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Introduction - Deltares | e

R

o el

+ National R&D-institution for water managemen [EERESESTe. iS58 WY | A
and geotechnical engineering (HQ in Delft) i w,

Sistcn'nab]e delta pm“mm

* “Foundation under Dutch law” = not for profit

* Research, consultancy, physical modeling
facilities, open software

« “Bridges academia and practice”

~800 employees,
~40 person team on operational water management

~many students

Ecosystems and Environmental Quality
T T
www.Deltares.nl \ =

https://youtu.be/Nxb9SnBIxYY
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https://youtu.be/Nxb9SnBIxYY

Introduction - Deltares’ Operational Watermanagement

Legend
* Inland and coastal systems (and mix!) | A gy
Sraeriand Flood forecasting
« Expertise: " L —
— Real-time data (in and out!) g
e u i a Water information
- Forecasting (Wlth verlflcatlon) : D R 2 .
— System engineering ) @ B st
« Software | e ® il O

- Delft-FEWS
— Simulation models (SOBEK, DHYDRO, wflow)
— Control optimization (RTC-Tools)

» Close collaboration with Rijkswaterstaat (Dutch Ministry for Infrastructure an Water)
* Projects all over the world

Deltares




Introduction - Deltares’ Operational Watermanagement

“Enabling better forecasts, enabling better decisions”

Deltares ﬁ 7




A
Introduction — Delft-FEWS =
Delft-FEWS

Used world wide in various real-time applications

< Platform for operational water resources SYyStemMS > | .umerforecast radar & telemetry _ field

measurements

- Organising from input to forecast to dissimination ﬂ;ﬂ E‘&@ A A

» Open approach tc@grating moc@ :
- Fully ‘configurable’ by user

!

distributed clients

1 |
e 5

s emergency services
- Highly resilient & automatic / manual & stand alone

General Adapter
- Large community involvement [ \ ‘"temeg"tm"et
.. Model adapt

<_Qpen system —joint development approach__—> o — -

N
External Model b

« Real-Time
- Rapid implementation,(calable & flexible

Deltares



Model Predictive Control with RTC-Tools + FEWS

)
Delft-FEWS

11

RTC-Tools 2.x

[f" python

MUMPS

HSL

Eco-system IPOPT

} \ BON
MIN
Ny \a Solver o

MoDELICA

(modeling
._language)

CPLEX

Open source toolbox for convex
optimization in water systems

Simulation and Model Predictive Control
(MPC), with multi-objective optimization
for:

« Maximization of production / profit
(hydropower)

 Minimization of pumping costs
« Control of level, flow, salinity, heat, etc.



Case study — Volkerak-Zoommeer

Bestand Extra Opties Help RWsO5-IWP Deltares testsysteem (OC, DPC, dda) (Operator Client) - m] x

i NONAOIEOCEDN EUEAS=E S -

il Overzicht Hoofdwatersysteem Nederland

i Verwacht
& \a Innil Uurgemiddelde (afvoer: lopend 24uur), periode 20-09-2022 van 16:00 tot 17:00

F

-

Algemeen
KMNMI radar (website) Chloridegehalte
KNMI weerpluim, expe Chloride
Kustdistricten weersvel (mgll)
Usselmeer weersverwas
Alarmmodule GUI (wel
. Bereken Radar Mowcas
. Bereken Radar Mowcas
Maas
Brabantse Kanalen
Noordelijk Deltabekken
Meppelerdiep
Twentekanalen
Neordzeekanaal-ARK

« 3" argest lake of Netherlands

5 : Operationeel Waterbeheer

« Decision support system of
Rijkswaterstaat; FEWS-IWP

— Control of lakes and canals
- flow, waterlevel, salinity - <

0ms

6: Data Viewer

1m¥s
Meppelerdiep (km 2.5)

-mifs
sselmeergebied Dalisen
. Volkerak-Zoommeer 147 mis
— G li sl
14 subregions Srelngermes .
Test oosm  TREG™
. -0.45m
Interactive sl o
-5 m!
- : |\ reiaan g% S
« Forecast produced in other P a” A
systems ot
y el 1335 mls
110 m/s 16.6°C
. . ¢ 0.01m 7.96m
)
« Simulation models g | Logenda
Wenaal Bathse Brug Aan- en afvoer Waterstand in m NAP
. . . . \ot-Terfieuzen wm- Aan- of afvoer m Streefpeil
« Advice models (optimization) = Logosan-oiahoer v s
9 m¥s m Hoge aan- of afvoer = Boven slreefpeil
Loozen Tes Geen afvoer [ data Geen data
-2 m¥s Panheel
Evergem Chloride Wind
StPieter £ Chloride Windkracht
?gg”sc ' A Chioride boven grenswaarde ? (Beaufort)
44.09 m A Geen data jncoching
TO: 20-09-202...
voorspellingsduur: default o g’ @ r MMM
Taakuitvoer opties . Kaart g, Instellingen "E Grafiek §\ |8 Overzichtscherm NL OO0 X @ Browser

Logs Maarien Smoorenburg Hudige systcemtje: 2009 202 1720 C6ST  nmed A 03Me/s 769 M8

MIIAIBAQ 301
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Case study — Volkerak-Zoommeer

T
\ﬁrammer izen ) Q(AH) /’fo

 Fresh water lake close to sea e

- Lake level control Q(AH) P VoII@\r_Fasqhw/
— Salinity control (by flushing the lake) //
— (minimizing energy costs of pump)

« Multiple natural inflows

« Large control knobs depend on outside
waterlevels (at low tide)

— 1 controlled inflow (to manage salinity)
(Volkeraksluizen) . —
. . . Peiltrap Volkerak-Zoommeer
— 1 emergency spill option (ship locks) 03 - -
(Krammersluizen)

— 1 control outflow (6 spill gates)
(Bathse Spuisluis)

02 _
Bovenste streefpeil

0,1 |

° _I-I_|_|_|_|_|—|—|_|_' Onderste steefpeil |

Bathse Spuisluis < -on [ §

N [aen

Deltares 9
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Case study — Volkerak-Zoommeer

Key challenge: compound floods

Example: Forecast for the coming days:

1) Storm at sea - surge on Westerschelde
(up to ~2m!) - (much) less spill capacity

2) Substantial rainfall in Brabant - flood will
fill up the lake (~100m3/s for 2-3 days)

Deltares Westerschelde o 10

10



Case study — Volkerak-Zoommeer

Key challenge: compound floods

\Iﬁrammer izen

Q(AH)

Critical decision: //

1) High lake levels mean that upstream
polders cannot drain well anymore

2) Krammersluizen locks will be closed for
shipping if lake levels reach +0.5 m.s.l.
- spill through the locks!

- Operators need to lower the lake level in
time by extra spill through Bathse Spuisluis

—> Action required 2-4 days in advance
- Decision interval of ~12h

Deltares Westersche

5

T
., | Q(AH) /“vff
| Volkerakéhi\z;n/

Brabant

11

11



Similar problem for many water systems

The future Is uncertain, show the ensembles

..yet, decisions must be made
but how’P

Deltares

Voettekst van de presentatie



What is needed?

1) Anticipatory control

2) Taking into account
forecast uncertainty

Deltares

Voettekst van de presentatie
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Problem Volkerak-Zoommeer: compound floods

Advies

Desire of operators:
1. Quality forecasts of surge and inflow (!)

~ [Eerste|oog-alarmarens|

T e B i U

2. Advice on the control of the lake

Waterstand (m)
5 5 2 2 2=

Current situation:

1. Implicit knowledge of uncertainties

2. lterative control selection (looking up to 48h ahead)

3. (advised control through deterministic MPC)

28-03-2021

00:00 00:00 | 00:00 00:00
Extern: [1] 256-03-2021 06:00 CET Plateau3_VZM: [2] Plateau 3 VZM (RTC2-VIM) 25-03-2021 11:00 CET Huidig

Voettekst van de presentatie

Future: " . |
1. Ensemble forecasts of relevant processes — __ 3 %

. . % 30 g 30 /
2. Tree-Based MPC producing advised control f a—— 8w | —T— % -

Deltares R

43
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Anticipatory control

feedback control feedforward control model predictive control

disturbance
(flow rate) £

controlled
oulput
(water level)

Rule-based (if-then)
SOBEK or RTC-Tools

Rule-based (if-then) optimization for objectives
SOBEK or RTC-Tools RTC-Tools

Deltares



What is Tree-Based MPC?

— e o
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Pompoenstraat O, 3 k
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LAAK PARK  A12 | Haac
W, Waldeck LEYENBURG 3 LEEUWENBERGH
HOUTW 2 o o
SPOORWIJK % Familiepark Drievliet @
Kerketuinen @ % Gooland
Morgenstond feanik 5 a
ESCAMP : Nootdorp
ol 3 s (2] s Ypenburg : g
Sy Rilswik Rijswikse Golfelub = o
Y

Strijp

Wateringse
Veld

Wateringen
Nd6s

Essellanden Hoekpolder

Stadslandschap

t Haantje

Klein-Delfgauw

De p De Driesprong Kwintsheul hove 9
| ariendijk
ariénc i
* N222 %] S >
iseler!selersdifk M Royal Delil@ Technische
? Universiteit
Jelft
"l Den Hoorn Delf
N470
A3 \|/ -y VOORHOF 98
N222
% o
Buitenhof
& L
R o
v Tanthof
£ Blaker (333 Hodenpijl Go! b
~ ice
Nie. Nieuwe Oostbuurt Go g[e Abtswoude
o, o e Deiftsche

Deltares

Decision problem:
goal is cleatr,

future is uncertain

Voettekst van de presentatie
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What is Tree-Based MPC?
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Original idea by:

Raso, L., D. Schwanenberg, N. C.
van de Giesen, and P. J. van
Overloop. 20714. “Short-Term
Optimal Operation of Water Systems
Using Ensemble Forecasts.”
Advances in Water Resources 71
https://doi.org/10.1016/].advwatres.2
014.06.009

Voettekst van de presentatie
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What is Tree-Based MPC?
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What is Tree-Based MPC?

« At control point:
- Split ensemble in groups
— Compute optimal control per group

« Output:
— Tree of advices

— Projection of single ensemble members
trajectory if advice is followed

—> At control points, different members have
different states because they were subject to
different forecasts!

Deltares

Control points

3
0 40
“‘_E 30
20
10
0
0 12 24 36 48
Time
Control points
70 ﬁ
60
50
3
0 40
(-
5 30
@) /

0 12 24 36 48

Time

Voettekst van de presentatie
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Key guestion

h 9 How useful is this solution for the user?

Deltares

ntatie

Voettekst van de prese
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Key guestion

h 9 How useful is this solution for the user?

Technical answer: evaluate objectives with closed-loop analyses
‘Soft’ answer: evaluate ‘everything’ with end users (real-life; open-loop)

Deltares

Voettekst van de presentatie
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RTC-Tools model Volkerak-Zoommeer

Mixed Integer Linear Programming:

» Piece-wise linear relation volume — lake level Qin’ forecast
* Piece-wise linear relation discharge - head difference

« Discrete decision variables for flow direction

Main goal: —
— Maintain lake level between target levels
— Quadratic penalty on target exceedance

Qout=f(AHforecast)
Ensemble forecast for dominant processes:

- inflow from the “Brabant Rivers” and direct precipitation (minus deterministic evaporation)
— ‘outside’ waterlevel Westerschelde (spillway “Bathse Spuisluis”)

Deltares

Voettekst van de presentatie



RTC-Tools model Volkerak-Zoommeer

_

4-stage ‘rocket’: Qout=F(AHorecast)

1. Pre-processing: situation-checker to define goals

2. Optimization (linear): compute optimal ‘continuous’ spill flows through

3. Post-processing: compute ‘discrete’ gate settings

4. Post-simulation (nonlinear): forecast flow and waterlevel with advised gate settings

Deltares

Qin, forecast

Voettekst van de presentatie
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RTC-Tools model Volkerak-Zoommeer

Goal programming (targets in order of priority)
Prio 1. Keep lake level between NAP -0.10m and +0.15m.
Prio 2. Keep lake level between softer targets

Prio 3: Minimize inflow through Volkeraksluizen

Prio 4: For t,4: try to get lake level centered between prio 2 targets

Ensemble load formulation needed:

load = Inflow + Precipitation — Q. notential

Qbath, potential = f(Hbath - Htarget, mean)

Deltares

peil [m t.o.v. NAP]

0,3

o
N

0,1

Peiltrap Volkerak-Zoommeer

Bovenste streefpeil |

Onderste steefpeil |

Voettekst van de presentatie
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Key guestion

h G How useful is this solution for the user?

Technical answer: evaluate objectives with closed-loop analyses

‘Soft’ answer: evaluate ‘everything’ with end users (real-life; open-loop)

Deltares

Voettekst van de presentatie
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Closed-loop setup

- Mimick operations assuming advice is followed

Setup

each 12h a new TO with new forecasts,

max. lead time of 5 days

TB-MPC with control points at 12h, 24h and 48h

Procedure

1.

Advice optimal control for measured initial conditions (=state) and
forecast forcings

At next TO, simulate the effect of following the advice until present
with measured forcings

Compute new optimal control advice with latest simulated system
state and new forecasts

Etc. etc.

Deltares

Optimize (last state +
forecast)

Simulate new state with
observed forcing

Voettekst van de presentatie
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Flow (m3/s)  Precipitation (m3/s)

Waterlevel (m)

Closed-loop analysis with real world event (Jan 2021)

EtreeStudy

&0

50

. mﬁl_mﬂﬁd

100

v e

Forecast rainfall peak 1:
DET: structurally underestimated
ENS: in sight from 26 Jan 18h

Forecast rainfall peak 2:
DET: underpredicted until 28th
ENS: in sight with peak 1

Forecast inflow
Peak too low and too late
DET was high in the ensemble

=

o A o e oW o

wind surge

Obs: 40 - 45 cm on 29 Jan,

- Spill reduction ~ 10-20%,
forecast alright-ish

23.01

Deltares

25.01

27.01 29.01

31.01

02.02

Voettekst van de presentatie
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Example results
(control points at 12, 24 and 48h)

rainfall

inflow

spill
capacity

lake level

spill

Dehiet (m3ls)

Dehiet (m3/s)

Dehiet {m3/s)

— 010
E

Waterstand

Dehiet (m3/s)

advice (TB-MPC)
advice (Det. MPC)
simulation (TB-MPC)
simulation (Det-MPC)
Observations

Target levels

o T
50— bt
o e

26-jan-2021
o700

Deltares
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Waterlevel (m)

Flow (m3/s)

-0,10 +

300 -
250 -
200 -
150 -
100 -
50 1

Results of closed-loop analysis

TB-MPC advice would have led to larger buffer capacity
With lake level peak about 8cm below max. target

Actual control and deterministic advice both led to lake levels around max target.

Eersta laag-alamgrans

«+= Waterstand meer simulatie Valkerak-Zoommeer [1] (ENS) (ETREE)
=+= Waterstand meer simulatie Volkerak-Zoommeer [2] (DET)

o Waterstand meer afgeleid Gemiddelde Volkerale-Zoommesr

v 0 C :

A RN |

1 L] & o

N . L] ’

I b I ! H o ¥
26-01-2021 27-01-2021 28-01-2021 29-01-2021 30-01-2021

0000 0000 00:00 00:00 00:00

3012021
00:00

stuurpeil boven
stuurpeil onder

== Spuidebiet simulatie Bathse_spuisluis [1] (EMS) (ETREE)
= += Spuidebigt simulatie Bathse_spuisluis [2] (DET)
— Diehiet Bathse_spuislis



Some practical problems... that in theory don’t exist

1. ECMWEF-ENS surge forecast only has 20 members
2. No ARMA correction on inflow forecasts (yet?)
3. Visualization is complex, interaction desirable?
4. Aligning of ensemble TO times is sometimes difficult

5. Relax integers at longer lead times to speed up enough
for open source solver (CBC)

Voettekst van de presentatie

6. MILP and ensemble: multiple global optima
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]
=

=]
=

Next steps

2 LN
L T

QOutflow
S

1. Integrate the model into operational system 2

10
2. Improve visualization

3. Continuous evaluation (incl. closed-loop analyses)

4. Training and periodic evaluation with end-users
1. Fine-tuning decision tree
2. Fine tuning (extra) goals

5. Expand efforts to other regions and problems

12

36

43
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Summary

1. Ensemble forecasts are the future, (and so is MPC?)

2. Closed-loop analysis of 2021 event illustrated the value that was
already demonstrated with the study with synthetic tests in 2019

- Saver flood control of Volkerak-Zoommeer

3. Ready to use and test in operations

4. Bringing advice models to operational practice is not trivial
- technically, organizationally, acceptance

Deltares

Voettekst van de presentatie
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Contact

&  www.deltares.nl ¥ @deltares in linkedin.com/in/maartensmoorenburg
linkedin.com/company/deltares
x Maarten.Smoorenburg g @deltares f facebook.com/deltaresNL
@deltares.nl
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Thank you foryour attention!




