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Deltares

Stichting Deltares

independent, non-profit institute for applied research and consultancy
water, subsurface and infrastructure
more than 800 people based in Delft and Utrecht in the Netherlands

founded 2008 as a merger of Delft Hydraulics, GeoDelft, parts of TNO and
governmental agencies.

Department of Operational Water Management (OWB)

35 researchers, software engineers and consultants

design, development and implementation of state-of-the-art software
products for operational water management

open shell forecasting system Delft-FEWS

many users worldwide including US-National Weather Service, UK-
Environmental Agency and Bonneville Power Administration
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Real-Time Control at Deltares

Real-time control (RTC) has been an indispensable component for modeling
man-made water systems in the Netherlands and elsewhere. Along with the
rise of operational forecasting and management systems, new methodologies
such as predictive control receive growing attention at Deltares.

New platform RTC-Tools (since 2008):

integration and consolidation of formerly distributed RTC components

R&D expansion from feedback components to the field of model
predictive control

Integration of forecasting systems for hydropower utilities:

Delft-FEWS applied at hydropower utilities with a total installed capacity
of 36 GW worldwide

Services include the set-up and maintenance of forecasting platforms
(including wind power forecasts, etc.), the provision of hydrological and
hydraulic models, and tools for optimization and decision-support.
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Options for real-time control and decision support

In forecasting systems
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Real-Time Control at Deltares

Who's behind? | |

About 6-7 people of the OWB department work mainly on RTC-related research
and development as well as consultancy projects.

Our open source software approach results in a number of strategic partner for
research and development in the field of real-time control:

* Fraunhofer IOSB-AST ( ), Imenau, Germany
(simulation of energy networks, energy trading, forecasting of electrical load)

* Polymath Insight Ltd. ( ), UK (piloting on
mathematical techniques)

» Research collaborations with UNESCO IHE ( ),
Delft, NL / Delft University of Technology ( ), Delft, NL
/ National University of Singapore ( ) / University of
Minho, Portugual ( )
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Model Predictive Control

Model Predictive Control (MPC) aims at finding optimal control

trajectories for actuators such as hydraulic structures. It combines the
prediction of future systems states x over a forecast horizon by an
internal model with optimization algorithms for finding the optimal
control trajectory u under the disturbance d.

Internal process model:

Simultaneous MPC:

X = f(Xk’Xk—l’uk’dk)

minzn:J(xk,uk)
]

subject to:

February 21, 2012

equality
constraint
g(%,u)=0, k=21--,n
h(x.,u )<0, k=21---,n
Deltares



Model Predictive Control

Simultaneous MPC (SIMPC) | |

Some characteristics:

Standard procedure used in most publications

The optimization problem and the process simulation are solved
simultaneously by the optimizer

No additional integration scheme is required for the process
model, however, it can not executed in simulation mode only, e.g.
for interactive forecasting

The dimension of the optimization problem is equal to (nControl +
nStates) * nTimeSteps. This results in large optimization problem,
in particular if a system representation requires many states.

The definition of hard constraints is straightforward.

Intermediate model trajectories within the optimization or not
always on a valid state trajectory, thus, physics are violated in this
case
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Model Predictive Control

Seguential MPC (SeMPC) |

In the sequential approach, the process model is solved in every
iteration step of the optimizer by an appropriate simulation scheme.
Thus, optimization and simulation are more decoupled. The
optimization problem reads:

Sequential MPC:

minY J(%, (u.d).u,)

subjectto: h(x,,u, ) <0, k=1---,n

where X, (u,d) isasimulation result with the
process model x, = f(x,, X ;,U.,d,)
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Model Predictive Control

Sequential MPC (SeMPC) (2) | |

Some characteristics:

« The optimization problem and the process simulation are solved
sequentially

* A separate integration scheme is required for the process model. It can be
used also for conducting simulations and forecasts

 The dimension of the optimization problem is equal to
nControl * nTimeSteps compared to (nControl + nStates) * nTimeSteps for
the SIMPC. However, the optimization problem gets “more nonlinear”
according to some authors.

« Control and simulation time steps can be easily decoupled, e.g. for fading
from a control step of 1h at forecast time to 6h at the end of the forecast
horizon in combination with a simulation step of 15min

« All intermediate results of the optimizer are on a valid state trajectory
« Hard constraints on states are more difficult to implement
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Model Predictive Control

Simultaneous versus Sequential MPC |

Xu & Schwanenberg (HIC2012, Hamburg, Germany, 14-18 July) present a
performance comparison of SIMPC and SeMPC in application to a generic
reservoir system. SeMPC beats SIMPC by a factor of 3-5 in computational
efficiency. Furthermore, it shows better scaling.

A key ingredient of SeMPC is the efficient computation of the gradient

dJ (% (u,d),u,)/du,

enabling the use of state-of-the-art Nonlinear Programming such as the
open sourve optimizer IPOPT (Wachter & Biegler, Mathematical
Programming 106(1), 2006), or commercial solvers such as SNOPT, etc.
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Algorithmic Differentiation (AD) in reverse mode

Let’s assume a process model and an objective function according to

X = (X p0 U, d), I(% (U,d),u,)

The total derivative dJ(X, (u,d),u,)/du, can be computed by
initializing the adjoint states X ,u, with the partial derivatives of the

objective function and applying the chain rule to every step of the
process model in reverse order:

1) X, =0J(X (u,d),u,)/ox, 2) X ,+=X0f (x_,,u,,d)/ 0%,
u, =0J(X (u,d),u,)/ou, u +=X.of (x_,,u.d.)/aou,

d,+ =R of (x_,,u,,d,)/ad,
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Handling models with implicit time stepping

Let’s assume a model with an implicit time stepping according to

X = (X1 % U, dy)

Since the simulation is iterative in every time step, tracing back the
iterations in AD reverse mode is disadvantageous both from a
conceptual and technical point of view. As an alternative, we use
a Langrangian form L and exploit the fact that the adjoint states
are equal to the Lagrangian multipliers.

L = J(Xk(U,d)’uk)"')A(k[Xk _ f(xk—l’xk’uk’dk)]
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Handling models with implicit time stepping

Example: Implicit pool routing model |

Assume the following implicit pool routing model:

S = Sk_1 T At[d, —uy — T ()]

After setting-up the Langrangian form

L = J(S(d,u),uy) + S [s —Scq +At(dy —uy — f (s¢))]

and applying a variational analysis, we receive the adjoint model

5 S —0d/0s, db aJ L ALS
‘ 1+ f'(sy) du, ou ‘
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Adjoint modeling framework
for blockwise combination of model in simulation-and adjoint mode

The main idea behind the adjoint modeling framework
IS the provision of an architecture for block-wise integration of
simulation models and their related adjoint models.

A 4

X = F(X_ Uy, dy) X |= F(X_p,Up4dy)
X+ =X0f (X_,u.,d)/0x_, X+ =X0f (X_,u.,d)/0x_,
d,+= % Bf (x,_,,u,,d,)/éd, d,+= X 6f (x,_,,u,,d, )/ ad,
x | X
time % = (%] u,.d,)
, X _+=X0of (X_,,u.,d )/ 0x_,
model sequence | d +=R0f(x_,,u,,d)/ad,
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Models in RTC-Tools

Implementation of functions for simulation

& &5 A5
~ arma.cpp} kwhode.b rkwNode.cpp rkwNetwork.cpp }/ schematisation. cpp ] o &
:I (Global Scope) j I j

Cl artma: @ ~armal)
{
}

FEwoid arma: isolve (double *statedld, doukble *statelMNew, long long t, double dt)
1
if [(stateNew[iChsIn] ==statelew[ilhsIn]]

statelew[iirmaltut] = statelew[ilh=sIn]:;
+ oelse |
statellew[iArmaiut] = statelew[iZimIn] + arCoef¥(statedld[ilirmadut] -statedld[iZimIn] ) !

FEwoid arma: isolveler (double *statedld, double *stateNew, long long t, double dt, double *d2tate0ld, double *dS3tatelMew)
1
if [(stateNew[iChsIn] ==statelew[ilhsIn]]
datatelew[ilh=sIn] += d3tateNew[ iirmalut] ;
+ oelse |
datatelew[i3imIn] += d3tateNew[ iirmwsalur] ;
ditate0ld[iSimIn] += —arCoef*ditatelNew[iirmadiut] ;
ditate0ld[iirmalut] += arCoef*d3tatelNew[iirmaout] ;

[ | -
4] | >
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RTC-Tools

Highlights |

Modular architecture for modeling and control in ANSI C++ (Windows,
LINUX, UNIX) for hosting feedback / predictive controllers and related
process models, e.g. pool routing, kinematic / diffusive wave, neural
network, simple lumped hydrological models, etc.

Open Source under GNU General Public License, version 2 (GPL2)

General features for time series management (including ensembles),
interfacing (Delft-FEWS, Matlab, OpenDA, OpenMl), XML configuration

Seamless integration into Delft-FEWS as front end with full support of
Interactive Forecasting Display (IFD), Mimic Display, General Adapter, etc.

Nonlinear Model Predictive Control with embedded open source optimizer
IPOPT or (commercial) Matlab toolboxes such as TOMLAB (CONOPT,
SNOPT, MINQS, etc.)

Website is under construction:
official release is scheduled for Q1-2012

Deltares
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RTC-Tools

Functional architecture '

Delft-FEWS
integration
OpenDA/DATools
—— RTC Tools
data assimilation for s
real-time control on any OpenMI )

achieving optimum

system states compliant modelling

package such as:
SOBEK
\_ Delft3D .

hydraulic structures

t

this block can be defined
in RTC Tools directly or
extemnally in Matlab
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RTC-Tools APIs — Implementing Extensions
Models, Objective Functions, Constraints

Models:

Easy extension of the model library by implementing derived classes from a
base class. The user needs to supply a time integrator, an adjoint integrator
(for SeMPC mode only) and a Jacobian (for SIMPC mode and implicit time
integrators). The framework enables the combination of arbitrary models in
simulation or optimization.

Objective Functions:
Additional types of objective function terms can be added by supplying the
value of the term and its partial derivatives.

Constraints:

So far only block constraints on control input as hard constraints.
Functionality will be significantly extended in early 2012. Options for soft
constraints are various.

Deltares
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RTC-Tools, R&D in progress

Ongoing in 2012 | '

Short-term research and development issues:

« Simultaneous MPC option, pilot available for simple reservoir system
(Xu & Schwanenberg, HIC2012, Hamburg, Germany, 14-18 July), final
version in RTC-Tools expected in the first half of 2012

 General definition of hard constraints for all variables, first half of 2012

« Implementation of derivative-free optimizer for model calibration, P-MPC
mode (online optimization of model parameters such as set points), TIO-
MPC mode (optimization of time instances for switching components
on/off) in the course of 2012

» Performance improvements: multi-core BLAS library for IPOPT, sparse
linear equation solver for IPOPT and implicit time integrators, better line
search for implicit reservoir model, 64bit version

Deltares
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RTC-Tools

Many levels of cooperation depending on your interest and your resources:

1) Download and use the code on your own

2) Outsource all services related to model set-up and optimization set-up to
Deltares or partners

3) Cooperate with us on R&D issues.
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Use case: Upper Rhine model .
Client: Federal Institute of Hydrology, Germany

Characteristics:

Complex multi-purpose river reach with
10 large hydropower plants, many weirs
and controlled flood detention polders

b tadsute

L &  Staustu Hfezheim (om 34400

&  Staustu® Gambsheim Gm 309,170

| kan alisienung | freiflie bender Strom

“wall-

- Straliburg Control strategy:
| e s wte s amasann T Existing feedback control strategy relies
ﬁ Staustuke Gerstheim 1
£ R G Wishr Gerstheim (n 265,69 on more than 400 triggers and 150
E| smuaute Rhinay | operating rules and controllers
5 Wizhr Rheinau (km 2492

Staustuk Marchalheim Wishir Marckhalsheim m 234 2)

1 ) Breisact: Scope of the project (till summer 2011):
I I Kutturw ehr Braizach (hm 224,5) _ _
Bl comstun Fassenteim 2] Set-up of hydraulic model in SOBEK and
] P § | control strategy in RTC-Tools, model
& g

Staustuts Kembs et Kambe (e 17401 coupling via OpenMI

Hase! wm Boden see
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Highlight:
Schematization of hierarchical
triggers in binary decision trees

L L L T T - S e e

-> Becker et al. (2012), HIC2012,
Hamburg, Germany, 14-18 July
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input data from Sobek:
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Cre Waterwaoll

Legend
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Use case: Pump management in NL (2)
Regional water authority Noorderzijlvest

condition Electra3

Electra2 Electra1

O level node

[l hydraulic structure

—p  flow branch (diffusive wave)

hydraulic structure branch

Lauwers- '
meer

bd

¥
CI
(=]
)

" level
M »(HO3 @ boundary
" condition

Fivelingo

Internal model schematization (diffusive wave)
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water level [masl]

Use case: Pump management in NL (3)

Regional water authority Noorderzijlvest

07} —— RTC only '
\ — — SOBEK feedback
08 | o — SOBEK + RTC
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-> Schwanenberg et al. (2012), HIC2012, Hamburg, Germany, 14-18 July
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Use case: National Hydrological Instrument
National Dutch water allocation during draughts

hydraulic model of the
water distribution network
(rivers, canals and major
. 0 50000 100000
surface water units —m streams)

0 50000 100000
m

Characteristics:
Model ( ) includes about 8000 surface water units
connected by a complex river network in the delta of the rivers Rhine and Meuse.

Ongoing work: Migration of the water allocation (DM / Mozart) to RTC-Tools
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http://www.nhi.nu/nhi_uk.html�

Use case: National Hydrological Instrument (2
National Dutch water allocation during draughts

forecast horizon

0.5 — [1]H.+e L_Echo
e 1 2 h — [2]H.tke L_Echo
7 — [2]H.ttc L_Echo
= a7 — [1]H.+e L_Echo
E 24 h —[Z]H.ttc L_Echo
= 0.8
2 — [Z]H.rx L_Echo
= 0.9 48 h
-1.0 4 e
0.0 —[1]L.rtc L_Echa
-0.2E - —[Z]L.rtc L_Echo
_ -0,500 — [2] L.rtc L_Echo
w075 —[1]L.rte L_Echo
E 100
=g —[2]L.rtc L_Echo
% -1.25 - — [2] L.rtc L_Echo
= 150 4
-1.75
-2.00
0.00 —[1] Q.rkc W _Morth
-0,25 1 — [2] Q.rkc W _Marth
& -0.,50 - —[2] Qurtc W _Marth
E 0,75 - . —[1] Q.rtc W _Marth
100 lateral extraction — [2] Qe W_North
@ -1,25 A . - 1$1 J—
&1 empties the reach head boundary condition changes [2] Qurte _North
7 water flows over the weir
-2.25 T T T T T T T T
1995-06- 15 1995-06- 15 1995-06- 16 199E5-06- 16 1995-06- 17 1995-06- 17 1995-06-12 1995-06.-12
0200 100 0200 100 0200 1400 0z:00 1400

[1] 1995-06-24 02:00 Current NHITestModel_RTCTools_CL [2] 1995-06-24 02:00 NHITestModel_RTCTools_CL
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Further Information and Contacts

Operational warning and management systems at Deltares:
http://www.deltares.nl/en/expertise/101137/operational-warning-and-management-systems

RTC-Tools:

website (under construction):
Email:

LinkedIn group:

Details on Automatic / Algorithmic differentiation:
Direct contacts:

Deltares NL: Dirk Schwanenberg ( )
Deltares USA: Edwin Welles ( )
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