax  if (k) > Umax,
usat(k) — —Umax if U(k) < —Umax

u(k) otherwise.



Lsawnov Function

" X+X'"-8, X
A0X+B0(EJZ+EJY) Sw
VX 0

- VR(EIZ+ EY) 0
i X+X'" -8, x

Yo ed{l,2,...,ny}, Ywe {1,2,...

Vjed{l,2,...,2"}.

Ay X +B,(E'Z +EY) S,




hWput / Output Constraints

wr I %
ImMax >_
AR =
X+X"'-8, *

| C(AX + By(E'Z + E7Y)) yhaxl



K obust variant

e ={z|a(k)' Pz(k) <},

1
(k)

*

X+X"'-5,

Objective function:

min 7y + tr(X)

E |lipsoid

P=~X"1
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PDLF & SAT & NOM

RMPC,,

NOM,,,

SAT;;

PDLF,,

L RMPC,, ]
__NOMy,
_SAT,
_PDLFy

111 Wan and Kothare, Automatica., 2003
(2] Cao and Lin, Control Theory and Applications IEE Proc., 2005.
4l Mao, Automatica, 2003.



PDLF & W-SAT & NOM

RMPC,,

NOM,,,

W'SAT[3]

L RMPC,g ]
__NOMy,
_W-SAT,
_PDLFy

PDLF,,

111 Wan and Kothare, Automatica., 2003
Bl Huang et al., Automatica, 2011.
4l Mao, Automatica, 2003.
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1.7 GHz i5 CPU with Matlab R2013a and solver MOSEK
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Control of CSTR

3

u(k) [ ack) X(k)
r(k+1)=Ax(k)+ Bu(k), x(0)=xo,

y(k) ZCCE(]C), y ey,
|A, B] € convhull{[A,, B,]}, u € U.




parameter [unit]

reactor vessel

reactor vessel

vV

P
Cp

qS

]

kg m~]
kJ kgt K]

'm3 min-t]

Tin [K]

2.400
947.2
3.719
0.072
299.1

Molndr et al., Chemical Papers , 2002.




parameter [unit]

reactor vessel

cooling jacket

cooling jacket

vV

P
Cp

qS

]

kg m~]
kJ kgt K]

'm3 min-t]

Tin [K]

2.400
947.2
3.719
0.072
299.1

Molndr et al., Chemical Papers , 2002.

2.000
998.0
4.182
0.631
288.6



parameter [unit]

reactor vessel

reaction mixture

cooling jacket

vV

P
Cp

qS

]

kg m~]
kJ kgt K]

'm3 min-t]

Tin [K]

2.400
947.2
3.719
0.072
299.1

Molndr et al., Chemical Papers , 2002.

2.000
998.0
4.182
0.631
288.6



water



B 2

propylene oxide water






methanol

propylene oxide water



methanol

propylene oxide water propylene glycol



reaction mixture

parameter [unit] reaction mixture
Cro.in [KMOI M~3] 82.4x1073
Crg.in [KMOl M~3] 0.0x10-3
E./R [K] 10183.0

AH, [kJkmol®] | (-5.64,-5.28) x 108
k. [min] (2.407, 3.247) x 101

o0



propylene oxide water propylene glycol



heat transfer




heat transfer

parameter [unit] heat transfer
A, [M?] 8.695
U [kImintm?K1] (-5.64, -5.28) x 106




Stabil ty Analfjsi s

Heat Analysis
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Stabiity Ana\gsi s
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Stabiity Ana\gsi s

steady states
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Stabiity Analgsi s
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Stabiity Ana\gsi s
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Stabiity Ana\gsi s
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de (k)

Static Characteristics
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Static Characteristics

T: [K]
3435

343.0¢

342.5}

04 06 08 10

e [m? min1]



Static Characteristics
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Static Characteristics
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Static Characteristics
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Control of CSTR

u(k)

r(k+1) =
y(k) =

-
3

Az (k) + Bu(k),
Cz(k),

x(K)

z(0) = xo,
y €Y,

|A, B] € convhull{[A,, B,]}, u € U.



Control of CSTR

u(k) X(k)

r(k+1)=Axz(k)+ Bu(k), x(0)= =,
y(k) = Cz(k), y €Y,
|A, B] € convhull{[A,, B,l}, u e U.



Control of CSTR
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X(K) uncertain system

MATLAB toolbox for on-line RMPC design by LMIs

* bitbucket.org/oravec/mup



Control of CSTR -Casel

- NOM
— SAT

— NOM & SAT




Control of CSTR - Casel
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g %10° [m3 min-1]

Control of CSTR -Casel

407

30}
201
107

— NOM & SAT

- NOM
— SAT
— NOM & SAT

6 8 10 12
t [min]
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Control of CSTR -Casel

NOM SAT NOM&SAT

performance
‘]cl

vertex

Approach

NOM
SAT
NOM & SAT




Control of CSTR -Casel

NOM SAT NOM&SAT

performance
‘]cl

0 1 2 3 4 5 6 7 8
\——
Nominal System vertex
Approach Nominal System [%]
NOM 0
SAT —6.0 %
NOM & SAT —55%




Control of CSTR -Casel

0.5

NOM SAT NOM&SAT
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vertex Worst Case
Approach Nominal System [%] Worst Case [%]
NOM 0 0
SAT —6.0 % -55%
NOM & SAT -5.5% -5.0%



Control of CSTR -Casel

NOM SAT NOM&SAT

performance
‘]cl

vertex
Approach Nominal System [%] Worst Case [%] t.o [S]
NOM 0 0 1.2
SAT —6.0 % -5.5% 5.6
NOM & SAT —55% —5.0% 3.2




Control of CSTR - Casel

- NOM

Case | | ~ SAT
—NOM & SAT




Control of CSTR -Casell

19} —~NOM
: — SAT
10} — NOM & SAT

ATg [K]

8
6,
>
Case | 2+
0

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

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

“20770 20 30 40 50 60 70 80 90 100
t [min]



Control of CSTR -Casell
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Control of CSTR -Casell
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Control of CSTR -Casell
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Control of CSTR -Casell
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Control of CSTR -Casell
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Control of CSTR -Casell
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Control of CSTR -Casell

50
NOM
40 -+ SAT (1)
- NOM & SAT
S 30
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Nominal System vertex
Approach Nominal System [%]
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Control of CSTR -Casell

50
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Control of CSTR -Casell
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NOM 0 0 1.2
SAT T i i
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