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The agriculture holds an important part of the food chain and the water resources for
agriculture are essential. The problem is the water transport systems present low
efficiencies in practice. The yield agriculture has to be optimized, because the goal of
an operational water manager is to deliver the water to the irrigation sites accurately
and efficiently. In order to fulfill this objective, we propose a centralized overall control
diagram to optimize the management of the canal. Our control diagram in real-time is
mainly composed by two algorithms, CSE and GoRoSoBo. The first one is a powerful
tool in canal management, so that it is able to estimate the real extracted flow in the
canal and the hydrodynamic canal state from measured level data at selected points.
The second one is an essential tool in the management of a canal, a feedback control
algorithm operating in real-time. The GoRoSoBo algorithm (Gémez, Rodellar, Soler,
Bonet) is able to calculate the optimum gates trajectories for a predictive horizon taking
into account the current canal state and the real extracted flow both obtained by CSE.
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ABSTRACT

The agriculture holds an important part of the food chain and the water resources for agriculture are essential. The
problem is the water transport systems present low efficiencies in practice. The yield agriculture has to be optimized,
because the goal of an operational water manager is to deliver the water to the irrigation sites accurately and
efficiently. In order to fulfill this objective, we propose a centralized overall control diagram to optimize the
management of the canal. Our control diagram in real-time is mainly composed by two algorithms, CSE and
GoRoSoBo. The first one is a powerful tool in canal management, so that it is able to estimate the real extracted flow
in the canal and the hydrodynamic canal state from measured level data at selected points. The second one is an
essential tool in the management of a canal, a feedback control algorithm operating in real-time. The GoRoSoBo
algorithm (Gémez, Rodellar, Soler, Bonet) is able to calculate the optimum gates trajectories for a predictive horizon

taking into account the current canal state and the real extracted flow both obtained by CSE.

KEYWORDS: agricultural demands, canal Control, Flow rate extractions, Open channel flow, Optimization algorithms.
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INTRODUCTION

The world population is predicted to grow from 6.9 billion in 2010 to 8.3 billion in 2030 and 9.1 billion in 2050
(UNDESA, 2009) and the food demand is predicted to increase by 50% in 2030 and by 70% in 2050 (Bruinsma,
2009).

The most recent estimates for irrigated agriculture is an increase in comparison with the 2008, from 2,743 km? in
2008 to 3,858 km? in 2050 (FAO, 2011a,b). Much of the increase in irrigation water will be in regions already
suffering from water scarcity. To study the impact of water scarcity, there are available several simulation
models, for instance MCG (General circulation model) or MCR (regional climate model). Most concretely in
Spain, some of these models (AR4 (Rossby Centre regional atmospheric model) and HIRLAM (High Resolution
Limited Area Model)) predict an increase of 1 °C in temperature and a decrease of 5% in precipitation in 2020,
and as a result, a decline in water resources from these areas of 10% according to AEMET (2009) (Spanish
National Weather Service). These values could increase significantly according to other studies which calculate a

decrease of 20% in precipitation and an increase of 3 °C in temperature in 2050 according to the PNACC (2011).

In Figure 1, we show the consequences of water scarcity in two scenarios for several catchments in Spain. The
first scenario represents simulations with an increase of 1°C in temperature, in one of those scenarios without

change in precipitation and in the other with a decrease of 5% in precipitation.

Taking into account these estimations, the main challenge facing the agricultural sector is making a 70% more
food available with less water resources. More water resources or a more efficient use of the resources will be
needed to fit this objective. We cannot waste the water resources and therefore we are forced to improve the
current irrigation technics and invest in automating the operation of irrigation canals, for instance developing new

control algorithms.
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Figure 1: Evolution of the percent decrease on the overall water resources in Spain for different river basins. Scenarios 1 and 2 represent
simulations of temperature increase of 1 °C, without precipitation change or a decrease of 5%, the global average line represents the
average between Scenarios 1 and 2. (MIMAM,2000).

Many algorithms, in particular open loop algorithms, have difficulties and failures in the implementation in real
canals (Rogers et al. 1998). These difficulties are due to deviations between the predictive/control model and the

reality.

The disturbances introduced into the canal lead to important deviations between the model and the reality. The
disturbances caused by infiltration can be controlled by a good coating and these disturbances are not usually
important and they have a constant little value. Due to the difficulty to distinguish between small disturbances
and small perturbation caused by conceptual errors of the model or water infiltration losses, all of them are
considered negligible in canal control. Instead the disturbances introduced by changes in demand deliveries are
more dangerous because the canal could overflow or could dry depending on the magnitude of the disturbance.
These disturbances are usually unscheduled demand deliveries which are caused by flow rate extractions during

the irrigation cycle.

In several cases, the farmers can adjust the supplies obtained by the irrigation community before the irrigation
cycle begins; these changes on demand deliveries are known. So these disturbances are known in advance, and
these could be mitigated by an open loop controller (feedforward controller) as GoRoSo (Soler et al. 2013),
Bautista et al. (2003), Wabhlin et al. (2006),...

The main problem in a canal are the disturbances caused by climatic variations (rainfalls and associated runoff)
or unscheduled demands by farmers that extract more or less flow demanded by them, because these disturbances
are more difficult to mitigate by a controller. In such case, the CSE algorithm (Bonet 2015, Soler et al. (2015)

and Bonet et al. (2016)) is an excellent tool to approach the real extractions in the canal in real time.
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One way to protect the canal from these disturbances could be with ponds built by the irrigation community or
farmers themselves. A reservoir is able to store water according to the crop requirements and regulates the
volume of water provided by the canal, but it is not always possible to build large reservoirs to regulate each pool
of the canal. Another option to control the disturbances in canals, which operate in steady state, would be to use
the wedge storage of every pool, but this only works with very low disturbances. In all other cases, you need a
closed loop controller (feedback controller) to modify the sluice gate trajectory to return to the desired canal state

on real time, that’s right for our overall control diagram.

Beyond the disturbances, there are factors that largely affect the canal, as changes in Manning coefficient that the
on-line predictive controller needs to know to recalculate the optimal sluice gate trajectory. For this reason, we
define a set of algorithms that operate all together in parallel but not all of them necessarily operate in real time.
All the information, obtained by these algorithms, is used to supply the on-line predictive controller (GoRoSoBo)

to meet its objective.

In this paper, our overall control diagram has been tested in several numerical examples. The control diagram
was tested in a canal with a single pool; this geometry of the canal is based from Bautista’s work (Baustista et al.
1997). This kind of canal has been proposed by different authors as Wylie (1969), Liu (1992), Chevereau (1991)
and Soler (2003) to test their control algorithms due to the ease to check the results. In a second example the
overall control diagram was tested with the Tests Cases (Clemmens et al. 1998) introduced by the ASCE Task

Committee on Canal Automation Algorithms according to specific guidelines established to test canal controllers.

METHODS

As we introduced previously, the main objective is to develop an overall control diagram able to operate the canal
in real time, rectifying the gate trajectory in case of disturbances, re-establishing the desired behavior of the canal
by the watermaster. In our opinion, an on-line predictive controller, operating alone and only using as input data
the water levels measured at the checkpoints, is not an accurate predictive controller. For this reason, we define a
set of algorithms that operate all together in parallel but not all of them necessarily operate in real time, as the
period of time that each one is working depends on the variability of the process in time. Although there are
multiple forms to define an overall scheme for canal control, we show our ideal solution of an overall control
diagram of a canal at Figure 2. This figure will be commented in several parts of the paper, because the
algorithms developed for us follow the structure of this diagram. Every process as well as the task developed for

each algorithm is introduced in the next paragraph.

1. «Crop needs and desired hydrographs for canal outlets»: The hydrographs at the lateral diversion points of the
main canal are calculated on the basis of the water demands. They are fixed considering the farmer requirements
and other demands accepted by the watermaster. The behaviour of the canal supplying these hydrographs

determines the “desired behavior” (Y *) at several cross sections.
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2. «Off-line Computation of the Reference Trajectories»: The desired behaviour (Y*) must be transmitted to the
“Reference Trajectories Calculation” algorithm that determines the positions of each gate. This algorithm
calculates the optimum behavior (Yr (reference water level)), which is the one most similar to the desired
behavior that is physically possible. We call “Ugr” the optimum gate trajectories calculated to obtain the optimum
behavior (Yr). They must be calculated off-line (e.g. with an anticipated irrigation cycle). There is an extensive

bibliography of feedforward control algorithms.

3. «Off-line Parameter ldentification»: In case of variations of empirical parameters as the Manning coefficient
or gate discharge coefficients. The water level measurements obtained during a previous time of the irrigation
cycle in steady state could be transmitted to the “Off-line Parameter Identification™ algorithm for estimating these
empirical parameters (Figure 2). The values of these parameters could be sent to the “off-line reference
trajectories computation” and the “on-line current state computation” to be more accurate in their respective

processes.

4. «On-line Current State Computation»: This module uses all values stored in the database as “u” (gate position)
and ym (measured water level) which have been measured at the checkpoints in the canal during a past time
horizon. If the water level measured at checkpoints is different from the desired water level, it is probably due to
a disturbance introduced into the system or erroneous roughness coefficients used in the calculation. That is why
is very important to update Manning’s coefficients periodically. The algorithm developed in this module is CSE
algorithm (Bonet et al. (2016)) which is able to estimate the disturbances which have modified the measured
water level at checkpoints from the desired water levels. The algorithm can also obtain the current hydrodynamic
state of the canal which is very useful in any case. The hydrodynamic state of a canal is defined as the velocity

and water level at each cross-section of the canal.

5. «On-line Predictive Control»: The reference trajectories join to the disturbances and the hydrodynamic canal
state in real time are transmitted to the next algorithm, called “On-line Predictive Control”, which must re-act on-
line in case of deviations between the observed data and the desired behavior at the checkpoints during each
regulation period (e.g. every 5 min), due to unknown perturbations. The predictive control recalculates new gate
positions (U) to come back to the reference behavior. There is an extensive bibliography of feedback control
algorithms which recalculate the gate trajectories as CARA (Marzouki 1989), Wahlin et al. (2006) and Clemmens
et al. (2004).

In this paper, we focus in the on-line computation task of our overall control diagram, because we are interested

to improve the efficiency in water transport in “real time”.
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Figure 2: Overall control diagram of irrigation canal.

The CSE solves an inverse problem implemented as a nonlinear optimization problem using the Levenberg-
Marquardt method, whose the solution are the flow disturbances obtained from the water level variations

measured at several points in the canal, usually next to the canal offtakes.

Instead, the GoRoSoBo solves an inverse problem (1) implemented as a constrained nonlinear optimization
problem using the Lagrange-Newton method, whose solution is the gate trajectories obtained from the output
data partly from the CSE algorithm. In that sense, from the real extracted flow and the current hydrodynamic
state is easy to obtain the water level disturbances at several points of the canal during a future horizon. Any
deviation from the reference is fed back into the on-line predictive control so that this reduces the deviation of the

controlled quantity from the reference.

The development of CSE algorithm is beyond of the scope of this paper due to it has been shown several times,

and it can be found in Bonet et al. 2016. Instead, the development of GoRoSoBo algorithm is shown below.
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Where AY represents the changes in water level at selected points of the canal, AU represents a change in gate
position, HIM’(U) is the simplified hydraulic influence matrix that represents the influence of a gate position on
the water level at different points of the canal and HIM(U) is the hydraulic influence matrix that represents the

influence of a gate position on the water level and velocity along the canal.

The algorithm establishes a constrained nonlinear optimization problem to solve the last expression using the

Lagrange-Newton method, as previously mentioned.
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Figure 3: The steps for the interpolation onto a structured grid.

The HIM matrix

The HIM matrix defines the influence of any gate opening over the hydraulic behaviour of canal cross sections,
usually limited to checkpoint sections. It is based on the full Saint-Venant equations, which describes the free
surface flow in canals. In partial derivatives this system is of the hyperbolic, nonlinear and second-order type.

The two equations are based on the mass and momentum conservation.
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Like any hyperbolic system, it can be transformed into its characteristic form. Such transformation of the Saint-

Venant equations gives an ordinary system of four equations (2).

dvg

o Ty)*_g[ 08¢ ( yV)J
dv g dy
i m*—g[ 0 ~S¢ yV)]
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Where vy is the level of the free surface with reference to the canal bottom, v is the weighted average velocity of
all the particles in a canal cross-section, t is the time, So is the canal bottom slope, St (y, V) is the friction slope
and c is the celerity of a gravity wave, where A(y) is the area of the wetted surface or a cross-section of the flow

and T(y) is the top width of the free surface.
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The system (2) has no known analytical solution, so the use of numerical techniques is necessary. There are many
methods that can be used. In order to have the longest possible integration time period with a minimum loss of
accuracy, we have adopted a discretization with second order finite differences, known as "the method of
characteristic curves" (Gomez, 1988). If this method is applied to equations (2) and we take into account the
characteristics curves that contain the points P-R and Q-R (Figure 3), respectively, we will obtain the next

equations:

Where Sir=Sf(Yr,VRr), Srp=Sf (yr,Vpr), Sto=Sf(Yo,Vo) and 0 < 0 < 1 is the coefficient of average time that indicates
the type of numerical scheme used. When 6=1 the numerical scheme is implicit, if 6=0 is explicit, and when

0=1/2 the numerical scheme is in central differences or “method of the characteristic curves™.

If the flow conditions at points P and Q are known, Xp, tp, Yp, Vp and Xg, to, Yo, Vo are also known, so Xg, tr, Yr, VR
remain as unknowns variables, which can be found calculating the last four equations (3) by using any of the

methods solving non-linear equations, such as the Newton-Raphson method.
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The way of calculating the influences shown in this section is closely linked to the numerical scheme of
characteristic curves. However, usually this scheme is not exactly used because it gives the solution at a point R
whose coordinates (Xr,tr) are unknown a priori. These coordinates are part of the solution and normally it is more
important to know the solution of the flow conditions at specific point and at specific time instants. To solve this

problem first interpolate and then solve (Figure 3).

A structured grid like this one (Figure 2) creates a new nomenclature. Indeed, every variable will have a double
index, where k refers to time and i to space. So yik and vik represent the values for water level and average

velocity at the co-ordinates Xi=iAx and tk=kAt where Ax and At are selected by the user.

Obviously, the same system (3) is solved, but now with the new unknown’s xp, Yr, Vr and Xgq, where the values of
yp and yq are dependent on the value of xp and xq evaluated using an interpolation function of second order too,
(to be coherent with the numerical procedure used) we have used the Lagrange factors (a way of representing

quadratic splines). For a dummy variable z the result is:

k
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In this way the variables yP, vP, yQ and vQ become functions of xP and xQ, as follows:

('

x

z(x)=s
X—X;
— i

w
=
—
x
o
i<
'f
=
:<
¥
=
~

®)

On the other hand, there are many control structures in canals. The individual study of each one is impossible in
this work, so for this reason we will introduce the most usual structures. A common one found is a checkpoint
(Figure 4), a target point where the water level is measured with a depth gage, and it includes a sluice-gate, a
lateral weir outlet, offtake orifice or a pump, (shown in Bonet, 2015; Bonet et al. 2016). The interaction of this

control structure with the flow can be described according to the mass and energy conservation equations (6).
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Figure 4: Diagram of a checkpoint with gate, lateral weir and pump
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S(Ye) is the horizontal surface of the reception area in the checkpoint.
A(Ye)*Ve is the incoming flow to checkpoint, defined in terms of water level and velocity.

A(Ys)*Vs is the outflow from the checkpoint which continues along the canal, described in terms of water level

and velocity.

Cuq is the discharge coefficient of the sluice-gate and ac is the sluice-gate width.
d is the checkpoint drop, and u is the gate opening.

Ob is the pumping offtake.

gs(ye) is the outgoing lateral flow through the weir where Cs is the discharge coefficient, as is the weir width and

Yo is the weir height measured from the bottom, called weir equation.

Qofftake(ye) is the outflow orifice flow where Cy is the discharge coefficient, Ao is the area of the offtake orifice,

called orifice offtake equation.



O©CoO~NOOOTRAWNE

The presence of checkpoints or control structures in the canal leads to the sub-division into canal pools, in a way
that there is always a canal pool between two checkpoints, and there is a checkpoint between two pools. If we
discretize the control structure in a structured grid, linked with the characteristics of (3) and then change the
nomenclature, we should rewrite the control structure equations (6) arriving to the following system of six

equations (7).

f=x, —x —EAt[Vk+1+Ck+1+V +c:| 0
2

S, 4S
s e gAt[f”zf“—So}O

f,= (v“—vp)+

n

N\LQ

k+1

f=(vk“—v )_gcl +C (y“ y)—gAt Sff+1+SfQ_S 0
3=\ Q 2 Cl 1 9 0|~ (7)

f=xtox, —%At[ Vo 4y 6y | =0
f5 = A( yrl?l)vr:“rl _qb s (yrﬁﬂ) A( )Vk+1 - qofﬂake(yrl:ﬂ) =

fe = A(y1k+1)vk+1 kU 'y yk+1+d 0

So yn**! represents the water level at node n in the section upstream of the control structure at time k+1, that is,
the incoming water level y.. In the same way y:**! is defined as the existing water level at the first node of the
downstream pool from the checkpoint at the same time k+1, and ys the outgoing water level at the control
structure. The same can be said for the velocities v,** and v;¥*1.

Where
A=t P=tk+11Q
ye(xp)=s(xp, Yn-2,yn-14yn); Yo(XQ)=s(Xa,y1 Y2 ,y3 )
Vp(XP)=8(Vp, Vn-2K,Vn-1K,vnK); Vo(Xq)=s(Xq, Vi¥,v2K,v3K)
an+1:C(ynk+1); Clk+1:C(y1k+1)

ank+1:Sf(ynk+1,Vnk+l); Sf1k+1:Sf(y1k+l,V1k+1)

On the other hand, Xp, Yo', vak*1y1¥*1, vi¥*1 and xq are the unknowns variables. In order to continue with the
calculation of the influences of a general parameter, in our case, this parameter defines the gate position U. So

applying the first derivative of the functions (7) with respect the gate position, we obtain the system of equation
(8).

In (8) for the first time, it appears the gate position U explicitly in the description. Despite the fact that the
specific form of this function is still unknown, (8) shows that the influence of the parameter U on flow conditions
at time k+1 is the sum of the indirect influence of the conditions at instant k and the direct influence at instant

k+1 through the term “L”, which represents the variation in the extraction flow.
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As a summary, the method of characteristics is applied to the Saint-VVenant equations in order to obtain algebraic
equations to establish a relation between the influence parameter U and the hydrodynamic canal state, and all the
influences are lumped together in a global matrix, which is referred to as HIM(U). Based on this system of
equations, and using the first derivative (0y/0U, dv/0U) on an analytical process, it can be established the changes

in flow behavior (water level and velocity) due to a change of gate position at a point at a certain time instant.

The optimization problem

The inverse problem (1) is formulated as a constrained optimization problem. It is the classical non-linear

problem with constraints and the methods used to solve is the Lagrange-Newton method.
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To introduce the optimization problem, we have to evaluate some vectors used in the development. As we
explained before, the GoRoSoBo algorithm needs as input data, the water level target at some points
(checkpoints) for a time horizon established by the watermaster. Now, let us consider a vector (desired water
level vector), which contains the water level targets at the checkpoints from the time instant 1 to kr (9) whose
dimension is ny, where ny, = kexne, ke is the final instant of the future time horizon and nc is the number of

checkpoints. We define this vector as:

We can check the desired water level vector values in a computational grid in Figure 5 (dots).

In other way, we could obtain the “state vector” x(k) which is defined as the vector containing the water level and
velocity predictions established from the output data of CSE algorithm at the time instant k of all the

discretization points:

X(K)=[ Yo (K)o i () (K)o ()] 00

Where yi(k) and vi(k) = water depth and mean velocity at point i; and ns = number of cross sections in which the

canal is discretized. In this way, the vector x(0) is the known initial condition.

The state vector at the current time defines the current hydrodynamic state; we show the state vector in a
computational grid in Figure 5 (triangles).

A state vector at current time step Desired water level

Q Prediction output
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Figure 5: Sketch of a numerical grid of a canal with two pools controlled by two checkpoints downstream each pool. There are
pump stations close to each checkpoint. Pump flow trajectories are defined with four operation periods. Also, it shows the x/t-dots
where the flow behavior is defined. Notice that "K" with capital letter denotes time interval of control and "k™ with small letter
denotes time instant of simulation.
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We may include all state vectors (11) for each k-instant during a past time horizon into a single vector that is
called “prediction vector” (11), the dimension of this vector is ny = (2xns)xkr, where ns is the number of cross

sections of the canal:
Xt =[x(@) x(2)" oo x(ke 1) x(ke) | @

Because we are only interested in the water level at target points. We define a new vector called “prediction
output vector” that contains the water depth values given at a prescribed number of points (n¢) from the time

instant 1 to kg:

V() =[ V(K)o Vi (K)o yo ()] @2

The dimension of the prediction output vector is ny=kexnc. The vector (12) contains all water depth values and it
is exactly the dots (x/t-dots) shown in Figure 5. If you look closely at this figure, the position of the elements of

the vector (12) in the grid domain coincides with the elements of the desired water level vector.

As we introduced before, GoRoSoBo calculates the gates trajectories at several points (for instance, pump
stations) during a future horizon. In that case, as it is illustrated in Figure 6, the gates are moving on an operation
period K. Then, the gates trajectories can be approached with piecewise functions. The gates trajectories vector is

defined by lumping together all the gate trajectories during the future horizon, as follow:

Where the dimension of this vector is nu=nyx Kg, nu is the number of gates and Kg is the final operation period of

the future horizon.

UAL
Uiy

Uik-1)

'Y
Ld

w2 s

Figure 6: Mathematical representation of a pump flow trajectory.

So the GoRoSoBo algorithm calculates the gates trajectories (AU) to come back from the predicted water level to
the desired water level (AY) (1).
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If we focus in the optimization problem, the objective is to make the prediction output vector more similar to the
desired water level vector by manipulating the gates trajectories vector, see (Fletcher, R. 1987) and (Gill, P.E.
1981). In mathematical terms, the objective is to obtain the gate trajectories vector that minimizes the following

performance criterion:

L 1 K. T K i

M.mmueJ(U):E[[C]xK U)-Y" ] [QI[ICIX& W) -Y]
U)=0, ielU) (14)
r(U)=0, ieNIU)

Where J(U) is the objective function, Xy*f(U) is the prediction vector from the regulation time step K; to Kg, Y*
is the desired water level vector, Q is a weighting matrix, C is the discrete observer matrix, see Malaterre (1994)
and r(U) is the “kth” constraint function, I1(U) is a set of equalities constrains and NI(U) is a set of inequalities

constraints. U contains the gates trajectories (13).

RESULTS AND DISCUSSION

Numerical example: a canal introducing a single disturbance

In order to explain in an easy way the process, we proposed several scenarios to test the overall control diagram
in a canal which just one pool and controlled by only one gate, upstream of the canal (Figure 7). The flow is
controlled by this gate downstream from a reservoir providing all the water the canal needs. Water is delivered
through gravity outlets at the downstream end of the pool, where the check-point is located. There is a pumping

station at the end of the pool which can introduce disturbances on the system in space and time.

The geometry of the canal proposed is based on Baustista et al. 1997. This canal was used by different authors as
Wylie (1969), Liu (1992), Chevereau (1991) and Soler (2003). The canal geometry adopted in our examples is

based in the Liu’s example as well as the scheduled demand which was introduced in some scenarios.

The canal with a trapezoidal section is represented in the Figure 7, and the general data is shown in Table 1. The

characteristics of checkpoint, sluice gate, pump station and orifice offtake are shown in Table 2 and 3:

Hup G

Figure 7: Canal profile with a single pool.
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Pool Pool Bottom | Side | Manning’s | Bottom | Canal
number length slope | slopes | coefficient | width | Depth
(Km) %) | (HV) (n) (m) (m)
| 25 0.1 1.5:1 0.025 5 25
Table 1: Canal features.
Ngg:ﬁfgld Gate Gate Gate
discharge | width height Step (m)
structure or coefficient (m) (m)
checkpoint
0* 0.61 5.0 2.0 0.0
Table 2: Sluice gate features (canal structures).
Number of Dlscharge Orifice Lateral Lateral
coef./diameter - . .
control . offtake | spillway | spillway width
orifice offtake . - .
structure or (m) height height (m)/discharge
checkpoint (m) (m) coefficient
0* - - - -
1 2/0.85 0.8 2.0 5/1.99
Table 3: Pump station/ orifice offtake features (canal structures).

In these examples is considered an upstream large reservoir, whose water level Hyeservoir IS 3 m constant
throughout the test. At the end of the last pool, there is a control structure with an orifice offtake and a pump
station. The flow through the orifice depends on the level over the orifice and the disturbance is introduced by the
pump station. This is the downstream boundary condition. This example starts from an initial steady state (Table
4 and 5) with a specific demand delivery constant at the end of the pool (5m?/s through the orifice offtake), and

the disturbance is not introduced initially.

Control Initial Flow Control Initial water level
structure rate (m®/s) structure (m)
Gate 1 5.0 Checkpoint 1 1.6
Table 4: Initial conditions in the canal.

Flow delivered by an orifice
offtake (m?%/s)

Gravity outlet 1 5.0
Table 5: Flow delivered by an orifice offtake at the initial time step.

Control structure

The disturbance

In order to test the algorithm, we introduce a disturbance in the canal, which is unknown for the watermaster. We
will consequently get variations between the measured water level and the desired water level once the
disturbance is introduced. In that sense, the water level measurements (Figure 8) deviate from the desired water
level after introducing a "step disturbance™ which is introduced thirty minutes after starting the test and lasts until
the end of the test, with a value of 2 m%/s. This disturbance is introduced to the computer model as a pump flow
change and we obtain the water level measurements from this mode. Once these water level measurements are
introduced in the CSE algorithm, it will propose the pump flow trajectories that describe with best accuracy the

variation of water level at the checkpoints during the past time horizon and the hydrodynamic state at the current
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time step. All these data is sent to GoRoSoBo which set the predicted water level vector for a future horizon and
recalculates the optimum gates trajectories to ensure the target level over the orifices for this future horizon. As

we shown at the figure 2, all these actions are repeated every regulation period.

The constraints of the optimization problem are imposed to the gate position, so that the sluice gate opening must
not be greater or smaller than Umax Or Umin, respectively and the gate movements between successive regulation

periods (dUmax) should be physically acceptable.

Umin (%) Umax (%) dUmax (%)
0.05 90 25
Table 6: Overall and functional constraints values.

The gate trajectory is defined by the gate position in time, and the gate position is defined as follow:

Gat tion — Gate opening
e POSIOn = G e height (19)

Results

We represent with a blue discontinuous line the water level results obtained just using a feedforward algorithm as
GoRoSo (Soler 2003, Soler et al. 2013) and with an orange continuous line the results obtained by the overall
control diagram at the target point in figure 8. We can compare the sluice gate trajectories obtained by

GoRoSoBo vs. the sluice gate trajectories obtained by GoRoSo at the figure 9.

1.7

1.6

Water level (m)
- - -
w IS n
.
,

I
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0 1800 3600 5400 7200 9000
Time (seconds)

Figure 8: Water level at the checkpoint obtained by GoRoSoBo (continuous
line)/GoRoSo (discontinuous line).
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Gate position

0 1800 3600 5400 7200 9000
Time (second)

Figure 9: Gate trajectory obtained by GoRoSoBo (continuous line)/GoRoSo
(discontinuous line).

At the beginning of the test, the flow in the canal is steady and the scheduled delivery is constant for all demand
period, and the sluice gate position remains fixed. After the first thirty minutes (1800 s), a disturbance is
introduced into the system, although the algorithm has not any notice until the next regulation period (2100 s)
once the water level is measured at the checkpoint, and the water level has been already reduced in more than 10

cm, from 1.6 cm to 1.50 cm (Figure 8).

Once the water level measurements is send to CSE, it calculates the extracted flow vector for a past time horizon.
CSE establishes the disturbance introduced in the system. This information is sent to GoRoSoBo which modifies
the sluice gate trajectory to keep constant the water level at the checkpoint which is not going to increase until
three regulation periods later (2700 s), this is due because once the sluice gate generates a wave for increasing the
water level at the checkpoint, the wave has to reach the checkpoint (time delay). Once the wave arrives to the

checkpoint, the water level increases quickly recovering the target level of 1.6 meters at 3700 s (Figure 8).

The maximum deviation between the water level measured and desired is around 27.5 cm, from 1.6 cm to 1.325
cm, so the sluice gate movement must be quite important to reduce quickly this deviation (Figure 9). Gate

position changes from 0.125 to 0.34 m. during a regulation period (1800-2100 s).

The feedforward algorithm (GoRoSo) does not modify the gate trajectory during the irrigation cycle because the
scheduled demand is constant and the algorithm does not know that someone has introduced a disturbance in the
canal and the water level decreases at checkpoint. The water level decreases to 1.1 m so the flow extracted by the
offtake is close to 3 m3/s (Figure 8). In that sense, the total extracted flow is 5m3/s, but 3 m?/s are extracted by the
offtake and 2 m3/s are extracted by someone who introduced the disturbance. The difference in gate opening
between the feedforward and the feedback algorithms at 9000s is due to the disturbance. A difference of 0.06 m.

in gate opening represents a flow of 2 m?%s in this canal with this flow conditions.
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Numerical example: a canal with multiple disturbances at the same time: ASCE TEST CASES

In this numerical example, we want to evaluate our overall control diagram in a canal with several pools with
multiple flow extractions at the same time. In that case, we introduce the Test-Cases which was proposed by the

ASCE committee to evaluate control algorithms.

Two canals are evaluated by the ASCE Task Committee (Clemens et al. 1998) in several scenarios. Each canal
has eight pools separated by undershot sluice-gates. All the canal pools have been discretized and numbered in
the direction of flow from upstream to downstream. Geometric characteristics of canal 1 (Maricopa Stanfield
canal) are shown in Table 7, Table 8 and Figure 10 and for canal 2 (Corning canal) in Table 9, Table 10 and
Figure 11. In both canals, there are gravity outlet orifices at the downstream end of each canal pool but only in
canal 2 there is a direct pumping at the end of last pool. The ASCE committee proposes four cases to test
feedback controllers in real time, two in the Corning canal and the others in the Maricopa Stanfield. We only test
one case in every canal with our overall control diagram taking into account the case with more unscheduled flow

changes. All scenarios are evaluated in Bonet (2015).

— .
\'u.l:lﬂ

vl 8

Figure 10: Maricopa Stanfield profile. The red lines mark the position of
checkpoints. The first pool is number I and the first checkpoint is number 1.

Pool Pool | Bottom | Side | Manning’s | Bottom | Canal
number | length | slope | Slopes | coefficient | width | depth
(Km) (H:V) (n) (m) (m)
| 0.1 2*10-3 151 0.014 1 11
1 12 2*10-3 151 0.014 1 11
11 0.4 2*10-3 151 0.014 1 1.0
v 0.8 2*10-3 151 0.014 0.8 11
\Y% 2 2*10-3 151 0.014 0.8 11
VI 1.7 2*10-3 151 0.014 0.8 1.0
VII 16 2*10-3 151 0.014 0.6 1.0
Vi 1.7 2*10-3 151 0.014 0.6 1.0
Table 7: Features of Maricopa Stanfield canal pools.
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Target Gate Gate Gate Step Length Orifice
points discharge width height (m) from gate offtake
coefficient (m) (m) 1 (Km) height (m)
0 0.61 15 1.0 1.0 0 -
1 0.61 15 11 1.0 0.1 0.45
2 0.61 15 11 1.0 1.3 0.45
3 0.61 15 1.0 1.0 1.7 0.40
4 0.61 1.2 11 1.0 25 0.45
5 0.61 1.2 11 1.0 45 0.45
6 0.61 1.2 1.0 1.0 6.2 0.40
7 0.61 1.0 1.0 1.0 7.8 0.40
8 - - - - 9.5 0.40
Table 8: Maricopa Stanfield control structures.

Figure 11: Corning Canal profile. The red lines mark the position of
checkpoints. The first pool is number | and the first checkpoint is

number 1.

Pool | Pool |Bottom| Side |Manning’s | Bottom | Canal
number | length | slope | Slopes | coefficient | width | Depth

(Km) (H:v) (n) (m | (m)

| 7 10-4 | 151 0.02 7 25

] 3 10-4 | 151 0.02 7 25

11 3 10-4 | 151 0.02 7 25

v 4 10-4 | 151 0.02 6 23

\% 4 10-4 | 151 0.02 6 2.3

Vi 3 10-4 | 151 0.02 5 2.3

Vil 2 10-4 | 151 0.02 5 19

Vi 2 10-4 | 151 0.02 5 19

Table 9: Features of Corning canal pools.

The gate discharge coefficient for the gates in Corning canal is equal to the Maricopa Stanfield.
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Target Gate Gate Step Length Orifice Lateral
points width | height | (m) from offtake | spillway
(m) (m) gate 1 height height
(Km) (m) (m)
0 7 2.3 0.2 0 - 3
1 7 2.3 0.2 7 1.05 25
2 7 2.3 0.2 10 1.05 25
3 7 2.3 0.2 13 1.05 25
4 6 21 0.2 17 0.95 2.3
5 6 21 0.2 21 0.95 2.3
6 5 18 0.2 24 0.85 1.9
7 5 18 0.2 26 0.85 1.9
8 28 0.85 1.9

Table 10: Corning Canal control structures.

Scenario: Test-Case 1-2 (Maricopa Stanfield)

The unscheduled deliveries are more significant at target 8 in test-case 1-2, where the flow rate changes from 0.9

m3/s to 0.6 m%/s (33%).

Offtake | Check | Unscheduled )
Pool initial | initial offtake Check final
number flow flow changesat2 | flow (m3/s)
(m/s) (m%s) | hours (m¥s)
Heading - 2.0 - 2.0
1 0.2 18 - 1.8
2 0.0 1.8 0.2 16
3 04 14 -0.2 14
4 0.0 14 0.2 1.2
5 0.0 14 0.2 1.0
6 0.3 11 -0.1 0.8
7 0.2 0.9 - 0.6
8 0.9 0.0 -0.3 0.0
Table 11: Initial and unscheduled offtake changes on Test
Case 1-2.
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Scenario: Test-Case 2-2 (Corning canal)
Offtake Check Unscheduled Resulting

Pool initial initial offtake changes check

number flow flow at 2 hours flow
(m/s) (m/s) (m/s) (m3/s)

Heading 13.7 - 2.7

1 17 12.0 -15 25

2 18 10.2 -1.5 2.2

3 2.7 75 -25 20

4 0.3 7.2 - 1.7

5 0.2 7.0 - 15

6 0.8 6.2 -0.5 12

7 1.2 5.0 -1.0 1.0

8 0.3 +2.0* 2.7 -2.0* 0.7
Table 12: Initial and unscheduled offtake changes on Test Case 2-2.

The unscheduled water deliveries in test 2-2 are very relevant, as these water deliveries have an important
percentage over the total flow. In this case, the unscheduled water deliveries are of 81% on the total flow and
these water changes are more significant at target 8, where the flow rate turns from 5 m3/s to 1 m®/s. For this
reason, it should be pointed out that 15 minutes after introducing the unscheduled water deliveries, the water

level at target 8 is 1.93 meters, so the lateral spillway must operate. This is the maximum flow rate change at a

target in all Test-Cases.

CONSTRAINTS

The constraints are determined as a certain percentage of the gate height, imposed to the gate positions.

Umin Umax dUmax
(%) (%) (%)
Maricopa Stanfield 2 90 5
Corning Canal 0.5 90 5
Table 13: Overall and functional constraints values.

RESULTS

We show the results obtained in each test-case dividing these in water level at checkpoints and gate trajectories

which were also divided in a graph only with four checkpoints or four gates, respectively, to analyze the results

properly.
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Test Case 1-2 (Maricopa Stanfield)

In this test 1-2, the canal is in steady state during the first two hours. After that, unscheduled water deliveries are
introduced to the system at 7200 s, although the algorithm has not any notice until the next regulated period, once

the water level is measured at the checkpoints.

—Gate 1 Gate 3 —Gate 5 Gate 8
0.7
0.6 1 1
< 3 I
5 =
5 o0s Bl
= 8 3
8 S
o
o 04
©
(V)
0.3 8
0.2
0 3600 7200 10800 14400 18000 21600

Time (second)

Figure 12: Gate trajectories (1, 3, 5 and 8) in Test-Case 1-2 (Maricopa Stanfield).

It is important to remark that the unscheduled water deliveries are relevant in all targets but especially at target 8,
because just in one regulation period, the water level at checkpoint 8 increases from 0.8 m to 1.08 m (Figure 14)
more than 25% from initial condition. It is introduced a water delivery change of 0.3 m®/s at checkpoint 8, with a
total flow rate change at target 8 from 0.6 m®/s to 0.9 m?/s, that is, a flow rate change around of 50 % from the

initial one.

Taking into account that all water delivery changes are relevant as these are 0.2 m®/s from target 1 to 5, 0.1 m®/s
at target 6 and 0.3 m¥%/s at target 8, in a canal that has not storage capacity and a steep slope, this is a hard test for

a control algorithm.

Once the GoRoSoBo algorithm knows that the water level is increasing less at checkpoints 2, 4 and 5 at time
7500 s (Figure 14 and Figure 15), all gates except 7 and 8 have the tendency of closing (Figure 12 and Figure
13).

We can check that the biggest change in gate position at 18000 s is the gate 8 that is logic because the more

important flow change is at checkpoint 8.

The sluice gate trajectories have the same movement that the water level at the checkpoints, due to the gate

trajectories and water levels fluctuate around the desired solution.

The water level decreases in all targets at 9900 s due to changes in gate trajectories, and the water level returns to

the desired water level in all checkpoints at 21600 s.
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The water levels were almost equal to the desired levels at the end of the test, with a maximum error between

them around 0.3 cm
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Figure 13: Gate trajectories (2, 4, 6 and 7) in Test-Case 1-2 (Maricopa Stanfield).
1.100
8
1.050
1.000
£ 0.950

. W’"WW

Water level (
o o o
o) [o3] (€
o w o
o o o

38
3
0.750
0.700 ——Checkpoint 1 Checkpoint 3 = Checkpoint 5 Checkpoint 8
0.650
0 3600 7200 10800 14400 18000 21600

Time (second)

Figure 14: Water level at checkpoints 1, 3, 5 and 8 in Test-Case 1-2 (Maricopa Stanfield).
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Figure 15: Water level at checkpoints 2, 4, 6 and 7 in Test-Case 1-2 (Maricopa Stanfield).

Test-Case 2-2 (Corning canal)

The test 2-2 is the most difficult test due to the significant unscheduled water deliveries in all targets. The canal
state is steady during the first two hours, as in the previous test-case. There are no unscheduled water deliveries
for the first two hours, and then unscheduled water deliveries are introduced to the system. GoRoSoBo obtained
good results in Test Case 2-2, as we show at Figure 18 and Figure 19, although it is important to remark that the
unscheduled water deliveries are so important, especially at target 8, that once the algorithm has notice of the
rising water level at checkpoint 8 at 8100 s, the water level has already increased 20 cm, so it reaches the top of
the cross-section. In those circumstances, GoRoSoBo closes the sluice gates 1 to 3 and open the sluice gates 4 to
8 (Figure 16 and Figure 17), so in this way the sluice gate trajectories reduce the increased water lever in all

checkpoints.

Redirecting the water level at checkpoints to the desired water level in a centralized system is not a duty of only
one sluice gate. It is possible that some sluice gates have increased the water level error in some checkpoints at a
regulation period (for instance, checkpoint 4 and 5) when there are not unscheduled offtake changes in these
checkpoints, but the main objective is redirect the water level measured to the desired values in all checkpoints as

soon as possible.

The water level decreases in all checkpoints at 25200 s (7 hours) and the water level returns to the desired value
in all the checkpoints at 30600 s. The unscheduled water delivery is quite important at target 8 introducing a total
flow change of 4 m3/s at 7200 s because the total flow rate at pool 8 is 5 m®/s at initial time step and the flow rate

at pool 8 is 1 m3%/s at 7200 s, so the flow change is close to 80 % of the total flow rate of the pool.

The gate movements are almost zero in the last two hours of the test because the water levels at checkpoints are

equal to the desired values at the end of the test, with a maximum error around of 0.5 cm.
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Figure 16: Gate trajectories (1, 2, 4 and 6) in Test-Case 2-2 (Corning canal).
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Figure 17: Gate trajectories (3, 5, 7 and 8) in Test-Case 2-2 (Corning canal).
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Figure 18: Water level at checkpoints 1, 2, 4 and 6 in Test-Case 2-2 (Corning canal).
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Figure 19: Water level at checkpoints 3, 5, 7 and 8 in Test-Case 2-2 (Corning canal).

PERFORMANCE INDICATORS

These indicators were introduced to compare different control algorithms, as it is not easy to evaluate them and

judge the controller’s ability to deliver water. This is the reason why the ASCE Task Committee devised these

test-cases.

Although not all these performance indicators evaluate the deviations between the measured and the desired

water level at the checkpoints, they also take into account other variables as the changes in flow.

We compare the performance indicators obtained with GoRoSoBo in Test-cases with the same indicators
obtained with other control algorithms as CLIS (Liu et al. 1998) and Pilote (Malaterre et al. (1995)), see table 14

and 15. The CLIS is based on an inverse solution method of the Saint Venant equations, and it is designed for the

automation of demand oriented systems. The Pilote is a LQR closed-loop controller and it is obtained from the

steady-state solution of the Riccati equation, a Kalman Filter is used to reconstruct the state variables and the

unknown perturbations from a reduced number of observed variables.

TEST CASE 1-2 TUNED-UNSCHEDULED TEST CASE 2-2 TUNED-UNSCHEDULED
0, 0, 0, 3
MAE (%) IAE (%) StE (%) | 1AQ (m¥s) MAE (%) IAE (%) SE (%) AQ (m5)
12-24h 12-24h 12-24h 12-24h
12-24h 12-24h 12-24h 12-24h
Max |Average| Max |Ave. [Max|Aver. | Max | Ave. Max |Average | Max | Ave. | Max | Ave. | Max | Ave.
cLis [345| 142 | 50 |20 [36] 11| 02 | o1 CLIS |211f 149 |76 [28]07 | 04 |97 ] 55
PILOTE |430| 249 92 |52 I112] 20 | 29 | 14 PILOTE |342| 17,1 |106| 71 ] 88 | 43 |104] 61
GoR0SoBo 33'5 10'3 5,0 1,2 211 0,7 6,7 3,6 GoRoSoBo 13,6 7,8 6,3 2,1 0,8 0,5 15,2 11,7
Table 14: The performance indicators obtained in Table 15: The performance indicators obtained in
Test-Case 1-2 (Maricopa Stanfield). Test-Case 2-2 (Corning canal).
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The MAE is the maximum deviation of the controlled water level at the checkpoint with regard to the desired
water level. From the values obtained by GoRoSoBo with this performance indicator, GoRoSoBo shows the best

results in all tests.

The IAE is the integrated deviation of controlled water level on the target water depth. From the maximum and

average IAE values obtained by GoRoSoBo, this algorithm shows the best results in three of four cases.

The StE is the deviation of controlled water level at steady state over target water depth, so we only consider the
last two hours of the irrigation cycle to calculate this performance indicator. GoRoSoBo obtained the best results

in three cases and it was the second in two cases.

The IAQ gives us an idea of how many changes on flow rate are introduced by the gates to reach the desired flow
rate at the end of the test. GoRoSoBo shows the highest values on this performance indicator. When a control
algorithm has, as an only objective, to maintain a desired water level at the checkpoints, the gate trajectories are
calculated for that objective and there are performance indicators more benefited (as MAE/IAE) than others (as
IAQ). In that sense, when significant flow changes are introduced in the system, it is necessary quick changes on
gate trajectories to recover the desired value at checkpoints as soon as possible. For this reason, increasing more
the constraints in gate movements to obtain better values of this performance indicator is not our principal
objective. We can conclude that the magnitude of flow changes through the gates is acceptable and the control
algorithm maintains the measured water level close to the desired water level and it exists functional constraint to

restrict the gate movement.

CONCLUSIONS

The GoRoSoBo algorithm is able to find the optimum gate trajectory during a predictive horizon taking into
account demand deliveries, initial gate trajectories, desired water level vector, disturbances and the current canal
state which are obtained by CSE. All these data is introduced to GoRoSoBo and the algorithm recalculates the

optimum gate trajectory to keep constant the desired water level at checkpoints.

The GoRoSoBo algorithm uses the Lagrange-Newton method to solve a constrained optimization problem. This
method is considered the most efficient when you have compiled the Jacobian matrix and the Hessian matrix

which are used in the computation of the gate trajectories

The introduction of constraints was absolutely necessary to ensure stability in our optimized problem, due to
inherent instability in the unconstrained problem, which is caused by the condition number of the Hessian and the
HIM matrixes. Not all elements of the HIM have similar values, there are gates that have a significant influence
in certain checkpoints and little influence in others. This disparity of influence between elements of the matrix
inevitably leads to a band matrix, of course, badly conditioned. This was a reason to use the Marquardt

coefficient which improves the Hessian matrix condition.
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The watermaster can be more or less strict about the constraints in the optimization problem, because he must
take care about the main priority of the canal. For instance, if the main priority is maintain constant the water
level at any price, the constraints on the gates would be lax, so the constraints have not an important role in
computing the gate trajectories by GoRoSoBo. If the main priority is to keep constant the water level, with
reduced gate movements, the constraints would be more restrictive, so they will have an important role in the

optimization problem.

The 1AQ value is much higher in GoRoSoBo than in other controller proposed. This index is strongly linked to
the main priority of the canal. In case that the priority is to keep constant the water level at the checkpoints, the
gate movements are significant and the flow rate variations through the sluice gate too, so the IAQ value will be

also significant.

One of the main problems of our overall control diagram is the computation time. In cases that the predictive
horizon is large, the regulation interval is small, the canal length and the number of checkpoints are significant,
the calculation time of the algorithm is too large for operating in real time. Much more if it is necessary to update
the hydraulic influence matrix in every regulation time step. A solution with the time conflict would be to
parallelize the algorithm with CUDA or OpenMP to reduce the CPU time. Other possibility to speed-up the
calculating process would be that GoRoSoBo calculated the gate trajectories using the HIM in a previous time
step, while at the same time, other algorithm calculated the HIM at the current time step to be used by

GoRoSo0Bo in the next time step.

The results obtained by GoRoSoBo using our overall control diagram has been very satisfactory as we have

shown in the case of a simple canal and the Test-Cases by the ASCE.

REFERENCES

AEMET (Agencia Estatal de Meteorologia). (2009). Brunet, M., Casado, M.J., de Castro, M. Generation of
regional scenarios of global warming in Spain (Generacion de escenarios regionalizados de cambio climatico

para Espafia). Ministerio de Agricultura, Pesca y Alimentacién .Espafia.

Bautista, E., Clemmens, A.J., Strelkoff T. (1997). Comparison of numerical procedures for gate stroking. Journal
of Irrigation and Drainage Engineering. ASCE, 113(2), pp.129-136.

Bautista, A.M., Strelkoff, T.S. & Clemmens, A.J. (2003). General Characteristics of Solutions to the Open-
Channel Flow, Feedforward Control Problem. Journal of Irrigation and Drainage Engineering. ASCE, Vol. 129,
No. 2, pp. 129-137.



O©CoO~NOOOTRAWNE

Bruinsma, J. (2009). The Resource Outlook to 2050: By How Much do Land, Water and Crop Yields Need to
Increase by 2050?. Prepared for the FAO Expert Meeting on ‘How to Feed the World in 2050°, 24—-26 June 2009,
Rome.

Bonet E. (2015). Experimental design and verification of a centralize controller for irrigation canals. PhD. UPC,

Technical University of Catalonia.

Bonet E., Gomez, M., Soler, J., M. T. Yubero (2016). CSE algorithm: "Canal Survey Estimation" to evaluate the
flow rate extractions and hydraulic state in irrigation canals. Journal of Hydroinformatics. Available Online 25
October 2016, jh2016014; DOI: 10.2166/hydro.2016.014.

Chevereau, G. (1991). Contribution to the study of regulation in hydraulic systems free surface, PhD thesis,

Institut National Polytechnic de Grenoble, FR.

Clemmens, A.J., Kacerek, T.F., Grawitz, B., Schuurmans, W. (1998). Test cases for canals control algorithms.

Journal of Irrigation and Drainage Engineering. ASCE, 124 (1), pp. 23-30.

Clemmens, A. J. and Wahlin, B. T. (2004). Simple Optimal Downstream Feedback Canal Controllers: ASCE
Test Case Results. Journal of Irrigation and Drainage Engineering. ASCE, pp.35-46.

FAO (Food and Agriculture Organization of the United Nations). (2011a). The State of the World’s Land and

Water Resources: Managing Systems at Risk. London, Earthscan.

FAO (Food and Agriculture Organization of the United Nations). (2011b). AQUASTAT

onlinedatabase.Rome,FAO.http://www.fao.org/nr/water/aquastat/data/query/index.html.

Fletcher, R. (1987). "Practical Methods of Optimization", 2nd. Ed., John Wiley & Sons, U.K.

Gill, P.E., Murray, W., Wright, M.H. (1981). "Practical Optimization", Academic Press Inc., Scotland.

Gbémez, M. (1988). The contribution of case study of transient flow in sewer systems. PhD thesis, UPC,

Barcelona, Spain.

Liu, F., Feyen, J., Berlamont, J. (1992). Computation method for regulating unsteady flow in open channels. J. of
Irrig. and Drain. Eng., ASCE, 118 (10), pp. 674-689.

Liu F., Feyen, J., Malaterre P.O., Baume J.P., and Kosuth P. (1998). Development and evaluation of canal
automation algorithm CLIS. J. Irrig. And Drain. Energ., 124(1), pp. 40-46.

Malaterre P.O. 1994 "Modelisation, Analysis and LQR Optimal Control of an Irrigation Canal”, PhD Thesis
LAAS-CNRS-ENGREF-Cemagref, Etude EEE n14, ISBN 2-85362-368-8, France.



O©CoO~NOOOTRAWNE

Malaterre, P.O. (1995). PILOTE: optimal control of irrigation canals. First International Conference on Water

Resources Engineering, Irrigation and Drainage, San Antonio, Texas, USA, 14-18 August 1995.

Marzouki T.Z. (1989). The hydraulics of the river Larcis (dams, river, irrigation). hydraulic modeling, analysis
and improvement of management, CEMAGREF, ENGREF, CARA, 63 p.

Ministerio de Medio Ambiente. (2000). White book of water in Spain, MIMAM, Madrid.

PNACC. (2011). http://www.magrama.gob.es/es/cambio-climatico/temas/impactos-vulnerabilidad-y
adaptacion/2_informe_seguimiento_pnacc_tcm7-197096.pdf. Accessed: 10/10/2013.

Rogers, D.C., Goussard, J. (1998). Canal control algorithms currently in use. J. of Irrig. and Drain. Eng., ASCE,
124 (1), pp. 11-15.

Soler J. (2003). Study about controllers in irrigation canals using nonlinear numerical methods. PhD thesis,

Polytechnic University of Catalonia, Spain.

Soler, J., Gobmez, M., and Rodellar, J. (2013). "GoRoSo: Feedforward Control Algorithm for Irrigation Canals
Based on Sequential Quadratic Programming."” J. Irrig. Drain Eng., 10.1061/(ASCE)IR.1943-4774.0000507, 41-
54.

Soler, J.,,Gomez, M., and Bonet, E.(2015). "Canal Monitoring Algorithm." J. Irrig. Drain Eng.,
10.1061/(ASCE)IR.1943-4774.0000982, 04015058.

Wahlin, B.T. & Bautista, A.M. (2003). Feedforward Control: Volume Compensation versus Model Predictive

Control. USCID-Proceedings International Conference, Phoenix.

Wahlin B. T. and Clemmens Albert J. (2006). Automatic Downstream Woater-Level Feedback Control of
Branching Canal Networks: Simulation Results. J. of Irrig. and Drain. Eng., ASCE, pp. 208-219.

Wylie, 1969, ”Control of transient free-surface flow”, Jour. of the Hydr. Div., (ASCE), p 347-361.


http://www.magrama.gob.es/es/cambio-climatico/temas/impactos-vulnerabilidad-y%20adaptacion/2_informe_seguimiento_pnacc_tcm7-197096.pdf
http://www.magrama.gob.es/es/cambio-climatico/temas/impactos-vulnerabilidad-y%20adaptacion/2_informe_seguimiento_pnacc_tcm7-197096.pdf

O©CoO~NOOOTRAWNE



Water level (m)

2.300

2.200

2

3

3

1.800

1.700

1.600

1.500

Click here to download Figure Figure19.jpg *

(
Checkpoint 3 —— Checkpoint 5 —— Checkpoint 7 ~Checkpoint 8

3600 7200 10800 14400 18000 21600 25200 28800 32400
Time (second)


http://www.editorialmanager.com/hydro/download.aspx?id=31815&guid=c4eddff3-e16a-4930-963b-514db2501380&scheme=1
http://www.editorialmanager.com/hydro/download.aspx?id=31815&guid=c4eddff3-e16a-4930-963b-514db2501380&scheme=1

2.300

2.200

2

g

Water level (m)
® ©
8 8

3

1.600

1.500

0

—— Checkpoint 1

3600

7200

6
~ Checkpoint 2
10800 14400

—— Checkpoint 4

18000

Time (second)

21600

25200

Click here to download Figure Figure18.jpg

Checkpoint 6

28800

32400

*


http://www.editorialmanager.com/hydro/download.aspx?id=31816&guid=9c573fb5-66ed-44cb-8300-f75e30c4ddc0&scheme=1
http://www.editorialmanager.com/hydro/download.aspx?id=31816&guid=9c573fb5-66ed-44cb-8300-f75e30c4ddc0&scheme=1

0.8

0.7

0.6

Gate position
o © © o o
— N w o (¥,

o

Click here to download Figure Figure17.jpg %

Gate 3 —Gate 5 — Gate 7 e Gate 8

]

g8

L_|

il

i

3600

o

o

8
7
— =

7200 10800 14400 18000 21600 25200 28800 32400
Time (second)



http://www.editorialmanager.com/hydro/download.aspx?id=31817&guid=ec573cdd-c8c2-4e49-a187-9dd529450efa&scheme=1
http://www.editorialmanager.com/hydro/download.aspx?id=31817&guid=ec573cdd-c8c2-4e49-a187-9dd529450efa&scheme=1

0.6

©c e o e
NS W s

Gate position

o
-

Click here to download Figure Figure16.jpg

—Gate 1 — Gate 2 Gate 4 e Gate 6
2
quend
6 D
1 —-
4 —
;ﬁ 2.‘
| | ‘L1...r':. %@% e
0 3600 7200 10800 14400 18000 21600 25200 28800 32400

Time (second)

*


http://www.editorialmanager.com/hydro/download.aspx?id=31818&guid=f4b03cab-b5c1-4625-a232-3f83595766c4&scheme=1
http://www.editorialmanager.com/hydro/download.aspx?id=31818&guid=f4b03cab-b5c1-4625-a232-3f83595766c4&scheme=1

1.100
1.050

Water level (m)
=
o
w
o

g

0.750
0.700
0.650

———Checkpoint 2

3600

——Checkpoint 4

7200

10800
Time (second)

Checkpoint 6

14400

Click here to download Figure Figure15.jpg

18000

——Checkpoint 7

21600

*


http://www.editorialmanager.com/hydro/download.aspx?id=31819&guid=986cc9ca-fe3a-4476-8317-51366c4a36e6&scheme=1
http://www.editorialmanager.com/hydro/download.aspx?id=31819&guid=986cc9ca-fe3a-4476-8317-51366c4a36e6&scheme=1

Click here to download Figure Figure14.jpg *

1.100

1.050 o

1.000 | \
T 0.950

g 0.900

e

5 0.850

0.800

Wat

0.750
0.700 | —Checkpoint 1 Checkpoint 3 - Checkpoint 5 ——Checkpoint 8
0.650

0 3600 7200 10800 14400 18000 21600
Time (second)


http://www.editorialmanager.com/hydro/download.aspx?id=31820&guid=312cc436-7c1e-41cd-835d-20f84b2e8efb&scheme=1
http://www.editorialmanager.com/hydro/download.aspx?id=31820&guid=312cc436-7c1e-41cd-835d-20f84b2e8efb&scheme=1

Gate position

0.7 |

0.6

0.5

0.4

0.3

0.2

—Gate 2

—Gate 4

3600

7200

-
T = -
_l] w - 3
a =
4 r ~
1 n [ .

L

—Gate 6

Firah T o

10800 14400
Time (second)

o L

Click here to download Figure Figure13.jpg

18000

— G at

e’

21600

*


http://www.editorialmanager.com/hydro/download.aspx?id=31821&guid=ced21463-5e42-4095-a85d-57c8ea5301c7&scheme=1
http://www.editorialmanager.com/hydro/download.aspx?id=31821&guid=ced21463-5e42-4095-a85d-57c8ea5301c7&scheme=1

Gate position

0.7

0.6

0.5

0.4

0.3

0.2

—Gate 1

o

3600

7200

-Gate 3 —(Gate 5

10800 14400
Time (second)

Click here to download Figure Figure12.jpg

18000

—Gate 8

21600

*


http://www.editorialmanager.com/hydro/download.aspx?id=31822&guid=3a49b7f5-7597-4e45-a661-3d43662c09a7&scheme=1
http://www.editorialmanager.com/hydro/download.aspx?id=31822&guid=3a49b7f5-7597-4e45-a661-3d43662c09a7&scheme=1

Click here to download Figure Figure11.jpg 2



http://www.editorialmanager.com/hydro/download.aspx?id=31823&guid=f89aaa9f-ca01-4a96-8629-de5a5123646b&scheme=1
http://www.editorialmanager.com/hydro/download.aspx?id=31823&guid=f89aaa9f-ca01-4a96-8629-de5a5123646b&scheme=1

Click here to download Figure Figure10.jpg *



http://www.editorialmanager.com/hydro/download.aspx?id=31824&guid=e2b2f3a0-36a0-455c-a94e-bf06e1fab01a&scheme=1
http://www.editorialmanager.com/hydro/download.aspx?id=31824&guid=e2b2f3a0-36a0-455c-a94e-bf06e1fab01a&scheme=1

Gate position

Click here to download Figure Figure9.jpg

0.4

0.35

0.3

0.25

0.2
0.15 | I

0.1

0.05

0 1800 3600 5400 7200 9000

Time (second)

*


http://www.editorialmanager.com/hydro/download.aspx?id=31825&guid=8148cb64-9e98-4fd6-b705-7abecfe38d29&scheme=1
http://www.editorialmanager.com/hydro/download.aspx?id=31825&guid=8148cb64-9e98-4fd6-b705-7abecfe38d29&scheme=1

Water level {m)
[ [ — et = —
Ao w ~ n o 9

o
Y

1800

Click here to download Figure Figure8.jpg

3600 5400
Time (seconds)

7200 9000

*


http://www.editorialmanager.com/hydro/download.aspx?id=31826&guid=baf080be-6b09-43e8-a8fe-d46c363c2899&scheme=1
http://www.editorialmanager.com/hydro/download.aspx?id=31826&guid=baf080be-6b09-43e8-a8fe-d46c363c2899&scheme=1

Click here to download Figure Figure7.jpg =



http://www.editorialmanager.com/hydro/download.aspx?id=31827&guid=cdd8698b-1e7d-4bbe-8bcf-c81a111026a8&scheme=1
http://www.editorialmanager.com/hydro/download.aspx?id=31827&guid=cdd8698b-1e7d-4bbe-8bcf-c81a111026a8&scheme=1

Click here to download Figure Figure6.jpg *

s t* S time


http://www.editorialmanager.com/hydro/download.aspx?id=31828&guid=ef82cdc6-2f05-4bf8-b202-029de45f815e&scheme=1
http://www.editorialmanager.com/hydro/download.aspx?id=31828&guid=ef82cdc6-2f05-4bf8-b202-029de45f815e&scheme=1

Predictive Horizon

A\ State vector at current time step

Click here to download Figure Figure5.jpg %

Desired water level

O Prediction output

UJ14) U2(a)

U 14) Uz2(4)

U3 U2(3)

U1 U2(3)

U2) U2(2)

U12) U2(2)

U ua(1)

K —
kI U11) | | U21)
4 A A A v'e v'e \TJ v'e s

X=1 FX=
| —
Distance i

.. <@m Current
:X=11 canal state

MNE=2  (y(x,1).v(x,1))

< Current
canal state


http://www.editorialmanager.com/hydro/download.aspx?id=31829&guid=8d872d3d-c617-4673-8ac1-5c27a9b6d725&scheme=1
http://www.editorialmanager.com/hydro/download.aspx?id=31829&guid=8d872d3d-c617-4673-8ac1-5c27a9b6d725&scheme=1

Click here to download Figure Figure4.jpg *

SNRNARARARRNANARRIN

Mo!nnmmo“ommwno /..Ql“

ees onoomn-uumm-m!mm
—

59595 SN



http://www.editorialmanager.com/hydro/download.aspx?id=31830&guid=2e157b85-ae4c-44cd-b932-087d19cf2a6e&scheme=1
http://www.editorialmanager.com/hydro/download.aspx?id=31830&guid=2e157b85-ae4c-44cd-b932-087d19cf2a6e&scheme=1

()’

i {(section) L . X

Structured mesh

—-

Interpolate P'-Q' values
to obtain P-Q values

——

Click here to download Figure Figure3.jpg

b)
t k1 R
k PI 90’
‘0 I (section) T I X
c)
TP k+1
- K
o \ el
A ANY
i1 I i+1

*


http://www.editorialmanager.com/hydro/download.aspx?id=31831&guid=21cfcaaa-69d9-4b4e-b98d-d5aeea2dc599&scheme=1
http://www.editorialmanager.com/hydro/download.aspx?id=31831&guid=21cfcaaa-69d9-4b4e-b98d-d5aeea2dc599&scheme=1

On-line computation

Click here to download Figure Figure2.jpg

GoRoSoBo CSE
Algorithm Algorithm
On-line ey
n-line ) ne Current -
U(k) Predictive Us(k) State Computati
Control Manning
coefficient

Aciuator—’( Canal U —

Off-line computation

\

Q(k)

Sensor
Yu(k)
Un(k)

o

GoRoSo
Algorithm

Yr(k)

Desired
— water level
f00ps needs .
lr‘:lnows o i g
canal outlet
Algorithm
Sensor ‘
Steady Unlk) =
_’ Off- mete
State Yik) = m,:m::;: 1 =

coefficient

Manning
coefficient

Discharge
coefficients

Local
losses
coefficients


http://www.editorialmanager.com/hydro/download.aspx?id=31832&guid=ce99e710-4801-4a35-bbac-eb8258f3b2e6&scheme=1
http://www.editorialmanager.com/hydro/download.aspx?id=31832&guid=ce99e710-4801-4a35-bbac-eb8258f3b2e6&scheme=1

Percent decrease on the overall water resources

Click here to download Figure Figure1.jpg

o\" e?’\’o

BN Scenano 2 [ Scenario 1 === Global average

*


http://www.editorialmanager.com/hydro/download.aspx?id=31833&guid=fa848b31-c78d-499c-aa63-7b60a92050a7&scheme=1
http://www.editorialmanager.com/hydro/download.aspx?id=31833&guid=fa848b31-c78d-499c-aa63-7b60a92050a7&scheme=1

Table

©CO~NOOOTA~AWNPE

Pool Pool Bottom | Side | Manning’s | Bottom | Canal
number length slope | slopes | coefficient | width | Depth
(Km) %) | (HV) (n) (m) (m)
| 25 0.1 15:1 0.025 5 25
Table 1: Canal features.
Ngz:ﬁ?(:l()f Gate Gate Gate
discharge | width height Step (m)
structure or coefficient (m) (m)
checkpoint
0* 0.61 5.0 2.0 0.0
Table 2: Sluice gate features (canal structures).
Number of Dlscharge Orifice Lateral Lateral
coef./diameter - . .
control s offtake | spillway | spillway width
orifice offtake h - :
structure or (m) height height (m)/discharge
checkpoint (m) (m) coefficient
0* - - - -
1 2/0.85 0.8 2.0 5/1.99

Table 3: Pump station/ orifice offtake features (canal structures).

Control Initial Flow Control Initial water level
structure rate (m®/s) structure (m)
Gate 1 5.0 Checkpoint 1 1.6
Table 4: Initial conditions in the canal.

Control structure

Flow delivered by an orifice
offtake (m%/s)

Gravity outlet 1

5.0

Table 5: Flow delivered by an orifice offtake at the initial time step.

Umin (%) Umax (%) dUmax (%)

0.05

90 2.5

Table 6: Overall and functional constraints values.
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Pool Pool Bottom Side Manning’s | Bottom | Canal
number | length slope Slopes | coefficient width depth
(Km) (H:V) Q) (m) (m)
| 0.1 2*10-3 151 0.014 1 11
1 1.2 2*10-3 151 0.014 1 11
1| 0.4 2*10-3 151 0.014 1 1.0
\Y} 0.8 2*10-3 151 0.014 0.8 11
\Y 2 2*10-3 151 0.014 0.8 11
VI 1.7 2*10-3 151 0.014 0.8 1.0
Vil 1.6 2*10-3 151 0.014 0.6 1.0
VI 1.7 2*10-3 151 0.014 0.6 1.0
Table 7: Features of Maricopa Stanfield canal pools.
Target Gate Gate Gate Step Length Orifice
points discharge width height (m) from gate offtake
coefficient (m) (m) 1 (Km) height (m)
0 0.61 15 1.0 1.0 0 -
1 0.61 15 11 1.0 0.1 0.45
2 0.61 15 1.1 1.0 1.3 0.45
3 0.61 15 1.0 1.0 1.7 0.40
4 0.61 12 1.1 1.0 25 0.45
5 0.61 1.2 11 1.0 45 0.45
6 0.61 1.2 1.0 1.0 6.2 0.40
7 0.61 1.0 1.0 1.0 7.8 0.40
8 - - - - 9.5 0.40
Table 8: Maricopa Stanfield control structures.
Pool | Pool |Bottom| Side |Manning’s | Bottom | Canal
number | length | slope | Slopes | coefficient | width | Depth
(Km) (H:v) (n) (m) | (m)
| 7 10-4 | 15:1 0.02 7 25
1 3 10-4 | 151 0.02 7 25
11 3 10-4 | 15:1 0.02 7 25
\Y 4 10-4 | 15:1 0.02 6 23
\Y 4 10-4 | 151 0.02 6 2.3
Vi 3 10-4 | 151 0.02 5 2.3
VII 2 10-4 | 151 0.02 5 1.9
Vi 2 10-4 | 151 0.02 5 1.9
Table 9: Features of Corning canal pools.
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Target Gate Gate Step Length Orifice Lateral
points | width | height | (m) from offtake | spillway
(m) (m) gate 1 height height
(Km) (m) (m)
0 7 2.3 0.2 0 - 3
1 7 2.3 0.2 7 1.05 25
2 7 2.3 0.2 10 1.05 25
3 7 2.3 0.2 13 1.05 25
4 6 21 0.2 17 0.95 2.3
5 6 21 0.2 21 0.95 2.3
6 5 18 0.2 24 0.85 1.9
7 5 18 0.2 26 0.85 1.9
8 - - - 28 0.85 1.9
Table 10: Corning Canal control structures.
Offtake | Check | Unscheduled
Pool initial initial offtake Check final
number flow flow changesat2 | flow (m3/s)
(m?/s) (m3/s) | hours (m¥%s)
Heading - 2.0 - 2.0
1 0.2 1.8 - 18
2 0.0 1.8 0.2 1.6
3 0.4 14 -0.2 14
4 0.0 14 0.2 12
5 0.0 14 0.2 1.0
6 0.3 11 -0.1 0.8
7 0.2 0.9 - 0.6
8 0.9 0.0 -0.3 0.0
Table 11: Initial and unscheduled offtake changes on Test
Case 1-2.
Offtake Check Unscheduled Resulting
Pool initial initial offtake changes check
number flow flow at 2 hours flow
(m3/s) (m/s) (m¥/s) (m¥/s)
Heading - 13.7 - 2.7
1 1.7 12.0 -1.5 25
2 18 10.2 -1.5 2.2
3 2.7 7.5 -2.5 2.0
4 0.3 7.2 - 1.7
5 0.2 7.0 - 15
6 0.8 6.2 -0.5 1.2
7 1.2 5.0 -1.0 1.0
8 0.3 +2.0* 2.7 -2.0* 0.7

Table 12: Initial and unscheduled offtake changes on Test Case 2-2.
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Umin Umax dUmax
(%) (%) (%)
Maricopa Stanfield 2 90 5
Corning Canal 0.5 90 5

Table 13: Overall and functional constraints values.

TEST CASE 1-2 TUNED-UNSCHEDULED

MAE (%) IAE (%) StE (%) 1AQ (m%/s)

12-24h 12-24h 12-24h 12-24h

Max |Average| Max |Ave. |Max|Aver.| Max | Ave.

CLIS 3451 14,2 5,0 20 |36 11 0,2 0,1
PILOTE | 43,0 | 249 9,2 52 11,2 29 29 14
GoRoSoBo| 33,5 | 10,3 5,0 12 21| 07 6,7 3,6

Table 14: The performance indicators obtained in Test-Case 1-2
(Maricopa Stanfield).

TEST CASE 2-2 TUNED-UNSCHEDULED

MAE (%) 1AE (%) StE (%) 1AQ (m%/s)

12-24h 12-24h 12-24h 12-24h

Max |Average | Max | Ave. | Max | Ave. | Max | Ave.

CLIS 211 149 |76 |28 ] 07 04 |97 55

PILOTE | 342 171 |106) 71| 88 43 104 | 61
GoRoSoBo| 13,6 78 63 121] 08 05 |152 | 11,7

(Corning canal).

Table 15: The performance indicators obtained in Test-Case 2-2




