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Abstract: The majority of human activities requires water, which is mostly transported and
supplied using open channel irrigation systems (OCIS). Their optimal operation requires an
accurate control to reject disturbances that can arise under day-to-day operation (e.g., rainfall,
leaks, and theft) and thus guarantee user satisfaction and safety. This paper proposes the
design of a control strategy, we use part of the OSL-QIB methodology previously introduced
by Arango et al. (2024) with a linear parameter varying term (LPV) to handle non-linear affine
terms more easily than other commonly used methods, such as Feedback Linearization. From a
phenomenological point of view, the considered model to construct the nonlinear control strategy
is based on material and energy balances, whose advantage is to avoid delays (very common in
OCIS modeling) and capture important phenomena that occurs in the process. The proposed
controller is tested in the first two pools of the Corning channel, obtaining satisfactory results

(disturbance rejection and tracking).

Keywords: Open channel irrigation systems, nonlinear control, linear parameter-varying

systems.

1. INTRODUCTION

A significant portion of global water consumption is ded-
icated to irrigation, which relies heavily on open channel
irrigation systems (OCIS) for distribution. These networks
are typically operated manually, often resulting in consid-
erable water losses and suboptimal performance (Conde
et al., 2020). To address these inefficiencies, the implemen-
tation of automatic control strategies can enhance system
operation and resource management.

There exists a large body of literature on control of
water resources systems. Weyer (2008) uses LQ and PID
controllers based on identified models in order to stabilize
OCIS at the desired setpoints. Lacasta et al. (2014);
Ooi and Weyer (2008) design PID controllers based on
data. Van Overloop et al. (2010); Zheng et al. (2019)
construct LQR controllers based on linearizations of the
Saint Venant Equations (SVE). Apart from LQR and
PID strategies, the use of model-based predictive control
(MPCQC) is prevalent in OCIS control given its capacity to
handle constraints and different control objectives, and
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predict the future behavior of the process based on the
dynamic model (Castelletti et al., 2023). Maestre et al.
(2013); Aydin et al. (2017); Segovia et al. (2019, 2024)
propose MPC approaches based on linear models.

Nonlinear control strategies can outperform linear con-
trollers when applied to systems with complex dynam-
ics, as they do not rely on a local approximation of the
dynamics. While linear controllers are effective only near
an equilibrium point, nonlinear controllers allow robust
performance over a wider system operation range. As such,
nonlinear controllers have also been designed for OCIS
control. Dos Santos and Prieur (2008) propose a state
feedback nonlinear controller to stabilize a PDE by means
of boundary control. Moreover, it is possible to find works
on nonlinear model predictive control (NMPC) of OCIS,
such as the works of Puig et al. (2015); Kong et al. (2024);
Conde et al. (2025). However, there exists no explicit
control strategy that achieves perfecte reference tracking
for OCIS. In particular, it is challenging to calculate an
explicit control action based on NMPC as this involves
solving an optimization problem online, which may involve
high computation times. Moreover, it is not possible to
guarantee reaching the global optimum due to the lack of
convexity guarantees. On the other hand, the synthesis and
application of boundary control remains highly complex



and expensive, as it may require instrumentation for the
whole system.

Based on the above arguments, and aiming to overcome
the previously mentioned challenges, an explicit nonlinear
controller that stabilizes the channel at desired operating
points is proposed in this paper. To this end, the linear-
parameter varying (LPV) modeling paradigm is used in
combination with a one sided Lipschitz-quadratically in-
ner bounded (OSL-QIB) term. This system description
employs an LPV approximation for the nonlinear term
accompanying the control action, since this avoids the
entire nonlinear system being transformed (feedback lin-
earization), reducing the problem to a simple matrix inver-
sion. The OSL-QIB term is used to reduce the number of
scheduling parameters in LPV modeling (since the num-
ber of parameters exponentially increases the number of
vertices).

The rest of the paper is organized as follows. Section 2
formulates the control problem and presents the nonlin-
ear system model used throughout the study. Section 3
introduces the controller design methodology based on
the LPV-OSL-QIB framework, including considerations
for setpoint tracking and disturbance rejection. Section 4
presents the case study (the first two pools of the Corning
canal benchmark), and the performance of the proposed
approach is assessed under various operating conditions.
Finally, Section 5 summarizes the main conclusions.

Notation R™ and R™*™ denote the Euclidean spaces of
dimension n and the set of all n x m matrices, respectively.
Matrices P < 0 and P > 0 are squared and symmetric, and
negative and positive definite, respectively. The operation
(x,y) = 2Ty denotes the inner product between x and y.
27 is the transpose of vector z. The operator H(A) = A+
AT denotes the Hermitian of A. ||z|| is the norm of vector
x. Bt is the Moore-Penrose pseudoinverse of matrix B.

2. PROBLEM STATEMENT

This section presents an overview of the open-flow channel
modeling approach used in this paper.

2.1 Modelling approach

This paper follows the modelling approach proposed by
Conde et al. (2020), where each channel pool is described
by two differential equations based on material and energy
balances per storage unit as follows (for more details about
this model see Appendix Al):

Aupiyupi = Ql (t) - Qt""i (t)7 (1)
Adni ydni = Qtri (t) - Qouti (t) - QiJrl(t)? (2)

where the subindex i corresponds to the " pool of the
channel, y,, is the upstream level, yg4,,, is the downstream
level, Qout,(t) are the outflows that feed other users or
other channels (modeled as undershoot gates in free flow),
and A,,, and Ag,, are the surface areas for each storage
unit. Moreover, Q;(t) is the inflow that comes from the
upstream channel and ;41 is an outflow that feeds the
downstream channel according to

Qi = ciwiui\/29\/Ydn;_, — Yup; - (3)

The transition flow is given by
Qtn = Ktr,;yupi \/yup, - ydni + AZ, (4)

with

Az = Zyp, — Zdn, (5)
where Ky, is a constant that encloses the losses by friction,
Zups> Zdn, are the heights of the channel, ¢; is the gate
discharge coefficient, and w; and wu; are the gate width
and height, respectively.

2.2 Mathematical description of LPV OSL-QIB systems

OCIS can be described as an LPV-OSL-QIB system as

i = Dy f(Ha) + g(0)u (©)

y=Czx

where x € R” is the state, v € R™ is the input and
y € RP is the output, while g(d) € R™™*™ C € RP*",
Dy e R"*9 H e R**" are the system matrices. The non-
linearity f(Hx) is assumed to be a one-sided Lipschitz
quadratically inner bounded function, fulfilling the OSL-
QIB conditions (Conditions 1 and 2).

Condition 1: The non-linearity f(Hzx) satisfies the OSL
condition if the following inequality is fulfilled:

AfTHe < pe" HT He, (7)
where p € R is the OSL constant, e = & — z is the error of
estimation and Af = f(Hz) — f(Hz).

Condition 2: As in Condition 1, the following inequalities
are formulated to state the QIB property :

AfTAF < Be"HT"He +~veT HAS, (8)
and the scalars v, § in (8) are the QIB constants.

Assumption 1. The parameter vector 0(t) consists of N
time-varying parameters 0()T = [01(t),02(t),....,O0n(t)],
which are smooth enough and bounded, implying that
0(t) € ©, where O is a polytopic set, being the simplest
case a hyper-rectangular boz defined as follows (Ichalal and
Mammar, 2015):

O = {H(t) S RN|61 € [01,7nin7 01,mal‘]7 oy

oN S [GN,min; oN,ma:c]}a (9)

where 8; min and 8; max represents the lower and upper
value of each scheduling parameter, respectively.

2.8 State feedback controller structure

In order to stabilize system (6) at the desired operation
points, the following theorem is stated.
Theorem 1. If there exist matriz Q > 0 and positive
scalars c1, co fulfilling (10) for all vertices of ©:

A1 DfQ—i-CQ’yHT—ClHT

QD} + coyH — o1 H —2co1

A1 =g(0)Y (0) +YT(0)g" (0) +2(c1p+2c2f)HT H
1 al Q YT(0)
[ Q} - [Y(@ o R
Then, the controller u = K(0)e — g~ (0)Dy fo(Hzo) sta-
bilizes the system at the desired equilibrium point, with

] <0 (10)



K@) = Y(0)Q ! and e = x — x9, where e and xo are
the tracking error and the reference, respectively.

Proof. For the nonlinear system (6) it is possible to define
the tracking error e = x — ¢ and the error in the nonlin-
earity Dy f.(Hz) = Dy f(Hz) — Dy f(Hxg), obtaining the
following error dynamics:

é = Dy fy(H2)+ Dy f(Hro) + g(0)u. (11)
The control action u = K(0)e — g~ (0)Dyf(Hxo) is
proposed for system (11) to achieve stabilization. Then,
the closed loop dynamics are given by

é=Dyf-(He)+ g(0)K(0)e. (12)

Using the quadratic Lyapunov function V = e’ Pe, its
derivative is given by

V = T PH(Dyf (He) + g@)K(0)e)  (13)

Multiplying both sides of equation (13) by Q = P~1, the
equality remains unaltered (Boyd et al., 1994):

V =eTH (9(0) K(0)Q)e + eTH(D;Q) ;.

Pre-multiplying the OSL-QIB conditions (7) and (8) by
constants 2¢1, 2¢o, and adding it to (14), the upper bound
Lyapunov function derivative can incorporate the effect of
the nonlinearity:

(14)

U = 2cipe’ H' He — 2¢, f.He > 0, (15)
I'= —202fTTfT + 2coveT HY f, + 2¢o8eTHT He > 0, (16)
V < e"H(g(0)K(0)Q)e (17)
+eH(DsQ) fr + T H(V) + oH(T).
Defining variable e; = [e f,|, and re-defining the gain

K(0) =Y (0)Q, the Lyapunov function (17) can be written
in matrix form as

V < ef Myey, (18)
A, DiQ +coyH" — i H”
Mp = T )
QDf +coyH — 1 H —2col
AL =g0)Y () +YT(0)g" (0) + 2(crp + 2c23)HT H.

If M, matrix is negative definite, then the system will
asymptotically converge to the origin. In order to constrain
the input (as gate openings cannot exceed a set value), the
following LMI constraint is imposed (Boyd et al., 1994):

1 af Q YT(H)}
i =0, =0, 19
- o) it "
where the term x; is the initial condition, and u2,,, is the

norm of the upper bound of the controller. With (18) and
(19) and previous arguments, the proof of the theorem is
finished. O

2.4 Integral effect for disturbance rejection

In order to improve controller performance, the following
system with augmented error is considered:

é=D;sf.(Hz)+ Dy f(Hzo) + g(0)u,
E=e.

Convergence guarantees of the augmented error are stated
in the following theorem.

(20)

Theorem 2. If conditions of Theorem 1 are fulfilled, and
there exists some ¢ € [0,1], a matrix Q > 0 and positive
scalar k such that

)\mam(Jc)
¢Amaa:(Mp)
is true, then the origin of system (20) is asymptotically
stable.

lem|* > lleall® (21)

Proof. Define u = K(0)e — g~ 1(0)Dy f(Hzo) + Ki(0)¢ for
system (20), with K;(0) = K () for some x > 0. The
following Lyapunov function is proposed: V = V; + V5,
with Vi = eT Pe and V5 = ¢TO¢. Then, its derivative is
given by (22), considering also the upper bound with OSL-
QIB conditions

V < el Mye,, +eTH(kg(0) K (0)Q)E+£T Oe+eT O¢. (22)

Rewriting the Lyapunov derivative and defining at the
same time e, = [e ¢], (22) is equivalent to

V < 6%Mpem + egjcea7 (23)
J = 0 (kg(0)Y (8) + O)T
¢ |kg(9)Y(0) + O 0 '
Inequality (23) can be upper-bounded as
V< —(1- ¢))‘mam(Mp)||€m||2
- ¢)\mam||€m||2 + )‘mam(JC)Hea”Q' (24)

Inequality (24) is feasible if Theorem 1 is fulfilled, since
M, matrix must be negative definite. Now, if there exist
some ¢ € [0,1] that satisfies inequality (21), then the
Lyapunov derivative will be negative definite, and the
origin of system (20) will be asymptotically stable. O

3. CASE STUDY: CORNING CHANNEL IN
CALIFORNIA

As mentioned earlier, open-flow irrigation channels are
exposed to various disturbances. Among the most frequent
are user demands, which fluctuate throughout the day
as users withdraw different volumes of water at different
times. Therefore, it is of vital importance to be able to
stabilize the canal in optimal operating points, in order
to guarantee lack of water in the canal, and not be
capable to fulfill the user’s requirements. In order to build
a simulation case considering the established objective,
the Corning channel, which has been proposed by the
ASCE Task Committee on channel automation algorithms
(Clemmens et al., 1998), is used.

The selected case study consists in the first two pools of
the Corning channel. Measurements are assumed to be
provided directly by the nonlinear model, and the poly-
topic LPV-OSL-QIB model is obtained with the nonlinear
embedding methodology (Kwiatkowski et al., 2006). The
modeling process is illustrated for a single pool due to the
number of variables that result when larger channels are
to be addressed, but bearing in mind that control strategy
will be performed in the two pools. Initially, the model for
a single pool is represented by the following set of transient
state matter and energy balances (Conde et al., 2020):



Aupy Gupy (t) = ( ) = Qur, (1), (25)
Adnlydnl (t) = ( ) QQ( (26)
Q1(t) = crwiug (¢) \F\/ [Ys(t) = Yup, (t (27)
Qa(t) = cowaus(t)\/291/|Yan, (t) — y; (t (28)

Qs (8) = K, Yups (0 g (£) — yan, (8) + 2],
(29)
where ciwiv/29 = cowav/2g9 = 20. 14— is a parame-

ter related to the dimensions and grav1ty of the gates,
up,us € [0.3, 1]m are the openings of the gates, Ky, =
7.477”72 is the transition constant, A, = 69887m? and
Agn, = 70154 m? are the upstream and downstream areas,
respectively, Az = 1.11m and Yyp,, Ydn, are the levels of
water upstream and downstream, respectively. The LPV-
OSL-QIB model for the first pool of Corning channel is
given by the following equations:

s =[Gorfir] o =[5 5,

61 = clwl@\/ ‘ys(t) — Yupy (t)|’
Oy = C2wzu2(t)\/@ [Yan, (8) — yr (@),

D;=H=1, 6, € 86,145, 6, € [6.7,18.9].

The LPV part of (30) is characterized by 22 vertices. For
the case of 2 pools, a system of 3 scheduling parameters
and 8 vertices is obtained (Arango et al., 2025).

4. RESULTS

Initially, to calculate the performance of the controller, the
LMIs of Theorem 1 were calculated using the OSL-QIB
constants p = 1 x 10*,yv = —3,8 = —1 (Arango et al.,
2024). From the above information, Theorem 1 is feasible
with the following Lyapunov ingredients:

2.46 x 105 —3.00 x 107°
0, = —3.00 x 107°  2.46 x 10°
P71 466 x 107 4.19 x 102
810x 1074 —2.34 x 107°
4.66 x 107* 8.10 x 107*
Qs = 4.19 x 10 —2.34 x 107°
27 | 246 x 10 3.53 x 107*
3.53 x 1074 2.46 x 10°
Q=1[Q1 Q2 = (31)

For the disturbance rejection part, a value of x = 10 with
a matrix @ = I shows good controller performance. After
the control tuning, a series of case studies are proposed in
order to show illustrate the performance achieved by the
proposed algorithm.

4.1 Case 1: Reference tracking

For this first simulation case, the system is initialized at a
point of high water levels, then a point of medium water
levels. Then, a scenario where the gates are near their
lowest opening value is considered, after which the process
is expected to return to the initial point. In Figure 1, the
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Fig. 1. Case 1 - state trajectories (dashed line: states;
continuous line: references)
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Fig. 2. Case 1, Gate openings given by LPV OSL-QIB
controller

transition between each of the aforementioned set-points

is shown, and it can be seen that the controller is capable

of adjusting the system at multiple operating points. On

the other hand, Figure 2 shows the control actions applied

to the system.

4.2 Case 2: Disturbance rejection

The second simulation case considers demands from users
(outflows of matter) and the addition of water by rainfall
(inflow of matter). In order to avoid outflows being com-
pensated by inflows, pool 1 will be subject to losses while
pool 2 will be in charge of receiving water additions. The
disturbances are shown in the Figure 3.

After each of the disturbances exerted on the process, the
state trajectories and the control efforts obtained from the
simulation will be shown.

Figures 4 and 5 show that the controller succeeds in
stabilizing the system at the reference while rejecting
disturbances. Note that at height yg,, there is a small
deviation from the reference (1.25 cm of maximum steady
state error), as there are fewer manipulated variables
than controlled outputs. However, this does not affect the



Perturbation pool 1
T T T

0 T T
-0.05 \\
-0.15 \ Bl

. . . . . . .
0 1 2 3 4 5 6 7
Time(s) %108
Perturbation pool 2
T T T

ﬂow(ma/s)
S

0 1 2 3 4 5 6 7
Time(s) %108

Fig. 3. Case 2, disturbances applied to the open channel

1.42 19
1.4
1.8
- 1.38 -
N c
> >.\°
136
T v 7 17 "
1.34 |‘l "l ] o~ =
1.32 16
0 2 4 6 0 2 4 6
Time(s) %108 Time(s) %108
15 1.45l
f 1.4 7 ,
7 == . v 1
14 ! "’
~ ~
S 5 1.35
> >
13
13
12 1.25
0 2 4 6 2 4 6
Time(s) %108 Time(s) %108

Fig. 4. Case 2, state trajectories. (states - dashed line,
reference - continuous line)

T T
g 0.95
S 09
0.85 - - .
0 1 2 3 4 5 6 7
Time(s) x108
1 T T
E o.g/\w
=
Ei
06 L L L L L L I
0 1 2 3 4 5 6 7
Time(s) %108
1
g 0.95
3
S 09
0.85 . . I . . . .
0 1 2 3 4 5 6 7
Time(s) %108

Fig. 5. Case 2, control actions to compensate disturbances

performance of the controller significantly, and it can be
concluded that the heights are regulated efficiently.

4.8 Case 3: Disturbance rejection and tracking

In this third simulation case, the same disturbances are
considered as in case 2 (Figure 3). The difference between
this case and the previous one is that the setpoints will be
changed simultaneously with the input and output flows
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Fig. 6. Case 3, state trajectories. (states - dashed line,
reference - continuous line)
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Fig. 7. Case 3, control actions for tracking under distur-
bances

(rainfall and user demands) to evaluate the dynamic char-
acteristics of the controller, such as the existence of offsets
when varying the input while being under disturbance.

Figure 6 shows that the first reference change in the pres-
ence of rain is oriented to maintaining the water level at
a low value in order to avoid water spills. Then, when the
rain ends, it is decided to open the floodgates to supply
water to the entire canal and avoid drought since in that
time interval the water demands of the users are main-
tained. From the findings, it is inferred that the controller
manages to track the reference under disturbances without
producing a considerable steady state error magnitude
(1.27 cm of maximum steady state error for ygp, ).

5. CONCLUSIONS

This work has presented the design of a regulatory con-
troller applied to an open-channel irrigation system, and
its performance is demonstrated on the first two pools of
the Corning canal (California). The proposed approach is
based on an LPV model enhanced with One-Sided Lips-
chitz (OSL) and Quadratically Inner Bounded (QIB) con-
ditions, which enables the representation of the system’s
nonlinearities using fewer vertices compared to a conven-
tional polytopic LPV formulation. This structural sim-
plification facilitates controller synthesis via LMIs with-



out compromising dynamic performance. The resulting
controller has proven effective in regulating water levels
while rejecting realistic disturbances such as intermittent
water withdrawals by users—modeled through low-pass
filters and rainfall events—represented using sigmoid-type
functions. Furthermore, the controlled system accurately
tracks imposed setpoints, maintaining stability and fast
response even under operating regime variations. The ob-
tained results validate the practical applicability of the
proposed strategy in real world irrigation scenarios, high-
lighting its computational efficiency, adaptability, and po-
tential for extension to larger scale hydraulic networks
with nonlinear characteristics and external disturbances.
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