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Why Is this research necessary?

* Number of heavy floodings AAq

1970- 1980- 1990- 2000-

1979 1989 1999 2009
worldwide 263 526 780 1729
Europe 23 38 94 239
Belgium 1 2 4 6

* The Rhine: 400 — 500 million euro (1993)

* > 100 big floods: 25 billion euro (1998-2004),
700 people , half million homeless

* Example in Belgium: the Demer
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The Demer: a history of normalization
and floodings

Measures taken in the past:

* Normalization

* Dikes

+ increasing urbanization in flood sensitive areas

New vision on flood control/management,
hotetfective
. Reser e
. Computer controlled management:

advanced three-position controller

Not effective
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The Demer: a history of normalization

Objective:
Can Model Predictive Control be used for
set-point control and flood control of river systems?

4

Approach:
1. General modelling framework
2. Find accurate approximate model
3. Design controller

Not effective

More intelligent flood regulation required!

Model Predictive Control?
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What i1s Model Predictive Control?

Np—1

miny x(j) — r=(@lla + D u() —uli ~ Dl

s.t. x(0) = x,
x(j +1) = Ax(p)) By g5 Fd (7)) =j05 0,, Np Npl— 1

u(—1) = Uprev,

)_((i))e(}XS ia ] :]1,: 17 ,NQ Np
u(HwY,<u, j =j0= 0., Np Npl— 1
u(j) —u(j —1)| < Ay, i=0,..., Np — 1
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Why Model Predictive Control?

* Constraints incorporation

* Use of (approximate) process model: optimal solution for
entire river system

* Prediction window + process model: rain predictions

* Objective function + constraints: set-point control together
with flood control

* River systems have relatively slow dynamics

= MPC is suitable for flood control of river systems
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Outline

e Social relevance
* Modelling framework
* Model Predictive Control

e Conclusions
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White box modelling

1. What do we need?

« Dynamics of a single reach

« Boundary conditions for
connecting reaches

« Reservoirs j

Mangelbeek (Man

reservoir
Schulensmeer
o hyg

! ! Dem;

2. Numerical simulator

v

3. Approximate model




Dynamics of a single reach:
The Saint-Venant equations

conservation JAOh 0Q

of mass Oh Ot i 0z .
conservation 0oQ 0 Q3 oh B
of momentum EJr&ZJrgA&JrgA(Sf_SO)_O

with

A the cross-sectional flow area (m?)
@ water discharge (m?/s) h water depth (m)
So bed slope St friction slope
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Dynamics of a single reach:
The resistance law

The resistance law of Manning:

Q||
5t = n?nannm




Dynamics of a single reach:
The resistance law

The resistance law of Manning:

f— egmann A2R1/3
n 2/3
3/2
;P’inmann,i
Q Negmann — = n




Boundary conditions for a single reach

* Given upstream/downstream discharge

QV(0,1) = Qup(t)
Q(i)(L(i),t) = Qdown (1)

* Rating curve

£ (BOLD,6),Q0(LD, 1)) =0
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Boundary conditions connecting reaches

* Hydraulic structures:
ante (t) — f(c(t), hup (t)a Adown (t))

gate m
reach ¢ reach j

— —
QLY. 1) = QUEl(),
QY (0,1) = QUl(1),
Qég’;g(t :®< (m) 4y, R (LD ), h<j>(07t))

o Vertical sluice
o Gated weilr
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o Vertical sluice: Qgate = Ch(t)wc(?) \/ 2ghup(t)

B(t) = (1/a(t) = 1)* +2(y(t) — 1),
_ a(t) = Cce(t)/hup(t),
o Gated weir: () = hu(t)/haown(t).

_ /
— Cee(t) 10
hdown,max(t_) ______2-——\ —W Oz(t)(l + a(t))>




Boundary conditions connecting reaches

e Junctions
reach 3

\

reach 1 reach 2
e —>

h(l)(L(l) t) = h(2)(0,t),

QW(LW, ) + Qgate(t) = Q®)(0, 1),
QP(L®),1) = Qgate(t).

Qgate () ( (gate) (1), L3 (LB) 1), h (0, t))
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Reservoirs

reach 2

Two options
e Saint-Venant equations

reach 3

e Model as a tank

dVies/dt = QW (LM 1) + Qgate(t) — QP (0, 1)
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The hydrodynamic model of the Demer

For Dem;, Dem,, Dems, Dem, andMaas.:

DT .Demer -
814 8 h 8 Q Szfgfgr?slﬁleer
oh ot T e !
0Q . 0 Q7
Borpste "»'?»,,r'- abgiaak %%@ + gA St — SO)

With dg@fﬁ@lﬁ@ﬁf@é@@%@bm )
with @@i@lﬂ HRIITN0, £) + Qg (1),
For junc @g At @% iy %ﬁ%?;jQ Qz(/g(_) '
Shi— { eqman@(og & Gﬁmf 0.838549  p

QW(0,th= Q@@“”) t) + Quais (1):
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White box modelling

2. Numerical simulator




Numerical simulator

* For every reach:
L P .
. Appm%parﬂal-denvatrvmmh‘ﬁnﬂed-dﬁerentegi)
or PDE Az | ) (o)
o OAN O ) (40000 =10

IR 07/

(i) ) , o)
s W )

) — At
i (2) (1) (4) (2)

8Q(-,)€ (Qj+1,k+1 - Qj,k+1) (Qj—|—1,k - Qj,k)

0z Az

DAY a4\ e (0 (0
.7 oh ) ,,

2

oh 20<8h




Numerical simulator

* For PDE 2:

A)

( L (Q(i)Z) B (Q(i)2> Q(Z) - O
Q(z - Az AT ) i1 kro AT ) i ko ik ;
gk ]

Use similar procedure for boundary conditions...
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White box modelling

3. Approximate model
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Approximate model

* Goal: find an approximate model that is accurate enough
but with a low complexity

* Linear state space model:

X(k+1)= ) + Bu(k
with \‘(Q‘E

$ ﬂﬁw D) (k <K7>(k)} |

QDem QMan )]

ﬂ



Approximate model

e Linear-Nonlinear model:

x(k + 1) = Ax(k) + Bu(k) + Fd(k) + 3
QU™ (k) = f( (m) (), b (), h(™) (k)) form=A,D. K7

gate down

with




boundary conditions

o | | | | | | |
P 1\ —"in
0
'-"’é oLk
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Outline

e Social relevance
* Modelling framework
* Model Predictive Control

e (Conclusions
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Model Predictive Control

J

4 )

Kalman Prediction Gate
filter step

\_
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conversion

MPC

J




hdown

The requirements ==

reservoir
Schulensmeer
[ ]

e Control objectives:
o Set-point control for h,,, and reservoir
o Flood control + respect safety limits and flood limits
o Recovery of used buffer capacity

* Limitations:
o Physical limits for gate positions: ¢, C, A,

o Only hy,, hy and hy,,,, are measured
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Model Predictive Control

J

4 )

Kalman Prediction Gate
filter step

\_
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conversion

MPC
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Model Predictive Control:
Approximate model

Use LN-model
i
x(k+1) ;at; +Dd(k) + 3
(K7)
gate
( ate (k) = f:(c(A)(k‘ h(l) L(l) te hg (tk)>
< <gg (k) = f (P (k). hs(tr), h(4)(0 b))
: Q K7)(k) f (C(K ( ) h(2)(L(2),t ),]’L(S)(O,tk))

gate

but work only with linear part inside the optimization problem!
=>» optimize over gate discharges
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Model Predictive Control:
The optlmlzatlon problem

Np—1
ur;"sncz )~ el 32 u) —u — Dl +
Np—1
. 2 2 2
+ ) u@) = rully + 1€lls +sTE+ Iy + V¢
j=0
s.t. x(0) = x,
x(j +1) = Ax(j) + Bu(j) + Fd(j) + B(J), j=0,....,Np—1
u(—-1) = Uprev,
e—1,...,5
MOhO () <MD, | +1, 6 - 1()&, j=1,...,Np
MOhO (j) < MOhCL o +1 6 - 1()G, j=1,...,Np
psenuem () < B + (). j=1,...,Np
RN () < higaea ™ + (7)o j=1,...,Np
£ >0,

¢>0



Model Predictive Control:
Flood control and set- point control

urplgnCZHx J) — Fullw + Z lu(j) —u(i — 1)|g +

Np—1
. 2 2
+ 3 u@) = rallg + 1€ls +sTE+ Iy +vT¢
j=0
s.t. x(0) = x,
X(j + 1) = Ax(j) + Bu(y) + Fd(j) + B(J), j=0,...,Np—1
u(g) <u(g) <u(y), j=0,...,Np—1
u(_l) = Uprev,
aa—1,...,5:
MOhD () < MOh) | +1 MORK/IO)ISE j=1,...,Np
MOhO (j) < MOhCL o +1 6 - 1()G, j=1,....,Np
AN () < B4 +1(5) s, =1, Ne
h(schulen)u) < hgqsg:uzlen) +1(5)Ce, i=1,...,Np

£=0,
-C20 m



Model Predictive Control:
Ensure fea5|b|I|ty of QP

Np—1
min Z 1X(5) — Fallw + Z lu(g) —u(j — 1)||g +
u,x,&,{jzl
Np—1
. 2 2
+ > fu(g) —rullg + 1€lls +sTE+ €Iy +vT¢
j=0
s.t. x(0) = x,
x(j + 1) = Ax(j) + Bu(j) + Fd(j) + B(j), j=0,....,Np—1
u(_l) = Uprev,
fori=1,...,5:
M%) h(z)(j) M(z)h(gx , +1 ((;02, (j)&’ j=1,...,Np
M@ R( z)(]) < M(Z)h(gxz +1 Oy n()G, j=1,...,Np
plsehulen) () < B () s, j=1,...,Np
RN () < higaea™ +1(7)Gs: j=1,...,Np
£>0,

¢>0



Model Predictive Control:
Control objectlves -) weighting matrices

umIEn(JZ:Hx J) — Fullw + Z lu(j) —u( — 1)|g +

Np—1
+ > [lu@g) = rully + €15 +sTE+ ISy +vT¢
7=0
s.t. x(0) = x,
x(j +1) = Ax(j) + Bu(j) + Fd(j) + B(J), j=0,....,Np—1
u(g) <u(g) <u(y), j=0,...,Np—1
u(_l) = Uprev,
e—1,...,5
MO () < MORG), | +1 MORK/IO)ISE j=1,...,Np
MOhO (j) < MOhCL o +1 6 - 1()G, j=1,....,Np
RSN () < B4 + () o, =1, Ne
R(SOUEm) () < BSR4+ n(5) e j=1,...,Np

£=0,
-C20 m



Model Predictive Control:
Limits on gate dlscharges & model update

umlinCZHx ) — Fellw + Z lu(j) —u@ — 1)|g +

Np—1
+ () = rullg + 1€lls + sTE+ IS +vT¢
j=0
s.t. x(0) = x,
X(j +1) = Ax(j) + Bu(j) + Fd(j) + B(J) j=0,....,Np—1
H(])SUJ)SE(])7 .]_ 9 7NP_1
u(_l) — l»lprew
ge—1,...,5
M“)h(”(y) <MOh, | +1, 6 1()&, j=1,...,Np
M(Z)h Z)(J)<M(Z)h(;x2+1 () 77( )C’La ]:177NP
RN () < hegdy™ + (i) j=1....Ne
RN () < b 5™ -+ 1(7)Cs. j=1,... . Ne

£=>0,
-C>O m



Model Predictive Control:
c) 67 AC :> H(])? ﬁ(])

At time t;: c(tx—1), h(tx) and q(tx) are known.
For gate m:

u™ (k) = F (™ (k= 1) + Ac, hup(k), haoun(k))
7™ (k) = f (c<m> (k — 1) — Ac, hup(k), hdown(k)) .

For (™ (k + 1), 7™ (k + 1)?

* h(txs1)? use (non)linear model to predict x(k + 1) based on
X(k), d(k) and ugpt(k)

* c(tx)? use uept(k) but prevent uncontrollability of gates!
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Model Predictive Control:
Model update

* Update linear model to match predictions with nonlinear
model:

~

X(k+1) = Ax(k) + Bu(k) + Dd(k) + B(k)
with

~

,B(k) =06+ (xnonlin(k + 1) — X|in(k -+ 1))
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Model Predictive Control:
Buffer capacity recovery

. . 2 . . 2
Jmin > Ix() = Fellw + 2 u() = u(i = Dllr +
baiab) 7 ]:1 j:O

. 2
+ 3 uG) = rullg + 1€l + 8T+ IS +vT¢
§=0
s.t. x(0) = x,

X(j + 1) = Ax(j) + Bu(j) + Fd(j) + B(j), j=0,...,Np—1
u(—-1) = Uprev,
fore=1,...,5:

MOhO () <MD, | +1, 6 - 1()&, j=1,...,Np

MOhO (j) < MOhCL o +1 6 - 1()G, j=1,...,Np
REMEN () < higer™ + (7)o, j=1l....Ne
REMEN () < higea™ +1(7)o, j=1li...Ne

£=0,
-C20 m



Model Predictive Control:
Constraint selection

Np—1
uT'g”gZ 1X(5) = rellw + Z lu(i) —u@ - Dllg+
Np—1
. 2
+ 2 uG) = rullg + 1€ls +sTE+ ISy +vT¢
5=0
s.t. x(0) = x,
X(j +1) = Ax(j) + Bu(j) + Fd(j) + B(j), j=0,....,Np—1
u(_l) = Uprev,
fori=1,...,5:
M%) h(z)(j) M(z)h(gx 4+ 1 Oy n(j)&, j=1,...,Np
M@ R( z)(]) < |V|(z)h(z;x2 +1 oy n()G, j=1,...,Np
RN () < haoged™ + (), =1, Np
RN () < higaea ™ + (7)o j=1,...,Np
£>0,

¢>0



Model Predictive Control

J

4 )

Kalman Prediction Gate
filter step

\_
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Kalman Filter

Estimate the entire state of the river system based on the
three measured water levels together with the control actions:

x(k+1) =L(Ay(k) — Ay(k)) + Xnoniin(k + 1)

Ax(k+1) = L(Ay(k) — Ay(k)) + Ak D Ad (),

Ay(k) = CAX(K)
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Model Predictive Control:
The proof of the pudding

Mangelbeek

4 )

Kalman Prediction
filter step

\_
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conversion

MPC

J




Simulation results

Dem; Dem, Dems; Demy Man; Schulensmeer
w c R534X534
-3, . -3, -3 . -3, -3 .
water levels (1073 - 14 10}(*) 107215 10 1(6)6 10 1(1)1 1073 - 156 50
[1073 - 194;0.01] 0.01-1¢¢  0.01-13;

discharges 1073 - 196 10731, 1073 -1¢7 1073115 1073 -1g;
S c R6><6

safety levels 103 103 103 103 103 104
s c RGXl

safety levels 103 103 103 103 103 10%
V c R6X6

flood levels 10° 10° 10° 10° 10° 10°
VvV E Rle

flood levels 10° 10° 10° 10° 10° 10°

Q(A) Q(K7) Q(D)

R 2 R3X3
control actions 0.01 0.01 0.01
U e R3%3
1000 0.001 1000
0.001®) 0.001®)

control actions
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Simulation results

Dem; Dems; Dems; Dem, Mans Schulensmeer

maximal flooding [m]

three-pos. controller 0.275 —0.573 0.432 —0.119 0.216 —0.006

MPC+Kalman 0.036 —0.875 0.409 —0.142 0.168 —0.509
total flooding [m]

three-pos. controller 2877 0 1243 0 4096 0

MPC+Kalman 69 0 1138 0 2032 0
flood duration [h]

three-pos. controller 49.1 0 63.1 0 60.5 0

MPC+Kalman 27.3 0 62.9 0 46.6 0




Outline

e Social relevance
* Modelling framework
e Model Predictive Control

e Conclusions
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Conclusions

Obizc v

Can Model Pre lic".ve Cuntrol be used for
set-point control anc flood control of river systems?

~

Good control performance due to

 incorporation of flood levels as (soft) constraints

* minimization of the set-point deviations

 incorporation of rain predictions via process model and
prediction window

 fast buffer capacity recovery

Important: smart choice of control variables = linear MPC

Qalman filter as state estimator /




Future research opportunities

* Apply to larger part of the Demer

0 SvebasbisteretWeebbekom subsystem Schulensmeer

reservoir | Mangelbeek

539 Zwartebeek 5%, L Zwartewatdr Mpngele
LI:II |
1
C{'_'ss}. DBeener K7 K7 -
LS
KR
E

oF & R 15317 — T %e% BT,

wF:| S

%:g 8‘: Q.% {&. SChuleI§§!'e;1eFﬁinS]neer

eF| = K30 K19 AN A

ot | & S A

o F| oo Sa— 7 o [

T | =o

|| &= Kizdbeck Get ok }

agebeekVelpe Ge’[\ Hork

Begijnenbee K7b Velpe

Begijnenbeek

Distributed MPC — Hierarchical MPC ?

* Plant-model mismatch
* Uncertainty on weather predictions
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Thank you for
your attention!
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Dynamics of a single reach:
The Saint-Venant equations

Assumptions:
* The vertical pressure distribution is hydrostatic.

* The channel bottom slope is small: the flow depth measured normal to
the channel bottom or measured vertically are approximately the
same.

* The bedding of the channel is stable: the bed elevation does not
change with time.

* The flow is assumed to be one-dimensional (flow velocity over the
entire channel is uniform + water level across the section is horizontal).

* The frictional bed resistance is the same in unsteady flow as in steady
flow meaning that steady state resistance laws can be used to
evaluate the average boundary shear stress.
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Numerical simulator: Az, At, 6

e Numerical scheme is unconditional stable if

* Accuracy affected by Courant number

R
- Az/At

B ) o
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Adaptations to MPC scheme:
Approximate model

* Use (linear part of) LN-model ...
but first approximate the irregular profiles with trapezoidal
Cross sections

\ / \ /
A irregular
v <:> & f/ e trapezoidal
51— =9 \ \
B
s 400 N
m g
Z hB+h25))2 0| :
s.t. B z 0, S >0. S SR

water level (m)
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Model Predictive Control &
artificial test example

4 ool channel 6 . N\
channel 5
(500 m) <€
Q n [N & (_))ut
channel 1 C C C z
\ (800 m) (1000 m) (1000 m) (1000 m) /
4 )
Kalman Prediction Gate
filter step conversion
MPC

\_
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Simulation results

channel1 channel2 channel 3

channel4 channel 5

reservoir channel 7

W < R333 x333

water levels 10-1;7  0.001-15;  0.001-1y 830' 112(1*) 0.001-1y;  1000-1g;  0.001 -1y,
i1

diSChargeS 0.001 - 118 0.001 - 122 0.001 - 122 0.001 - 122 0.001 - 112 0.001 - 162 0.001 - 112
S c R7X7

safety levels 10° 10° 10° 10° 10° 10° 10°
s c R™<!

safety levels 10° 10° 10° 10° 10° 10 10°
V e R™*7

flood levels 108 108 108 108 108 108 108

flood levels 108 108 108 108 108 108 108

1 2 3
Qéaie Qg(;aie Qéa{e Qout
R ¢ R4X4

control actions 175

175 175 10




— LN-MPC --- LN-MPC + Kalman
upstream part of the river (channels 1, 2, 5)

) Y S S

flood level I

& -7 W safety level -
_ b / \/ ‘

i i i i i — |
§ 100, 200 o300 40§, 500 40600 789 800
reservoirtiBiulmdne)

set-point

]
B D it At N
?1.-8 0.5 \ safety level
+
2% 0
o) | | | | |
— 1y 10 20 30 40 50
- downstream part-of-theriver{chammets3:14 and 7)
[9p) - o
- T Uttt ot 11§ .2 s
‘B’ e i
:

e e e e e e I I
2 flood level

safety level

. A
-
.51 q
)
3%
2=
<)
e,




LN-MPC --- LN-MPC + Kalman

gate 2

[tr] uornysod

gate 1

[wr] worytsod

50

30 40
Qout

20

10

o0

30 40
gate 3

20

10

_S- u| o3IeyosI
[ - ¢l sIp

[tr] wonytsod




Simulation results

maximal flooding (m) average set-point deviation (m)
IN-Mpc  -NMPC LN-MPC HN-MPC
+ Kalman
channel 1 0.0081 0.0090 1.51-107° 1.10-107°
channel 2 0.0018 0.0030 1.54-107° 1.10-107°
channel 3 —0.2735  —0.2591 2.31-107° 7.09 107
channel 4 —0.2738  —0.2583 2.27-107° 6.88-107°
channel 5 —0.0080  —0.0126 1.56-107° 1.14-107°
channel 6 ~0.1992  —0.2057 0.01 0.02
(reservoir)
channel 7 —0.2742 —0.2582 2.24-107° 6.48 - 1076
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