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ABSTRACT

A significant increase in surface water salinization in low-lying deltas is expected globally due to saline
groundwater exfiltration driven by rising sea levels and decreasing freshwater availability. Sustaining fresh
water-dependent agriculture in such areas will entail an increased demand for fresh water flushing. Unfortu-
nately, the flushing of surface water is not operationally optimised and results in excessive use of scarce fresh-
water. To meet the increased demand for flushing, while minimizing the need for diverted freshwater, new
operational designs are required. This paper presents a novel network model based approach that uses De Saint
Venant (SV) and Advection Dispersion (AD) equations to optimize multiple objectives on water level and salinity
control using a Nonlinear Model Predictive Control (NMPC). The resulting NMPC problem is solved with a
receding horizon implementation, where the nonlinear program (NLP) at each iteration is solved using state-of-
the-art large scale interior point solver (IPOPT). We evaluate the performance of the proposed approach and
compare it to the traditional fixed flushing for a representative Dutch polder. Firstly, the approach is shown to be
capable of controlling the water level and salinity level in the polder. Secondly, the results highlight that the
network of canals, which were originally made for drainage, could not be made sufficiently fresh with current
intake capacity. A simple design approach was used to identify appropriate new capacities for two of the gates
that allow optimal flushing to guarantee the required water level and salinity constraints.

1. Introduction

replenish precipitation deficits, and for creating storage space for the
surplus water from polders during wet periods (Schoubroeck and Kool,

Polders are low-lying, artificially drained embanked lands sur-
rounded by storage canals (Fig. 1). Although The Netherlands is asso-
ciated with polders (totaling around 4000 nationwide), polders are
found in coastal areas across the world Delsman (2015)). Dominant land
use in polders is mostly agriculture. Elevations of polders are generally
below the surrounding area resulting in a necessity for continuous
drainage of excess water using a dense network of water canals or
ditches in the polder Delsman (2015)). Water levels in polder networks
are kept within a predefined narrow margin using both intake structures
and pumping stations. Accumulated storm water in the polder is trans-
ported to the pumping station and is pumped out of the polder onto the
surrounding water storage canals (the so-called boezems). Water storage
canals are used for providing extra freshwater during dry periods to

2010; Agricultural activities as well as the freshwater ecosystem in the
polders are threatened by surface water salinization due to saline
groundwater exfiltration De Louw et al., 2011; Raats, 2015). Land
subsidence, climate change and sea level rise increase the salinization of
polders by enhancing the salt water intrusion rate Oude Essink et al.
(2010)).

To maintain an acceptable salinity level, freshwater diverted from
rivers is used to flush the polder and keep the surface water salinity
levels below a certain threshold while not violating the water level
constraints of the system. Current practice of flushing control generally
relies on constant flushing where the inlet culverts are kept open while
the resulting excess water is pumped out from the other side of the
polder. Typically, this lasts from the beginning until the end of the crop
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Fig. 1. Schematic overview of a polder system.
(Adapted from Delsman, 2015).

growing season resulting in excess use of freshwater and unnecessary
pumping (Delsman, 2015); de Louw et al., 2011; Alfonso et al., 2010). In
the Netherlands, 15% of total freshwater supply is currently used for
surface water flushing Klijn et al. (2012)) and efficient surface water
flushing is listed as a necessity to decrease surface water demand (Delta
Programme Commissioner, 2019). Efficient water management in pol-
ders should aim to regulate water levels, salinity levels and fresh water
usage by manipulating the intake and pump flows. Therefore, the
operational control objectives for this case study implemented in this
manuscript is selected as: .

e Water level needs to stay between predetermined thresholds (al-
ways) for safety, demand satisfaction and to maintain groundwater
levels in operational limits for the drainage system,

e Salinity level needs to be below a certain threshold (when necessary)
for agricultural and ecological usage, and

e Feshwater use and pumping cost should be minimized.

The relation between these sub-objectives may be conflicting: addi-
tional freshwater from the intakes is necessary to satisfy the salinity level
objective, which will result in increased usage of freshwater and pump
flows. This may result in violations of water levels, resulting in a com-
plex multi-objective control problem. An advanced control algorithm for
polder flushing to control salinity level and water quantity will increase
the efficiency of the system.

Model predictive control (MPC) is a popular technique and has been
used in the control of water systems including drinking water networks
(Sampathirao et al., 2017), irrigation systems (Shang et al., 2019);
Delgoda et al., 2016; Aydin et al., 2016; Romero et al., 2012; Hassani
et al., 2019), flood control (Tian et al., 2015) and polders (Aydin et al.,
2019b; Xu et al., 2013). If the processes that are controlled are regulated
around a fixed operating point, the process models can be linearized.
This allows the application of linear MPC (Kayacan et al, 2014) as
applied in (Aydin et al., 2019b) for optimal salinity and water level
control of water courses. However, in operation of a polder network,
different salinity thresholds can be considered according to the farmer
needs depending on the type and salt tolerance of the crop cultivated. A
crop with low salt tolerance will require better water quality (low
salinity concentration in the polder) than a crop with high salinity
tolerance. To achieve sustainable irrigation water management, the
possible variation in time and space of salinity threshold should be
considered in the design of the controller. Moreover, spatial and tem-
poral variation of saline groundwater disturbances make local lineari-
zation inefficient in terms of future system behaviour predictions. Here
we consider a NMPC strategy that is based on the receding horizon
principle. It can optimize the predicted future system behaviour by
solving a nonlinear program (NLP) on-line at each control time step
Tavernini et al. (2018)) and has been used for water systems in
(Nederkoorn et al., 2012; Wang et al., 2017). The main advantage of
NMPC is the ability to explicitly implement the constraints on inputs,
outputs and states in the optimization problem (Kayacan et al., 2014).
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For water quality (salinity) and quantity control, model based ap-
proaches have also been used in literature, where an MPC strategy to
control the average salinity concentration in a ditch using a reservoir
model have been considered in Xu et al. (2013, 2010). This study was
followed by applying a model reduction technique for an internal model
to control downstream salinity concentration in open channels. In a
recent study, we achieved point salinity control in a single pool by
explicitly considering freshwater conservation, using linearized Saint
Venant (SV) and advection dispersion (AD) equations as the internal
model of the MPC scheme (Aydin et al., 2019b). We used real saline
groundwater exfiltration data for the first time to test the developed
MPC scheme. Although the results were promising, the formulations of
the previous studies were limited to either control of channels connected
in series or controlling the (average) salinity at one location only. Our
previous study (Aydin et al., 2019b) was the first attempt to minimize
the freshwater usage but it was limited to the control of single channel.
In a real polder network, multiple channels with different salinity con-
centrations are connected with or without hydraulic structures in be-
tween them. Mixing at the connection nodes is very important since the
inflow concentration of downstream channels depend on the concen-
tration of the upstream channels. Therefore, mixing at the connection
nodes and the spatially varying salinity concentrations in a polder
should be considered in optimization for polder flushing.

Motivated by the above-mentioned arguments, we propose in this
study a novel NMPC framework for efficient flushing control in low-
lying polders. To the best knowledge of the authors, this is the first
case where a (real-world) polder network is controlled with a NMPC
framework to achieve the dynamic control that respects water quality
(salinty) needs in time and space. We first formulate the NMPC problem
based on SV and AD equations to model the dynamics of the water and
salt transport in the polder for flushing. Subsequently, parameters and
constraints of the model are defined. In this work, we follow the direct
collocation approach of ‘first discretize and then optimize’ for dynam-
ical systems Betts (2010), where the optimal control problem is dis-
cretized and parametrized resulting in a nonlinear programming (NLP)
problem. At each control time step, the NLP problem is solved over the
prediction horizon and only the control action for the first time step is
implemented with a receding horizon principle, where the prediction
and optimal control calculations are repeated as the prediction horizon
slides along. In this study, we use a state-of-the-art open-source opti-
mization software IPOPT (Wachter and Biegler, 2006) to solve the
resulting NLPs. Simulation examples of flushing control of a represen-
tative Dutch polder, the Lissertocht catchment, are presented to illus-
trate the closed-loop performance of the developed NMPC scheme as a
case study. Finally, we investigate the results and suggest an improve-
ment to the performance of the controller by upgrading the fresh water
intake capacities of the polder.

2. System model

Transport of water and dissolved matter have to be considered to
model the flushing of a polder (Hof and Schuurmans, 2000). For a single
channel, these dynamics are described by Saint Venant (SV) Eq. (1) and
one-dimensional Advection Dispersion (AD) Eq. (2) equations,

respectively:
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where A is the cross sectional area [mz], Qs the flow [mg/s], qiis the
lateral inflow per unit length [m3/s/m], u is the mean velocity (Q/A)
[m/s], ¢ is the water depth above the reference plane [m], C, = 40 is the
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Chezy coefficient [ml/ 2/5], R is the hydraulic radius (A/Py) [m], Pyis the
wetted perimeter [m] and g is the gravity acceleration [9.8 m/s°], K is
the longitudinal dispersion coefficient [mzs], C is the salt concentration
[kg/m3], Cy is the lateral flow concentration [kg/m3], tis time [s] and 2
is horizontal dimension [m] (the choice of z instead of x as the horizontal
dimension is to avoid confusion in the remainder of the paper where x is
a vector representing the states of a system). The longitudinal dispersion
coefficient (K) is given byFischer et al. (2013) as:

BZ uZ

K =0.011
du,’

3

where B is the mean width [m], d is the mean water depth [m], u; =
(gRS,)"/?is the shear velocity [m/s] and S is the bottom slope of the
canal [-]. In this paper, Egs. (1) and (2) are discretized as in Xu et al.
(2013), using a staggered grid and applied for both simulating the polder
system and as the dynamic model of the NMPC design which is imple-
mented in MATLAB®. Discretized SV and AD equations are organized in
a compact matrix form such that all the terms with the next time step
k + 1 are kept at the left side while all the terms with the current time
step k are left at the right side of the equation. In Eq. (4), system dy-
namics of a single channel with n = 3 discretization points is provided to
illustrate the structure of the system dynamics matrix used at the rest of
the paper.
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where svﬁ}“, adi.]‘.+1 (i,j = 1:3), sv}‘, Sk, ad}‘, ad® and adg. (i,j = 1:3) are
the time dependent discretization terms associated with water levels hf,
hf“ and salinity concentrations c¥, cf*! (i = 1:3) at the discretization
points of the channel and inflow Qi; and outflow Qqy; discharges. All
these terms are a function of the surface (wetted) area of the dis-
cretization point (See Appendix A), therefore they are a function of the
water levels (hf“) at the next time step k + 1. Multiplication of these
terms with the state vector results in nonlinear constraints for the
optimal control problem.

All the other terms in the discretized equations that are not a function
of the water level and the salinity concentration at the next time step
k + 1 are placed in the disturbance vector, dJ’-‘ (for example terms that are
a function of lateral flows to the channels, which are assumed to be a
known disturbance in this study). A more general form of the system
dynamics matrix with detailed information of the time dependent dis-
cretization terms are provided in Appendix A.

Eq. (4) is defined for a single channel and needs to be extended to a
network of channels in order to represent the system dynamics of a
polder network. To explain the method, we consider the simple network
of three channels with 2 inflows and 1 outflow shown in Fig. 2, where
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Fig. 2. A simple network of three channels (labeled by 1, 2 and 3) connected at
the connection node N1.

the Egs. (1) and (2) are discretized as in Eq. (4). The full system dy-
namics of the simple three channel network shown is given as:

- k+1 k+1 k
E, 0 0 xn1“ Al 0 07 [x
0 E 0 X 0 A 0 X2 n
0 0 E3 X3 0 0 A3 X3
EFH g < Xk e R Ak e xnx xkeR™
- k k k (5)
Bul 0 0 uy d,
0 B, O Uy n d,
0 0 By u3 ds
BE R () ukeRm) dk e

where x € R™ is the state vector of the channel network and contains
the water level and salinity concentrations at all of the discretization
points of each channel, u € R™ is the input vector for the network that
has all of the inflow and outflow discharges of the individual channels.
The number of states, ny, is the sum of the number of states for each
channel and depends on the discretization spacing chosen and the length
of channels. On the other hand, the total number of the inputs, n, is two
times the total number of channels (which is 6 for the network given in
Fig. 2 having one pair of inflow and outflow for each channel).

In addition to the system dynamics given in Eq. (5), mass conser-
vation at connection nodes has to be considered as a constraint to model
a network of channels. As an example, for the network in Fig. 2, mass
conservation at node N1 assuming complete mixing is given as:

015, + 0h = O3, ©

v Qiby xalk, + 0, x ek,
C3ip = k k @
anut + anut

where discharge and salinity concentration entering a channel are
represented by Q;,, and c;,, while the ones leaving a channel are repre-
sented by Q;,,, and ¢, (j = 1,2,3). Together, the system dynamics given
in Eq. (5) and the mass conservation constraints given in Egs. (6)-(7) can
be extended to model the dynamics of any polder network for flushing.
The size of the resulting state-space model and number of constraints
will depend on the number of channels and how they are connected to
each other. For the real case study of Lissertocht catchment shown in
Fig. 4, mass balance constraints are created from the polder network
graph.

3. Problem formulation and objective function for polder
flushing

The NMPC controller developed in this study aims to keep the water
level and salinity concentrations around their predefined set points, hys
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and crf, respectively. For any discretization point, i, in channel j,
described in Eq. (4), deviations of water level, e’,;jl, and salinity concen-

tration, e’c‘ﬁ, from their set point at time step k are:
e’,‘,ﬁ = hﬁ. — hyep, (8)

&, == . ©

Cji

For water level control, a hard constraint is implemented using the
existing maximum, h, and minimum, h, allowable water levels of the
polder. However, using a hard constraint is not feasible for salinity
control. Due to the salinity characteristics of the polder system, at
certain times salinity concentrations higher than the set point can be
observed, which sometimes may not be possible to flush out depending
on the capacity of the system. On the other hand, salinity concentrations
below the salinity threshold are fresher than what is required and, thus,
they are not a problem in terms of salinity control. To penalize only the
positive violations above the salinity threshold, we introduce a soft
constraint as explained in Maciejowski et al. (2002) for salinity control
and depicted in Fig. 3. Soft constraints on salinity concentration are
implemented using a combination of a virtual input, u* , and a virtual
state, e.* .

Virtual state, e, has a very high penalty in the objective function and
is activated only if there is a positive violation of the salinity concen-
tration. Fig. 3 illustrates a trajectory of salinity concentration (solid blue
line), an upper threshold for salinity levels (black dashed line), virtual
input (red dash-dotted line), and the virtual state (light blue dotted line).

The last objective, minimizing the usage of freshwater and pumping
flow, is achieved by penalizing the inputs corresponding to the flows
through the intakes and the pumping station of the network in the
objective function. For all hydraulic structures in the polder (5 intakes
and 1 pumping station), the discharge can vary between zero and

maximum discharge capacity of the structure, Q¥(i =1 : 6).

3.1. Objective function

An objective function is used to formulate the goals of the controller
subject to the constraints of the system. Control action is calculated by
the minimization of the objective function subject to both equality
(system model) and inequality (limits of the states and inputs) con-
straints of the system over the prediction horizon. In this study, objective
function is formulated as a quadratic cost function to deal with both
positive and negative deviations of the variables from their set points.
The controller is designed to regulate the water level and salinity con-
centrations at the most downstream discretization points of each chan-
nel j in the polder network.

For a finite time interval [#, ] discretized to N, number of prediction

0.8
. Positive
“_ 0.6 violation
E 0 o o L
o4
e
202
= L
g Oressssssssssnnsnnsssnnnnnnnnnnns ”’_.\__ st
g _-—"— "
OiO 2T =Crer =C =u" =€,

-0.4

1 2 3 4 5 6 7 8 9 10

Time (Days)

Fig. 3. Illustrative figure for showing the application of the soft constraint for
salinity control. Only the positive violations above the salinity threshold, cr,
are penalized in the objective function with the virtual state, e*.. Virtual state is
equal to zero if the salinity concentration is below or equal to the
salinity threshold.
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steps where N; x t. = tf — t and t. is the control time interval, objective
function used in this study for the case study area with m = 14 channels,
p = 5 intakes and 1 pumping station is as follows:

m=14 N,

minJ = S {en, (k+ilk) Qo €1, (k+ilk)+
=1 i=1

(€6 (ke+ilk))" Qo (e, (k-+i16)) }+

p=5 N,

(0, (k+ilk))" Ro, (Q;, (k-+ilk))+

j=1li=1
.

(Q/mmp (k+i‘k))TRQ,W,, (qump (k+i‘k))+

m=14 N,
5 30 (1) (k1K) R (k1K)
j=1 i=1
subjectto
the systemdynamics givenin Eq. (5) extendedto 14 channels
mass balance constraints atall connectionnodes similarto Egs. (6)-(7)
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<e;

.
u; <0

0<0<0f
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where e, and e; are the deviation of water level and salinity from
their set points and e, * is the virtual state for salinity control at the most
downstream discretization point of channel j, Q;, and Quump are the
manipulated flushing and pumping discharges of the polder, Q.,, Q..,
Rq,.> Ro,m, and Ry are the weights penalizing the corresponding states

and input variables (see Table 3 for their values), h and h are the min-

imum and maximum allowed water levels and aj‘ is the maximum
discharge capacity of the structure j.

4. Test case description and results
4.1. Lissertocht catchment

To illustrate the closed loop performance of the proposed NMPC
scheme based on real-world saline groundwater exfiltration data, we
performed simulations for controlling the flushing operation of the
Lissertocht catchment. The catchment is located approximately 25 km
southwest of the city of Amsterdam (Fig. 4). It can be considered as a
representative deep polder in the Netherlands where the main source of
salinity is deep saline groundwater exfiltration through boils that are
preferential flow paths intersecting the Holocene cover layer (De Louw
et al., 2010). The discharge and concentration of the boils are rather
constant while the other sources of salt, ditch and drain exfiltration,
have temporal variations. Different sources of the saline groundwater
exfiltration in the Lissertocht catchment have been studied and
modelled in Delsman et al. (2013). Spatial variation of boils in the Lis-
sertocht catchment (see red dots in Fig. 4), results in heterogeneity in
salinity disturbance. Salinity concentration variation in the ditches of
the Lissertocht catchment is given in between 0.136 and 5.453 kg/m>
(Delsman et al., 2013). Upstream main channels close to the intakes
have fresh water, while the downstream main channels are affected by
the boils and higher salinity concentrations are observed. To decrease
the surface water salinity, freshwater is supplied through five inlets with
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Fig. 4. Location of the Lissertocht catchment (top left) and the layout of the
controlled network of the main channels (14 in total with 9 connection nodes),
intakes (labeled as I-1 to I-5), pump station and the boils in the area.

a total capacity of 0.0956 m®/s (see Table 1 for the capacity of each
intake). A main pumping station with a capacity of 1.48 m%/s is used to
maintain the water level around the set point, hyy. In this study, we
focused on these five intakes and the main pumping station as the
control structures used to regulate the water level and salinity concen-
tration in the polder. The main land use in the area is agriculture and the
salinity concentration and water quantity requirement of the farmers
varies depending on the crop cultivated.

In Aydin et al. (2019a), we optimized the salinity sensor placement
for real time control of polder flushing in the main channels using
salinity data set of the Lissertocht catchment. The details of the models
used and the data set is not the focus of this manuscript and can be found
in Aydin et al. (2019a). Similarly, in this study we focused on controlling
the salinity concentration and water quantity of the main channels of the
Lissertocht catchment (Fig. 4) that transfer the freshwater from intakes
to the pumping station. To test the performance of the NMPC scheme, we
selected a 30 day dry period (8 May 2013-6 June 2013 shown in Fig. 5)
with a very intense rainfall in between Aydin et al. (2019a). We model
the Lissertocht catchment with 14 main channels, depicted with
numbers in Fig. 4, aggregating a number of connected main ditches.
Drainage channels with a connection to the main channels are repre-
sented as lateral flows to the main channels transporting the excessive
water in the polder parcels collected by the drainage system. Drainage
channels can provide a buffer for water level variations and salt load in
the polder and during severe drought, flow from main channels to the
drainage channels can be observed. However, in accordance with the
characteristics of the selected test period in this study, water flows and
the associated inflow concentrations from these drainage channels to the
main channels are used as known disturbances based on real-world

Table 1
Maximum capacities of the intakes.

Structure Maximum Capacity [m>/s]
Intake 1 0.0162
Intake 2 0.0236
Intake 3 0.0306
Intake 4 0.0097
Intake 5 0.0155
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Fig. 5. Selected test period for the NMPC scheme. Daily precipitation (mm/
day) is shown on the left and the resulting total groundwater exfiltration (m%/s)
data, as we modeled in Aydin et al. (2019a), used as the disturbance is shown
on the right. The forcing data used and parameters of the model in this paper
will be available from the corresponding author at request.

saline exfiltration data of the catchment as modelled in Aydin et al.
(2019a).Table 2.

4.2. Parameters for modelling and control

In this work, our control goal is to maintain the water level around
the set point of — 6.45 m in the polder with a maximum deviation of
+ 0.05 m. For salinity level control, a salinity threshold of 1.5 kg/m® (=
1500 mg/1) is imposed in accordance with the requirements of the
responsible water authority of the area, the Rijnland District Water
Control Board. We controlled the water level and salinity concentration
at the end of each main channel.

For the spatial discretization of Eq. (10), we used a discretization
spacing of 50 m and for the temporal discretization, we used 1 min as
the simulation time step and 1 h as the control time interval, t.. To
capture the slow dynamics of the salt transport, we implement a pre-
diction horizon of 24 h resulting in 24 prediction steps, N, for the
controller. The system model consists of 12528 states (water level and
salinity concentration deviations and the virtual states), 1008 control
inputs (inflows, outflows and the virtual inputs), 9 connection nodes and
28 water level and salinity concentration control points.

Weight used in Eq. (10) are filled with the values given in Table 3 for
each channel of the network depending on the state or input penalized.
As an initial guess for the weights penalizing the states and the inputs
used in this study, we used the maximum allowed value estimate
(MAVE) described in Van Overloop (2006). An estimate of how much a
state or a control input may vary is selected as the MAVE of that variable.
For example, a MAVE of 0.05 m was used for the water level deviation,
which is equal to the allowed deviation from the water level set point

Table 2
Properties of the channels of Lissertocht Catchment.

Channel  Length Bed width Side slope [V: Mean Water Depth
[m] [m] H] [m]
1 822 1.40 1 1.12
2 931 2.50 2 0.95
3 915 1.65 1 1.12
4 850 1.40 1 1.12
5 970 1.65 1 0.62
6 1550 1.00 2 1.02
7 450 1.40 2 0.97
8 616 2.00 3 0.97
9 730 2.00 2 0.82
10 1000 1.45 2 1.02
11 550 4.00 2 0.82
12 1070 5.00 2 0.91
13 1330 4.20 2 0.95
14 657 4.20 2 0.95




B.E. Aydin et al.

and the weight in the objective function is calculated as the reciprocal of
the square of the MAVE as 1/(0.05)% = 400. Following similar ap-
proaches for the other states and inputs penalized, and analyzing results
of different settings, we decided on the values given in Table 3 that
ensures no violation of the water level constraints.

4.3. Results

The described NMPC framework is used to control the water level
and the salinity concentration of the Lissetrocht catchment. The simu-
lation results are presented in Figs. 7-8. To illustrate the difference
between the current flushing practice in the Lissertocht catchment (fixed
flushing during the crop growing season), the results of the NMPC
scheme is compared with fixed flushing. All computations were per-
formed within MATLAB R2019a installed on a 3.50 GHz Intel Xeon
machine with 16 GB of ram running Windows 10. The acceptable
tolerance of constraint violation option of IPOPT was set to 10~3. We
limited the maximum number of iterations to 100, and the average
control computation time resulted in 120 s which is much smaller than
the control time step of 1 h.

Fig. 6 shows the controlled water level at the downstream end of the
catchment close to the pumping station. As can be seen, NMPC keeps the
water level around the set point of — 6.45 m. Due to the hard constraint
introduced for the water level control and the high penalty for water
level deviation (Table 3) in the optimization problem, water levels in all
channels stay around the water level set point. The fluctuations in the
water level are in the order of millimeters and they are within the pre-
defined upper and lower bounds of water level. The NMPC scheme
successfully controls the water level by reacting to the disturbances from
groundwater exfiltration shown in Fig. 5.

The controlled discharges of the inlet gates are shown in Fig. 7 for the
whole test period (a moving average over 24 h for better visualization).
All of the gates have an initial flow of 0.05 m®/s and the NMPC scheme
immediately increases the flows at the beginning of the test period. This
behavior is a reaction to the increasing salinity concentrations in the
main channels of the polder. As can be seen in Fig. 8(a,c,d,f), the salinity
concentration at these channels increases due to the mixing of the boils
in those channels. NMPC uses a 24 h prediction horizon and therefore,
reacts to these predicted violations of salinity concentrations as soon as
possible and increases the intake discharge. Maximum capacities of the
intakes, which are used by the fixed flushing strategy over the whole
simulation period, are shown with dashed red horizontal lines in Fig. 7
(a)-(e). As can be seen, the NMPC scheme operates the system using
flushing discharges close to the individual capacities of the intakes
except intake I-4 (Fig. 7(d)) which has the lowest capacity compared to
the other intakes. The pumping discharge shown in Fig. 7(f) shows

PumpStation
-6.3 T T
635+ |——NMPC Fixed ww lower = upper
E 6.4
>
o
B £ -6.45
©
= -6.5
-6.55 1
-6.6 - : . .
S &) S S S &) S
AN N N W N N
f o P %%\(0 (i\\‘o © ©
Days

Fig. 6. NMPC controlled water level at the downstream end of Lissertocht
catchment compared with fixed flushing, together with upper and lower bound
constraints on water level.
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Table 3

Weights in the objective function Eq. (10).
Description Abbreviation Value [-]
Deviation of water level, ey Qe 400
Deviation of virtual state, e * Qe, 5
Virtual input, u* Ry 107°
Flushing discharge, Qaush Ro, 1072
Pumping discharge, Qpump Ry 1072

similar behaviour for both options, fixed flushing resulting in a slightly
higher pumping, as expected. The total volume of water used by each
intake and the total volume of flushing and pumping are reported in
Table. 4. The total freshwater savings compared to the fixed flushing is
19.5% while the savings in pumping volume is lower at 11.9%, since the
system also pumps out later inflows that drain into the channels. The
individual savings from each intake varied between 12.0% and 35.5%.

Fig. 8 shows the salinity concentrations at the downstream end for
six main channels. These six main channels either have saline boils in
them (eg. main channel 14 in Fig. 4) or have a direct connection to
drainage channels with saline boils (eg. main channels 2,6,11,12, and
13). Therefore, the salinity concentration in these channels exceeds the
salinity concentration threshold set by irrigation requirements. More-
over, depending on the location of the channel in the polder one or more
intakes can provide freshwater to these main channels. For example,
main channel 2 can only be flushed using the intake I-1, while intakes I-1
to I-3 can provide freshwater for main channel 11 as can be seen in
Fig. 4, making this main channel fresh for the most of the considered
time. The remaining eight main channels in the catchment (main
channels 1-10 except 2 and 6) have no boils connected to them and the
ditch exfiltration into these channels is fresh. Therefore, salinity in these
channels remains fresher and within constraints.

In terms of salinity control, in this model run, it is clear that the
NMPC scheme does not perform as well as the water level control.
However, comparison with the fixed flushing gives much more infor-
mation in terms of the capacity of the system and therefore the perfor-
mance of the NMPC scheme. The dashed lines in Fig. 8(a)-(f) show the
salinity concentrations at the end of each channel with fixed flushing.
This is a benchmark for the NMPC scheme, since the NMPC uses values
close to the flushing capacity for most intakes. Salinity concentration at
these points cannot drop below this level with the given flushing ca-
pacity of intakes. For example, as can be seen in Fig. 8(a), the salinity
concentration drops below the threshold of 1.5 kg/m® only around the
date 20/05/13. This corresponds to the period of the simulation when
the intensive rainfall results in a peak in (fresh) groundwater exfiltra-
tion, which flushes the catchment naturally. The NMPC scheme achieves
the salinity level control goal in the main channels 11 and 13 (Fig. 8(c)
and (e)). On the other hand, the NMPC scheme fails to drop the salinity
concentration below the threshold for the other four main channels
presented in Fig. 8. Main channels 12 and 14 are at the downstream end
of the network, and they carry most of the high saline water to the
pumping station. Therefore, higher salinity concentrations are observed
in these two main channels. Moreover, as can be seen in Fig. 8(d)&(f),
the performance of the fixed flushing is also not good for main channels
12 and 14 and the salinity concentrations are close to the values ach-
ieved by the NMPC. The biggest difference in terms of salinity control
performance between fixed flushing and NMPC is observed in main
channels 2 and 6 (Fig. 8(a-b)). These two main channels are on the
upstream side of the catchment, where main channel 6 can only be
flushed by intake I-4 (directly connected to main channel 6) and main
channel 2 can only be flushed by intake I-1 (freshwater should first be
transported through main channel 1) - see also Fig. 4. The NMPC scheme
prefers not to use the full capacity of intakes I-1 and I-4 and saves water
in exchange for higher salinity in two main channels. This is a trade-off
between salinity and freshwater usage and it is further elaborated in the
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Fig. 7. Controlled discharges (m®/s) of the intakes (a-e) and the pumping station (f) represented with a moving average of 24 h for smoothing. Discharges used for
fixed flushing are represented by the dashed lines which are also the upper limit of the intakes.
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Fig. 8. Controlled salinity concentrations over the simulation period at six different channels of the Lissertocht catchment. a) Main Channel 2, b) Main Channel 6, ¢)
Main Channel 11, d) Main Channel 12, e) Main Channel 13 and f) Main Channel 14. (see Fig. 4 for the locations of the main channels).

next paragraph.

Salinity control performance is directly related to the amount of
freshwater usage. Combining the information given in Table 4 and
Fig. 8, it can be concluded that there is more freshwater availability for
intakes I-1 and -4 that should be able to dilute the salinity concentration
in main channels 2 and 6, respectively. However, as can be seen in

Table 4, the capacities of intake I-1 and I-4 are utilized the least
compared to the other intakes. At first, the reason why the NMPC does
not utilize the maximum capacities of intakes I-1 and -4 to decrease the
higher concentrations in the upstream main channels 2 and 6 was not
apparent. A posteriori analysis of the polder network and the results
reveal a possible reason related to the flushing capacities and the salt



B.E. Aydin et al.

Table 4
Comparison of NMPC and fixed flushing water usage over the simulation period.
NMPC [m®] Fixed [m®] % Saved

Intake 1 3.33 x 10* 4.19 x 10* 20.6
Intake 2 5.14 x 10* 6.11 x 10* 15.7
Intake 3 6.30 x 10* 7.92 x 10* 20.4
Intake 4 1.61 x 10* 2.51 x 10* 35.5
Intake 5 3.53 x 10* 4.01 x 10* 12.0
Total 1.99 x 10° 2.47 x 10° 19.5
Pump 3.94 x 10° 4.48 x 10° 11.9

transport dynamics described by the AD equations. When a channel is
flushed, water with high salinity concentration in the channel is trans-
ferred to the downstream channels of the polder and finally pumped out
of the system. If a channel is not flushed, salinity concentration in that
channel will increase locally and later, through very slow dispersive
mechanism, will spread to the rest of the polder. The NMPC makes use of
this behaviour defined by the system dynamics in the constraints and
decides to transport less salt water from main channels 2 and 6 to the
downstream channels. By carrying less salt water downstream, it de-
creases the need for freshwater usage in the remainder of the polder.
Alternative routes that carry fresher water are preferred to flush the
downstream channels. For example, downstream of main channel 2 and
6 are main channels 11 and 13, respectively. As shown in Fig. 8, salinity
concentrations in these two downstream main channels are most of the
time below the salinity threshold. Freshwater necessary to decrease the
salinity is mostly provided by alternative routes through intakes I-2, I-3
and I-5. Freshwater provided by these three intakes travels without
mixing with saline groundwater through at least one main channel and
reaches downstream as a ’fresher’ water source. In the considered case
here, since the salinity concentrations are controlled in all main chan-
nels with equal weighting, the NMPC scheme allows higher concentra-
tions in channels 2 and 6 in exchange for saving freshwater use, which is
one of three weighted objectives for the controller.

In the next section, we consider upgrading intake capacity as a future
possibility for the stakeholders to guarantee lower salinity levels. Based
on simplistic mixing, we propose potential upgrades in intake capacity
and test their performance both under fixed flushing and under the
advanced NMPC schemes.

4.4. System update to improve the salinity control performance

Results presented in the previous section showed that the salinity
control performance was hampered by insufficient capacity of intakes I-
1 and I-4. As described in detail in the previous section, main canals 2
and 6 had very large salt loads draining into them but were serviced by
intakes I-1 and I-4, respectively, which did not have high enough ca-
pacities to dilute them sufficiently. Therefore, in this section, we provide
a simple system update by increasing the capacities of these intakes to
improve the salinity control performance of the NMPC framework. We
focus on decreasing the salinity concentration in main channels 2 and 6
so that the NMPC could choose to flush them to downstream channels
when favorable. To allow the NMPC to flush these channels, we calcu-
lated the maximum salt loads (summation of the multiplication of all
saline groundwater exfiltration discharges with its concentration dis-
charging to these channels). We then used this maximum salt load to
calculate the minimum freshwater intake levels from I-1 and I-4,
respectively, required to dilute these channels to the salinity threshold of
1.5 kg/m® (summation of all the salt load of all fresh and saline flows
equal to the threshold). Of course, the capacities could be further
increased to trade-off water quality levels with freshwater use. By
considering the worst scenario of no rain to naturally flush the system
and the number of existing boils discharging (directly or through
drainage channels) to these two main channels, we estimated the
necessary freshwater intake to dilute the high saline water in these main
channels using Eqs. (6)-(7). We increased the capacities of intake I-1
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from 0.0162 m®/s to 0.0342 m3/s and of intake I-4 from 0.0097 m>/s to
0.0136 m/s, respectively to bring average salinity levels to below the
threshold of 1.5 kg/m®. Keeping the rest of the parameters as the orig-
inal setting, we simulated the system and the results are presented in
Figs. 9-10, where also results of the original configuration and fixed
flushing with the updated capacities are included for comparison. Fig. 9

presents the controlled discharges of the intakes and the pumping
station. Full capacity of all intakes were used by the fixed flushing and
are shown with a dashed line. Similar to Fig. 7, all of the intakes start
with an initial flow and the NMPC immediately increases the flushing
from all of the intakes. Due to the increased capacities, flushing through
intakes I-1 and I-4 is increased as expected for the upgraded case where
the NMPC scheme is applied. The rest of the intakes behave similarly to
the original setting (i.e. Fig. 7).

The salinity control performance of the updated system (both fixed
flushing and NMPC) compared with the original configuration (NMPC)
is shown in Fig. 10. Compared to the original configuration (blue lines in
Fig. 10), both fixed flushing (red dashed line in Fig. 10) and the NMPC
(black dotted line in Fig. 10) of the updated system brings the salinity
concentrations in main channels 2 and 6 below salinity threshold (See
between the dates 12/5/2013 and 17/5/2013 in Figs. 10(a)-(b)). As
expected, due to the increased intake capacities, fixed flushing resulted
in the lowest salinity concentrations in all channels. Using the full ca-
pacity of the intakes, salinity concentrations in all channels dropped
below the salinity threshold (i.e. it is possible to intake the maximum
freshwater possible and so reduce peak salt loads in the whole system,
albeit using more freshwater than necessary). The NMPC scheme uti-
lized the increased capacities of intakes I-1 and I-4 and additional
freshwater from these intakes to dilute and flush the high saline water in
the main channels 2 and 6; see Figs. 10(a)-(b). In comparison to the fixed
flushing, NMPC did not use the full capacity of the intakes but only the
necessary amount (calculated by the optimization) to bring the salinity
concentration to the salinity threshold of 1.5 kg/m® in the upstream
channels. As a result of additional flushing water used, salinity control
performance of the NMPC scheme significantly improved in all
channels.

For the updated system, the NMPC scheme used around 20% less
freshwater compared to the fixed flushing (2.46 x 10° m® for the NMPC
and 3.05 x 10° m® for fixed flushing). For both fixed flushing and
NMPC, the better salinity performance comes at the price of using more
freshwater from the increased capacities (around 19% increase).

5. Conclusion

In this paper, we propose a novel NMPC framework for optimal
flushing control in polders. We presented a network model to optimize
multiple objectives and tested the controller in a low-lying Dutch polder,
the Lissertocht catchment as a case study. The proposed NMPC scheme is
mathematically explained, implemented and used for this case study to
control salinity concentration and water quantity in all main channels of
the network in simulation experiments. Sufficient performance for water
level control was achieved by keeping the water level always within set
boundaries. Salinity control performance of the NMPC, however,
appeared to be unsatisfactory due to the limited intake capacity. Post
analysis of the network and the NMPC results allowed us to determine a
simple design update of the system. We achieved a satisfactory salinity
control performance by updating the intake capacity of two intake gates.
Both in the original and updated system, freshwater usage is reduced by
around 20% using the NMPC compared to the fixed flushing strategy
presently in operation in the Lissertocht catchment. We believe that the
framework presented in this paper is one of the first steps towards the
application of NMPC schemes for better management of freshwater re-
sources in irrigation polders. It is useful for irrigation water management
in low-lying delta areas with shallow-saline groundwater. Further
research on coupling this NMPC scheme with irrigation scheduling
optimization frameworks will provide valuable information for the
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Channel numbers are shown in Fig. 4.
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Appendix A

Saint Venant and Advection Dispersion equations are discretized using a
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staggered grid scheme. A system dynamics matrix discretization matrix

(see equation (4)) for n discretization points is obtained with the terms given as:
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Kin and Cj, are the dispersion coefficient and the concentration of the inflow.
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