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GoRoSoBo simplified: an accurate feedback control
algorithm in real time for irrigation canals
Enrique Bonet, Manuel Gomez, M. T. Yubero and J. Fernandez-Francos

ABSTRACT

An irrigation canal is a hydraulic system whose main objective is to convey water from a source
(dam, river) to different users. Such systems can be very large (several tens or hundreds of
kilometers), characterized by time delays and non-linear dynamics, strong unknown perturbations
and interactions among subsystems. In order to fulfill the requirements of canal users, the water
manager must control all water deliveries during the irrigation cycle (or irrigation program)
calculating the gate positions of the canal according to the water demands in real time. Initially, our
overall control diagram in real time is mainly represented by two algorithms, the canal survey
estimation algorithm (this algorithm estimates the water level and velocity along the irrigation canal
during a past time horizon) and GoRoSoBo algorithm (feedback control algorithm operating in real
time). Regarding long canals with several gates and pumps operating in a short period of time for a
long predictive horizon, the initial version of GoRoSoBo algorithms would spend too much time
calculating the canal gate position in real time. This is the reason why we have upgraded the code of
the GoRoSoBo algorithm, saving in computational time around 85%, in order to operate in real time.
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optimization algorithms
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TIAQ Integrated absolute discharge change

ICT Information and communications
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ID Integrator delay

INE Instituto Nacional de Estadistica

(Statistics National Institute)

LQR Linear quadratic regulator

MAE Maximum absolute error
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MCR Modelos climaticos regionales

MIMO Multiple-input multiple-output

MISO Single-input single-output
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(Ministry of Environment)

PILOTE Preissmann Implicit scheme, Linear
Optimal control, Tracking of variables
and Estimation of perturbations

PI Proportional integral

PID Proportional integral derivative

INTRODUCTION

One of the most important problems for an on-demand
irrigation system designer is the calculation of the discharges
flowing into the network. Such discharges strongly vary over
time depending on the cropping pattern, meteorological
conditions, on-farm irrigation efficiency, and farmers’ behav-
ior. The amount of water supplied to the farmers during
an irrigation event, referred to as the target or required
depth of application, is the major design consideration.
The unknown changes in water demands are quite usual
in a canal during an irrigation cycle; this is the reason why
the real extracted flow is unknown by the water manager.
In that case, it is quite difficult for any control algorithm
calculating new gate trajectories to satisfy the general sched-
uled deliveries when the real extracted flow is unknown as
well as the current canal state. In a hypothetical case
where the water manager knows the real water demand in
the canal in real time, the feedback control algorithm
should also calculate the new gate trajectories as soon as
possible in order to make optimum canal control.
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On the other hand, not all problems in canal manage-
ment are due to water delivery operations but problems
associated with canal lining. In a particular case where
fast gate movements are proposed by the feedback control
algorithm, due to increasing water demands, it could
provoke a dangerous event for the canal. In this case, signifi-
cant flow changes (operating conditions) are introduced in
the canal to fulfill water demand which could cause over-
flow or dry the canal and in extreme conditions (high
groundwater level) could crack the canal lining. The canal
overflow is produced when the water level exceeds the top
of the canal bank, caused by the transient wave. During
extended operations, hydrostatic pressure develops on
both sides of the canal lining as the supporting soils
become saturated. When the canal water is removed, the
hydrostatic pressure behind the lining is no longer offset
by the water in the canal. The differential hydrostatic
pressure can cause the canal lining to buckle outwards or
separate from adjacent linings (Figure 1).

In that sense, there are several reasons for enhancing
strong changes in the canal state which implies increasing or
decreasing on gate position to control the water level accord-
ing to unscheduled water demands. This is the reason why
some authors make their control algorithms more in terms
of quicker responses than accuracy, although many of these
algorithms are always within high accuracy standards.

There are several control algorithms for irrigation canals
with high performance such as the following:

e CLIS (Liu et al. 1998), based on an inverse solution
method of the Saint-Venant equations and designed for

the automation of demand-oriented systems.

Figure 1 | Cracking of a cross section of a canal due to differential hydrostatic pressure
(Chimbote canal (Peru)).
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e The PILOTE (Malaterre 1995) is a LQR closed-loop con-
troller and 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.

e A distributed model predictive controller or DMPC
(Alvarez et al. 2013) is an algorithm which initially
solves several local MPC problems obtaining cost func-
tion and sharing this information among controllers to
consider the control sequence for the neighbor controller
that gets the smallest value of its own cost function.

e A predictive control (Aguilar ef al. 2016) which generates
gate openings from predictive control law with fixed
parameters regarding a simplified dynamic model.

The first two control algorithms use in their formu-
lations the first derivative of gate position with respect to
the discharge or the water level for an initial steady state.
These kinds of simplifications provide to the calculation
process a reduction of computation time but sometimes
less accuracy of the result depending on the changes in
canal state. All these shortcomings make quite difficult
managing an irrigation canal and the reason to propose
our simplified overall control diagram. Instead, the DMPC
or the predictive controller are based on a process model
that is used to predict the evolution of the system state,
that is, the water level and velocity output along a
prediction horizon. This process model is usually a simplifi-
cation of the full Saint-Venant equations and frequently are
linear models.

The main objective is to develop a simplified overall
control diagram able to operate the canal in real time on
large systems, rectifying the gate trajectory in case of
disturbances, and re-establishing the desired behavior of
the canal by the water manager. This simplified overall con-
trol diagram is tested numerically but it has not been
evaluated in a real canal due to the difficulties of testing
these kinds of algorithms in a real environment. This is
the reason why Clemmens developed the test cases for
canal control algorithms in 1998 (Clemmens ef al. 1998).
Algorithms have not been provided in this paper due to
space limitations and other considerations.

The feedback control algorithm included in the overall
control diagram is GoRoSoBo simplified. The initial version
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of GoRoSoBo updated the first derivative of the gate
position in respect to water level in each time interval calcu-
lating gate trajectories with accuracy but increasing the
computation time. In such cases, we propose to reduce the
computation time of GoRoSoBo reformulating the control
algorithm code, so the new control algorithm obtained is
called GoRoSoBo simplified.

This paper is divided into several sections. The method-
ology applied in our overall control diagram is introduced in
the next section as well as the HIM matrix and optimization
problem. In the results and discussion sections, we evaluate
GoRoSoBo and GoRoSoBo simplified in a simple canal test
analyzing gate trajectory and water level at the checkpoint
in both cases. The control diagram was initially tested in a
canal with a single pool for a better understanding of the
results obtained by GoRoSoBo and GoRoSoBo simplified;
this geometry of the canal is based on Bautista’s work
(Bautista et al. 1997). This kind of canal has been proposed
by several authors testing their control algorithms (Wylie
1969; Chevereau 1991; Liu ef al. 1992; Soler et al. 2008;
Bonet 2015). Although the main purpose of this section is
to check the results obtained by GoRoSoBo and GoRoSoBo
simplified on the ASCE test cases for canal 1 and 2
(Clemmens et al. 1998) introduced by the ASCE (Task
Committee on Canal Automation Algorithms). In the per-
formance indicator section, the results obtained by several
controllers (including GoRoSoBo and GoRoSoBo simpli-
fied) are evaluated applying the performance indicators
proposed by the ASCE Task Committee. The results in
these performance indicators have been compared in
order to check the degree of accuracy of our control
algorithms.

METHODOLOGY

There are different ways of approaching an overall scheme
for canal control, and we show our ideal solution of an
overall control diagram of a canal in Figure 2. The on-line
computation is the block focused on in this paper although
the off-line computation block is also part of our overall
scheme for canal control. In the case of the off-line com-
ponent, the desired water levels in every outflow orifice
are determined according to crop necessities during the
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Figure 2 | Overall control diagram simplified of the irrigation canal.

irrigation cycle and the feedforward control algorithm
(GoRoSo0) calculates the optimum gate trajectories regard-
ing the desired water levels; all this information will
be used in the on-line computation block. In order not to
introduce old aspects involved in off-line computation, we
only focus on the on-line computation block in advance.
Regarding the on-line computation block, CSE (canal
survey estimation) and GoRoSoBo simplified algorithms
are involved in this task and detailed in the next paragraphs.

. ‘Crop needs and desired hydrographs for canal outlets’:

The water demand is calculated according to the crop
needs. Thus, the water demand is transformed to ‘desired
water level’ (Y*) at several cross sections.

. ‘Off-line computation of the reference trajectories’: The

desired water levels (Y*) are provided to THE GoRoSo
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algorithm (off-line reference trajectory computation)
which calculates the optimum gates trajectories (Ur) in
the canal for the next irrigation cycle, according to
Soler et al. (2008).

3. ‘Off-line parameter identification’: Hydraulics coefficients’
estimation (Manning coefficient or gate discharge
coefficient).

4. ‘On-line current state somputation’: This module uses all
values stored in the database as ‘U’ (gate position) and
Yy (measured water level) which have been measured
at the checkpoints in the canal (in this paper the
measured water levels were simulated by a model,
we do not use measured water level from a real canal).
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. In those
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circumstances, the CSE is an optimization algorithm
(Bonet 2015) able to estimate the flow disturbances in
the canal (that is, the real water demand in the canal)
from the water level changes, among the measured
water level and the desired water level at checkpoints.
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 gate trajec-
tories, the disturbances, and the hydrodynamic canal
state are provided to the control algorithm, called ‘On-
line predictive control’, which must react on-line in
case of water level changes among the measured water
level and the desired water level at the checkpoints
during the predictive horizon. The predictive control
recalculates new gate positions (U) to come back to the
reference behavior for a predictive horizon in every
operation period. There is an extensive literature on
feedback control algorithms which recalculate the gate
trajectories as CARA (Marzouki 1989; Clemmens &
Wahlin 2004; Wahlin & Clemmens 2006).

In this paper, we focus on the on-line control portion
and really on the simplified approach because we are
interested in improving the efficiency in water transport in
‘real time’.

The development of CSE and GoRoSoBo algorithm is
beyond the scope of this paper but can be viewed in Bonet
(2015) or Bonet et al. (2017). GoRoSoBo and GoRoSoBo
simplified algorithms use the HIM matrix (hydraulic influ-
ence matrix) to calculate the gate trajectories (1) (see
Bonet 2015). The HIM matrix represents the impact of gate
movements on the canal state (water level and velocity at
every cross section of the canal) during the irrigation cycle
which coincides with the testing period. Solving this
system of Equation (1), the GoRoSoBo simplified algorithm
can obtain the gate trajectories to apply in the irrigation
canal considering the water level changes.

o
oUy 1)

AU = [HIM'(U)]*AY

[HIM'(U)]
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where AY represents the water level changes at selected cross
sections of the canal, AU represents gate position changes,
HIM’(U), (Jacobian matrix) is the simplified hydraulic influ-
ence matrix that represents the impact of gate movements
on the water level at different cross sections of the canal at
a specific time step (before the irrigation cycle started).

The HIM matrix

In order to simulate the water surface profile on a canal, we
consider the Saint-Venant equations developed in this sec-
tion. This system of equations is a set of hyperbolic partial
differential equations derived from equations of conserva-
tion of mass and conservation of linear momentum. These
equations cannot be solved analytically so numerical
approaches should be used to solve them. Several numerical
schemes can be used such as finite difference (implicit or
explicit), characteristics curves, and finite volume.

Like any hyperbolic system, it can be transformed into
its characteristic form (characteristic curves). Such trans-
formation of the Saint-Venant equations gives an ordinary
system of four equations (Bonet 2015).

On the other hand, there are many potential control
structures in canals. The individual study of each one is
beyond the scope of this paper, so this is the reason why we
introduce the most usual structure. The most usual canal
structure is a checkpoint (Figure 3), 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 ef al. 2016). The interaction of
this control structure with the flow can be described accord-
ing to the mass and energy conservation Equation (2).

500D = AGE @~ 4s00) ~ A0K)5 ~ e )

A(s)vs =keu/ye —ys +d

qs(e) = Csas(ye — YO)3/2
qofftake(ye) = CoAo/28)e

kc =V chdac

® y,is the weighted average velocity of all the particles in a
canal cross section.

e y, is the water level of all the particles in a canal cross
section.
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Figure 3 | Example of a canal profile and diagram of a checkpoint with gate, lateral weir, and pump.

e S(v.) is the horizontal surface of the reception area in the
checkpoint.

* A(y.)*v, is the incoming flow to checkpoint, defined in
terms of water level and velocity.

e A(ys)*us is the outflow from the checkpoint which con-
tinues along the canal, described in terms of water level
and velocity.

e (, is the discharge coefficient of the sluice-gate and ac is
the sluice-gate width.

e ( is the checkpoint drop, and u is the gate opening.

® g, is the pumping offtake.

® gs(y.) is the outgoing lateral flow through the weir where
C; is the discharge coefficient, as is the weir width and yq
is the weir height measured from the bottom, called weir
equation.

®  Qojftare(Ve) is the outflow orifice flow where Cy is the dis-
charge coefficient, Aq is the area of the offtake orifice,
called orifice offtake equation.

The presence of checkpoints or control structures in a canal
lead to a sub-division into canal pools, that is, there is a canal
pool between two checkpoints, and there is a checkpoint
between two pools (Supplemental information, Figure S1).

The system of Saint-Venant and checkpoint equations
cannot be solved analytically, so the use of numerical tech-
niques is mandatory. In order to reduce integration time
with a minimum loss of accuracy, we have adopted a
second order finite differences discretization, particularly
‘the method of characteristic curves’ (Gémez 1988) (see
Supplemental information section).
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The system of Saint-Venant equations is solved numeri-
cally for every cross section at every time step (including
checkpoint equations in particular cross sections). This
process demands a huge computation time, although less
demanding than calculating the Jacobian matrix from
Saint-Venant equations which is mandatory to build the pre-
dicted model (HIM matrix). The HIM matrix in complete
form defines the impact of any gate movement over the
hydraulic behavior of the canal (that is, water level and vel-
ocity in any cross section of the canal), usually divided by
pools from checkpoints. The HIM matrix calculation is a
highly time-consuming process, especially when the canal
is too long and there are many checkpoints, this can be a
big problem working in real time. In that sense, the water man-
ager does not have much time for canal operations in real
time. Thus, the water manager must introduce the correct
gate trajectories to keep the target levels considering the dis-
turbances in a short period of time, so the control algorithm
must also assist the water manager in a short period of time.
This is the reason why we propose using the HIM and GRSB
simplified. This control algorithm does not recalculate the
HIM matrix between sampling intervals as GRSB. GRSB sim-
plified calculates the HIM matrix in a single period of time
(steady state), that is, the HIM simplified (HIM’(U)y) and it
uses this HIM simplified matrix during all irrigation cycles.

The optimization problem

To introduce the optimization problem, we have to evaluate
some vectors included in the problem development. GRSB
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simplified algorithm needs as input data, the water level
target at some points (checkpoints) for a predictive horizon
established by the water manager. As we have noted before,
the desired water level vector contains the water level
targets at the checkpoints from the time instant 1 to kg (3)
and vector dimension is 7, where n,=kpxn., kg is the
final instant of the future time horizon and n. is the
number of checkpoints. We define this vector as:

Y= b)*(l),y*(Z), .- :y*(kF - 1)’y*(kF)]T (3)

We can check the desired water level vector values in a
computational grid in Figure 4 (dots).

In another way, we can obtain ‘prediction output vector’
that contains the water level at several cross sections or
checkpoints (r.) from the time instant 1 to kg This vector
is calculated from the output data of the CSE algorithm at
the time instant k of all the discretization points.

YR =1 (R), -, yi(R), . vac (R )

‘ State vector at current time step

The dimension of the prediction output vector is
ny=kpxn. Vector (4) contains the water level in cross
sections (checkpoints) introduced in Figure 4. On the
other hand, the prediction output vector (4) is obtained at
the same cross sections as the desired water level vector
(3), as you can check in the grid domain at Figure 4.

As we showed before, GoRoSoBo calculates the gate
trajectories for a predictive future horizon. In that case,
the gates are moving for an operation period K (in all
cases, the sampling period and operation period will be
the same). Then, the gate trajectories can be approached
with piecewise functions. The gate trajectories vector is
defined by lumping together all the gate trajectories during
the future horizon, as follows:

T
U=[U1(1), oo, Un(1), ooy oo, Ur(KR), oo, Un (KR | 5)
where the dimension of this vector (gate trajectories) is

ny=n, x Kp, n, is the number of gates and Ky, is the final
operation period of the future horizon.

Desired water level

O Prediction output

- Kr Vo~
U14) U2(4)
= U14) U2(4)
[o]
= u1e) U2(3)
[e]
I u13) U203)
()]
=
B U@ U2(2)
o
i U1 U2(2)
o
u11) U2(1)
K
kI U Uz201)
b, 4 A—A A A & " RS -
'x=1 “Tx=6
: 'Ne=1
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«m Current
:X=11 canal state

Ne=2 (y(x,1),v(x,1))

< Current
canal state
q

Figure 4 | Sketch of a numerical grid of a canal with two pools controlled by two checkpoints downstream of 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 a capital letter denotes time interval of
control during the future horizon and 'k’ with a small letter denotes time instant of simulation.
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Therefore, the GoRoSoBo algorithm calculates the gate
trajectories (AU) in order to come back to the desired water
level (Y*) regarding several measured water levels (that is,
the prediction output vector) (AY) (1).

If we focus on the optimization problem, the objective is to
make the prediction output vector more similar to the desired
water level vector by manipulating the gate trajectories’ vector
(see Gill et al. 1981; Fletcher 1987). In mathematical terms,
the objective is to obtain the gate trajectories’ vector that
minimizes the following performance criterion:

Minimize J(U) = % [[C]Xﬁf(u) — Y*} T[Q} [[C]Xﬁf (U)-Y*

)
1(U) > 0,i € NI(U) 6)

where J(U) is the objective function, X¥(U) is the prediction
vector from the operation time step K; to Kz; Y*is the desired
water level vector; Q is a weighting matrix (identity-diagonal
matrix); C is the discrete observer matrix, see Malaterre
(1994); and 1x(U) is the ‘kth’ constraint function; I(U) is a
set of equalities constraints and NI(U) is a set of inequalities
constraints. U contains the gates’ trajectories (5).

The optimization problem is solved using the SQP
method which is a robust and applicable method for con-
strained optimization problems (Bonet 2015). This method
uses the Hessian and HIM matrixes which are ill-con-
ditioned matrixes, so Marquardt coefficient is introduced
in the diagonal of the matrix improving its condition
number and solving convergence problems of the method.

RESULTS AND DISCUSSION

Numerical example: a canal introducing a single
disturbance

In this example, we test both control algorithms, GoRoSoBo
and GoRoSoBo simplified, in a single canal and we analyze
the results in both cases as well as the computation time
used.

The geometry of the canal is based on Bautista et al.
(1997). This canal was used by different authors such as
Wylie (1969), Liu et al. (1992), Chevereau (1991), and Soler
et al. (2008). Instead, boundary conditions of the test are
based on Liu’s example (scheduled demand).
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Figure 5 | Canal profile with a single pool.

The canal with a trapezoidal section is represented in
Figure 5, and the general data (Manning’s coefficient,
canal depth, pool length, bottom slope, side slopes, and
bottom width) are shown in Table 1. The characteristics of
checkpoint, sluice gate, pump station and orifice offtake
are shown in Table 2.

In this test an upstream large reservoir is considered,
whose water level Hy, is 3 m constantly 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 water level over the orifice, and
the disturbance (unscheduled demand) is introduced
by the pump station. This example starts from an initial
steady state, where the upstream boundary condition is a
flow rate through gate 1 of 5m>/s and the downstream
boundary condition (at the end of the canal) is a water
level of 1.6m and a constant flow rate (scheduled
demand) of 5m3/s by the orifice offtake. The disturbance
was not introduced initially. The operation period for the
gate is 5 minutes and the predictive horizon length is 8
hours, so there are 96 operation periods (K= 96).

The disturbance

In order to evaluate the algorithm performance, we intro-
duce a disturbance in the canal, which is unknown for the
water manager. We will consequently get variations
between the measured/simulated water level and the desired
water level once the disturbance is introduced into the
canal. In that way, the disturbance is introduced from 30
minutes after the starting time to the test ending, with a
flow rate of 2 m>/s.
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Table 1 | canal features

Pool number Pool length (km) Bottom slope (%) side slopes (H:V) Manning's coefficient (n) Bottom width (m) canal depth (m)

1 25 0.1 1.5:1 0.025 5 2.5

Table 2 | Sluice gate, pump station, and orifice offtake features (canal structures)

Number of control Discharge coef./
structure or Gate discharge  Gate Gate diameter orifice orifice offtake Lateral spillway Lateral spillway width (m)/
checkpoint coefficient width (m) height (m) Step (m) offtake (m) height (m) height (m) discharge coefficient
0 0.61 5.0 2.0 0.0 - - - -
1 - - - - 2/0.85 0.8 2.0 5/1.99
Table 3 | Overall and functional constraint values in single canal pool Results

Unnin (%) Umax (%) AUmax/dolimax (%) We represent with a discontinuous line the water level
One pool canal 0.05 90 25 at the checkpoint obtained with the overall control dia-

gram with GoRoSoBo simplified. On the other hand,

Constraints the results obtained with the overall control diagram

using GoRoSoBo are shown with a continuous line in
The constraints of the problem were imposed on gate Figure 6. We can also compare both gate trajectories
opening and gate movement (control action variable). in Figure 7.
These constraints were exactly the same in both control The flow condition in the canal is steady state at the
algorithms. In that way, the gate opening is not greater or beginning of the test, because the scheduled demand is a
smaller than U,,,,, or U,,;,, respectively, and the gate move- constant flow rate for the irrigation cycle and the sluice
ments between successive operation periods (dU,,.,) are gate position remains fixed. After the first 30 minutes
physically acceptable as well as the initial gate movement (1,800s), a disturbance is introduced into the system, and
for different prediction horizons (doU,ux = AU,uax), see the water level decreases 25cm at the checkpoint at
Bonet (2015) (Table 3). 2,700 s (Figure 6).
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Figure 6 | Water level at the checkpoint by GoRoSoBo (continuous line)/GoRoSoBo simplified (discontinuous line).
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Figure 7 | Gate trajectory obtained by GoRoS0Bo (continuous line)/GoRoSoBo simplified (discontinuous line).

On the other hand, the water level is not going to
increase at the checkpoint up to three operation periods
later (2,700s) in both algorithms, due to the wave delay
from gate to checkpoint. Once the wave arrives at the check-
point, the water level increases quickly reaching the target
level of 1.6 m at 3,600s or 3,700 s, regarding GoRoSoBo
simplified or GoRoSoBo. The water level reaches the
desired value at 3,700 s with GoRoSoBo, but the water
level does not reach the desired water level up to 7,200 s
with GoRoSoBo simplified.

We can conclude that the gate trajectories obtained with
GoRoSoBo are more accurate than GoRoSoBo simplified
(Figure 7) and we reach the water level target before using
GoRoSoBo than GoRoSoBo simplified; however, the
GoRoSoBo simplified results are quite accurate considering
Figure 7.

Regarding computational time, GoRoSoBo simplified
reduces almost five times the initial computational time
of GoRoSoBo. Whereas GoRoSoBo needs 20 seconds to
calculate the gate trajectories for a prediction horizon of
8 hours using three iterations (every operation period),
GoRoSoBo simplified only needs 4 seconds for the same
prediction horizon (every operation period). The compu-
tational time reduction is dependent on the number of
reaches, gates, cross sections, weirs, and pumps so a com-
putational time reduction of almost five times regarding a
simple geometry canal is a useful control algorithm
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upgrade. The PC used in all tests is a HP i5 4 Gb Ram
and 128 Gb SSD.

Numerical example: a canal with multiple disturbances
at the same time: ASCE test cases

In this numerical example, we introduce the test cases
which were proposed by the ASCE committee to evaluate
control algorithms. Two canals are evaluated by the ASCE
Task Committee (Clemmens et al. 1998) for several scen-
arios. Each canal has eight pools separated by undershot
sluice-gates. All eight canal pools have been discretized
and numbered in the direction of flow from upstream to
downstream and they have eight checkpoints and eight
gates. In both canals, there are gravity outlet orifices at the
downstream end of each pool, only in the case of canal 2
there is a pump station at the end of the last pool. The
ASCE committee proposes four cases to test feedback con-
trollers in real time, two cases for the Corning canal and
two cases for the Maricopa Stanfield. We only test one
case in each canal, the most difficult cases (with important
unscheduled flow changes). Furthermore, we have analyzed
the results obtained with GoRoSoBo and GoRoSoBo simpli-
fied showing the computation time required for each one.
The canal geometry, scenarios’ flow conditions, and time
sampling have not been published in this paper in order



955 E. Bonet et al. | GoRoSoBo simplified a feedback control algorithm for irrigation canals

Journal of Hydroinformatics | 21.6 | 2019

Table 4 | Overall and functional constraints values in test cases

checkpoints in every figure as well as the gate trajectory at
checkpoints. In order to reduce the figure captions, we

l-'min (%) Umax (%) dumax/doumax (%) . . .
call in advance GoRoSoBo as GRSB and GoRoSoBo simpli-
Maricopa Stanfield 2 90 5 fied as GRSB S
Corning canal 0.5 90 5 B

not to introduce too much information. All this descriptive
test information can be seen in Clemmens ef al. (1998).

Constraints

The constraints of the problem were imposed to gate pos-
ition/opening and gate movements (control action variable)
and these constraints were the same in both control algor-
ithms. The constraints are included as a percentage of the
gate height imposed on the gate positions (Table 4).

We show the results (water level at checkpoints and gate
trajectories) obtained in each test in the next figures
(Figures 8-11). With the aim of facilitating understanding
of the results, we only show the water level at two

Test case 1-2 (Maricopa Stanfield)

In such a case, all water delivery changes (unscheduled
deliveries) are relevant according to Table 5.

Considering the flow change at checkpoint 8, the
unscheduled deliveries are more significant at checkpoint
8 where the flow rate changes from 0.9 m*/s to 0.6 m>/s
(33%). In this case, gate 8 must close in order not to cause
overflow in the last pool and other gates also close decreas-
ing the flow to reduce the water level at other checkpoints
(see Figure 9).

It is important to remark that the unscheduled water
deliveries are relevant in all targets but especially at target
8, because in just one operation period, the water level at
checkpoint 8 increases from 0.8 m to 1.05/1.08 m using
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Figure 8 | Gate trajectories 1 and 3 (left), water level at checkpoints 1 and 3 (right) in Test case 1-2 with GRSB and GRSB simplified.
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Figure 9 | Gate trajectories 5 and 8 (left), water level at checkpoints 5 and 8 (right) in Test case 1-2 with GRSB and GRSB simplified.
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Figure 10 | Gate trajectories 2 and 6 (left), water level at checkpoints 2 and 6 (right) in Test case 1-2 with GRSB and GRSB simplified.
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Figure 11 | Gate trajectories 4 and 7 (left), water level at checkpoints 4 and 7 (right) in Test case 1-2 with GRSB and GRSB simplified.

GoRoSoBo simplified or GoRoSoBo, respectively (Figure 9).
In a general view, we observe that water level reaches
the target level at all checkpoints in GoRoSoBo before
GoRoSoBo simplified. The water level oscillation at check-
points is longer in GoRoSoBo than GoRoSoBo simplified,
because the gate movements are smooth in GoRoSoBo

Table 5 | Initial and unscheduled offtake changes in Test case 1-2

uUnscheduled

Pool Offtake initial Check initial offtake changes at Check final
number flow (m*/s) flow (m/s) 2 hours (m%s) flow (m%/s)
Heading - 2.0 - 2.0
1 0.2 1.8 - 1.8
2 0.0 1.8 0.2 1.6
3 0.4 1.4 -0.2 14
4 0.0 1.4 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

Downloaded from http://iwa.silverchair.com/jh/article-pdf/21/6/945/622972/jh0210945.pdf

bv auest

simplified as this algorithm does not update the HIM
matrix (see Figures 8-11).

The reduction in computational time using GoRoSoBo
simplified in respect to GoRoSoBo was almost 16 times.
Whereas GoRoSoBo needs 720 seconds to calculate the
gate trajectories for a prediction horizon of 2 hours and 30
minutes using three iterations (for every operation period),
GoRoSoBo simplified only needs 45 seconds for the same
prediction horizon (for every operation period).

Test case 2-2 (Corning canal)

Test case 2-2 is the most difficult test due to the significant
unscheduled water deliveries in all targets, according to
Table 6.

GoRoSoBo calculates in a more accurate way the gate
trajectories (see Figures 12 and 13) than GoRoSoBo,
because GRSB reaches the target level before GRSB simpli-
fied (see Figures 14 and 15). GoRoSoBo uses the HIM
updated at each time, but GRSB simplified only uses a
HIM matrix at an initial steady state, thus the accuracy of
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Table 6 | Initial and unscheduled offtake changes in Test case 2-2

unscheduled Resulting

Pool Offtake initial Check initial  offtake changes check flow
number flow (m?s) flow (m%/s) at 2 hours (m%s) (m%/s)
Heading - 13.7 - 2.7

1 1.7 12.0 -1.5 2.5

2 1.8 10.2 -1.5 22

3 2.7 7.5 -25 2.0

4 0.3 7.2 - 1.7

5 0.2 7.0 - 1.5

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

GRSB is understandable. The maximum water level at
all checkpoints is higher in GoRoSoBo simplified than
GoRoSoBo, even more at checkpoints 1, 3, 4, and 5, in
which the water level is almost 10 cm higher (see Figures 14
and 15).
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Figure 12 | Gate trajectories 1 and 2 (left), water level at checkpoints 1 and 2 (right)
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The gate movements are almost zero during the last 2
hours of the test, because the water levels at checkpoints
are close to the desired values, with a maximum error
around 5 mm in both algorithms.

The reduction in computational time using GoRoSoBo
simplified with respect to GoRoSoBo was almost eight
times. Whereas GoRoSoBo needs 390 seconds to calculate
the gate trajectories for a prediction horizon of 2 hours
and 30 minutes using three iterations (for every operation
period), GoRoSoBo simplified only needs 52 seconds for
the same prediction horizon (for every operation period).

GRSB introduces important movements at the canal
gates in comparison with GRSB simplified (Figures 12
and 13). GRSB algorithm uses an accurate HIM matrix
version at every operation period (15 minutes for Corning
canal and 5 minutes for Maricopa Stanfield, both operation
periods proposed by the ASCE committee), instead, GRSB
simplified only uses a steady state HIM matrix version
(obtained before the irrigation cycle started). In that
sense, GRSB can adapt the gate trajectories according to
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Figure 13 | Gate trajectories 4 and 6 (left), water level at checkpoints 4 and 6 (right) in Test case 2-2 with GRSB and GRSB simplified.
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Figure 14 | Gate trajectories 7 and 8 (left), water level at checkpoints 7 and 8 (right) in Test case 2-2 with GRSB and GRSB simplified.
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Figure 15 | Gate trajectories 3 and 5 (left), water level at checkpoints 3 and 5 (right) in Test case 2-2 with GRSB and GRSB simplified.

water level error faster, because its predictive model (HIM
matrix) is more accurate than GRSB simplified and HIM
matrix is always updated. Instead, GRSB simplified needs
to apply a large Marquardt coefficient in order to converge
upon a feasible solution calculating smooth gate trajec-
tories less accurate than the GRSB solution.

Performance indicators

Particular indicators were introduced by ASCE Task Com-
mittee to compare different control algorithms (Clemmens
et al. 1998), in order to evaluate them and judge the control-
ler’s ability to deliver water. This is the reason why the
ASCE Task Committee devised these test cases.

We compare the performance indicators obtained with
GoRoSoBo and GoRoSoBo simplified in test cases with
the performance indicators obtained with other control
algorithms such as CLIS (Liu et al 1998), PILOTE
(Malaterre 1995), and ATV-PID control (Ocampo-Martinez
& Negenborn 2015) (see Tables 7 and 8). The CLIS is
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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 sol-
ution of the Riccati equation, a Kalman filter is used to
reconstruct the state variables and the unknown pertur-
bations from a reduced number of observed variables. The
ATV-PID control combines a PID controller tuned by the
ATV method, which is a classical automatic tuning method
to identify important characteristics of the response of a
monovariable process using a simple relay experiment. The
ATV-PID algorithm performs regarding several operational
options depending on the type of control action variables:

1. The flow with check gates acting as pumps, hereafter
noted option P.

2. The flow with discharge inversion for calculating the
opening of the check gates at each control time step,
hereafter noted option Q.

3. The gates opening W, hereafter noted option W.
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Table 7 | The performance indicators obtained in Test case 1-2 (Maricopa Stanfield)

Test case 1-2 tuned-unscheduled

MAE (%) IAE (%) StE (%) IAQ (m?/s)
12-24 h 12-24 h 12-24h 12-24h
Max Ave. Max Ave. Max Ave. Max Ave.
CLIS 34.5 142 5.0 2.0 3.6 1.1 0.2 0.1
PILOTE 43.0 249 9.2 5.2 11.2 2.9 2.9 1.4
GoRoSoBo 33.5 10.3 5.0 1.2 2.1 0.7 6.7 3.6
GoRoSoBo simplified 32.9 11.6 5.3 1.7 2.3 0.9 3.9 2.0
Table 8 | The performance indicators obtained in Test case 2-2 (Corning canal)
Test case 2-2 tuned-unscheduled
MAE (%) IAE (%) StE (%) 1AQ (m®/s)
12-24h 12-24 h 12-24h 12-24h
Max Ave Max Ave. Max Ave. Max Ave.
CLIS 21.1 14.9 7.6 2.8 0.7 0.4 9.7 5.5
PILOTE 34.2 17.1 10.6 7.1 8.8 4.3 10.4 6.1
ATV-PID (Q: a=1: Up to Dn) 40 - 17.5 - 19 7 - -
ATV-PID (P: a=1: Up to Dn) - 15.2 - 7.6 - - - -
ATV-PID (P: o =0: Up to Dn) - - - - - - 2.1 0.35
GoRoSoBo 13.6 7.8 6.3 2.1 0.8 0.5 15.2 11.7
GoRoSoBo simplified 13.3 10.1 5.6 3.4 3.2 1.3 10.1 7.1

Regarding ATV-PID control, only options with best

performance indicator results (Ocampo-Martinez &
Negenborn 2015) have been included in Table 8.

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 and
GoRoSoBo simplified with this performance indicator, we
can conclude that GoRoSoBo simplified shows the best
results in MAE maximum in all tests and GoRoSoBo
shows the best results in MAE average in all tests.

The IAE is the integrated deviation of controlled water
level on the target water level. GoRoSoBo shows the best
values of maximum IAE in one case and GoRoSoBo simpli-
fied in the other case. GoRoSoBo shows the best values of
average IAE in two cases, whereas GoRoSoBo simplified

is second in one case.
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The StE is the deviation of controlled water level at steady
state over target water depth, so we only consider the last 2
hours of the irrigation cycle to calculate this performance indi-
cator. GoRoSoBo obtained the best results in Test case 1-2,
whereas GoRoSoBo simplified was very close to these results.
Instead, CLIS obtained the best results in Test case 2-2.

The IAQ is an indicator relative to the wear and tear of the
check gates and the best configurations in IAQ are under-
reacting controllers (Ocampo-Martinez & Negenborn 2015).
GoRoSoBo and GoRoSoBo simplified show the worst
values on this performance indicator, with the ATV-PID
showing the best results. When a control algorithm has a
single objective, which is to ensure the water level reaches
the desired water level, the gate trajectories are only calculated
for that objective so there are performance indicators that
benefit more (such as MAE/IAE) than others (such as IAQ).
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Table 9 | Advantages and disadvantages between GRSB and GRSB simplified

GRSB GRSB simplified

Advantage Disadvantage

Advantage

Disadvantage

Performance indicators
show the best results

Long computation time
between sampling intervals to
build the HIM matrix

GRSB calculates very
accurate gate trajectories
reaching quickly the target
water level

GRSB is the best option for
specific cases (long sampling
intervals and not complex
canal geometry)

In this case, HIM matrix is not
calculated between intervals’
sampling, so GRSB simplified could
be used in case of short sampling
intervals to build the HIM matrix

Performance indicators are good
enough in comparison with other
control algorithms

GRSB simplified does not show
the best values on
performance indicators

After several irrigation cycles,
HIM matrix should be
updated to keep up the
dynamics of the system

In that sense, when significant flow changes are intro-
duced into the system, it is necessary for quick changes in
gate trajectories to recover the desired water level at check-
points as soon as possible. For this reason, increasing the
constraint value in gate movements to obtain better values
of the IAQ indicator and worsen the MAE and IAE indi-
cators is not our principal objective.

CONCLUSIONS

The GoRoSoBo and GoRoSoBo simplified algorithms are
able to find the optimum gate trajectory during a predictive
horizon from demand deliveries, initial gate trajectories,
desired water level vector, disturbances, and the current
canal state (obtained from CSE algorithm). These input
data are introduced into GoRoSoBo or GoRoSoBo simplified
in order to recalculate the optimum gate trajectory to keep
the water level close to the desired water level at checkpoints.

Both algorithms use the Lagrange-Newton method
(SQP method) to solve a constrained optimization problem.
This method is considered the most efficient when one has
compiled the Jacobian matrix and the Hessian matrix
which are used in the computation of the gate trajectories.

The introduction of constraints is absolutely necessary
to ensure stability in our optimized problem, due to inherent
instability in the unconstrained problem. Furthermore, the
Hessian and HIM matrixes are ill-conditioned matrixes, so
Marquardt coefficient must be introduced in the diagonal
of the matrix improving its condition number and solving
convergence problems associated with the method by
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those matrixes and the water level vector error. In that
sense, GoRoSoBo simplified has to increase the Marquardt
number (Bonet 2015) in comparison with GRSB in order to
avoid convergence problems during the calculating process
and reaching a solution.

GoRoSoBo and GoRoSoBo simplified obtained accu-
racy values in MAE and IAE performance indexes.

The IAQ index is higher in GoRoSoBo than GoRoSoBo
simplified and much higher than other controllers proposed.
These index results are strongly linked to the main priority
of the canal. In the case that the test priority is to keep the
water level close to the desired water level at the check-
points for any disturbance, the gate movements are
significant and the flow rate variations through the sluice
gate too, so the IAQ index will also be significant.

The GoRoSoBo simplified algorithm obtained good
results regarding the STE index, although the algorithm
has great scope for improvement. We could restrict the
gate movements when water level error is lower than a cer-
tain threshold (we could introduce a dead band).

One of the main problems of our overall control dia-
gram is the computation time. In cases where the
predictive horizon is large, the operation period is short
and the canal length and the number of checkpoints are sig-
nificant, the calculation time of the algorithm is too long for
operating in real time regarding HIM matrix calculation. A
solution to this problem is our new overall control diagram
simplified. The computation time is reduced between five
and 16 times depending on the test, geometry, time steps,
iterations, constraints using the GoRoSoBo simplified
instead of GoRoSoBo. The reduction of computation time
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makes GoRoSoBo simplified compatible for huge canals
with several checkpoints and gates, which is common in
most real canals. The GoRoSoBo simplified has huge
scope for improvement as the algorithm code could be par-
allelized with CUDA or OpenMP to reduce the CPU time.
The best result obtained in all these tests is the accuracy of
GoRoSoBo simplified compared with other feedback
algorithms such as GoRoSoBo, CLIS, or PILOTE.

A comparative table (Table 9) between GRSB and
GRSB simplified is added to evaluate strong and weak
points of the algorithms.

SUPPLEMENTARY DATA

The Supplementary Data for this paper is available online at
http://dx.doi.org/10.2166/hydro.2019.159.
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