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ABSTRACT 

‘l’his paper presents a digital control scheme for water 
level rc:gulat.ion in canals. The scheme considers a proto- 
tyl)e canal composed by a series of pools connected with 
activ(a gatrs. A control system is designed for each pool 
with the objective of manipulating the upstream gate in 
order to drive and maintain the downstream level at de- 
hirctl valuw. I,Zach control system is composed by two 
cx)nt.rollcrs: OIIP implements a discrete time predictive 
cont.rol law that gives the desired discharge through the 
gat.e as to cnsurc the downtream desired level; another 
on? implements a local control law t,o move the gate to 
ac-hic,vc the desired discharge. The paper presents the 
formulation of the global control scheme and shows re- 
sults from simulations to illustrate and discuss the per- 
forniancc: in diffexnt operat,ion scenarios. 

1. INTRODUCTION 

In the last years it has been growing the interest in in- 
troducing automatic control tools to improve the water 
tlclivcsrv rffirirncp in irrigat,ion canals. Different control 
al)proaches have b~eu proposed and reported in the liter- 
ature. Among them, predictive control has been consid- 
rred based on the nature of the irrigation control prob- 
1~1~ n.ntl t,hcz rfficicncy shown by predictive controllers in 
I)ractic.al applications in a varirty of areas. The funda- 
rnc,ntals of prcdictivc cont,rol invoked in this paper follow 
thy approach of [I]. 7‘1 lese fundamentals were already 
concrpt.nally invoked for irrigation canal control in [2,3], 

drsigning stable controllers for on-demand operation of 
single reaches. In this paper predictive control is used for 
a multi-reach canal with the objective of level regulation. 
‘1‘11~ rc.gulation schrme 11as a decentralixcd setting where 
t hc~ global canal is seen as a set, of inberconnected reaches 
tirsigning c-ontrolhsrs for each one of them. A central- 
iz(~I nllllt,iva[-iable I)redictive collt.roller is described in [4]. 
S~~veral aut.hors have approached thr control of irrigation 
canals via predictive cont,rollers. Significant references 
am fouled in [3-S]. 
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2. OVER.ALL SYSTEM 

The overall system is a canal with a series of N pools, 
gates and offtakes as illust.rated in Figure 1. The up- 
stream and downstream bounds of the canals are such 
that there is a reservoir upstream of gate I and a weir 
al t.hc tlownst.rt~ain end ol’ 111~. ~~001 \‘. ,\ lC1l~,ri I olft;tk(, 
is placed immediately upstream of each gate. In this pa- 
per, for the sake of simplicity, offtakes are supposed to be 
weirs, but the procedure presented herein can br, readily 
adapted t,o other kinds of offtakrq. 

The overall control scheme is composed by 1%’ control sys- 
tems with the part.icular objective of manipulating thr 
opening of each gate in order to drive and maintain thr 

setpoint level at the downstream end of the correspond- 
ing pool. The objective for the cont,rol syet,enl 2 is to 
manipulatr the oprning II, to rnhure thr level v, to bt 
maintained at thr desired 5t.t point. y,“‘. 

The design and the implementation of each control sys- 
t.em c is undertaken by m~aus of two controllers which 
will be referred to as rlocr~strcnrrt r,ontrollcr z and locnl 
c-ontrollcr i respective!y. ‘Th(, downstream col~trollr:r z 
is formulated through a discrete time control algorithm 

5 



Figure 2: Model of pool i. 

which, at each sampling instant k = 0, 1,2,. ., gives the 
desired discharge q, through gate i for the next sampling 
instant Ic + 1 such that the downstream level yt, as pre- 
dicted by a model for a future instant, is achieved. The 
local controller i is designed to move the gate i between 
instants I; and k + 1 with the purpose of meeting the 
desired flow at k + 1 as given by the master controller Z. 

For the design of the downtream controller i, this paper 
relies on the combination of a strategy of predictive con- 
trol with a simplified model of the pool i. The present 
local controller i is based on a continuous time PID hav- 
ing the gate opening U, as manipulated variable and the 
discharge qt as controlled variable. The setpoint for this 
PID controller is changed at each sampling time li accord- 
ing to the desired discharge generated by the predictive 
downstream controller i. 

3. PREDICTIVE DOWNSTREAM 
CONTROLLER 

Predictive control essentially relies on the use of a model 
able to predict the system output as a function of the sys- 
tem inputs on a moving horizon scenario, and to compute 
the control sequence that makes the predicted output to 
follow a desired trajectory through the minimization of a 
performance criterion [refs]. The following three subsec- 

tions present the predictive model adopted in this paper, 
the control algorithm and the way in which unknown fu- 
ture inputs are estimated for prediction purposes. 

Predictive model 
‘I’he purpose is to build a simplified model of the pool i 
involving the discharges q, and q,+r through gates i and 
2 + 1 respectively, the discharge w, through the offtake i 
and the downstream water level y,. This model describes 
the pool as composed by a single reach followed by a 
storage zone, as illustrated in Fig. 2 
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The single reach is described by a difference equation 
model that relates the upstream and downstream dis- 
charges qz and sI respectively in the form 

where k denotes the sampling instant JZ = O,l, 2.. Para- 
meters Y,~ (k) and pLtJ (Ic) can be obtained based on system 
identification approaches or based on physical inodelling 
concepts. They can be obtained off-line and ltept con- 
stant (vIJ, PL;,) along the operation of the control system, 
Or, alternatively, they can be updated on-line as y,,(k) 
and ~,~(li) in a setting of adaptive control. 

By the way of example, we may consider a particularly 
simple form of model (1) by using the so called Musk- 
ingum model 

s,(k) = v,,s,(k - 1) + p,oqr(k) + ,u*lQ,(k - 1) (2) 

where the three parameters are given by 

VI0 = 
2K,(l -X,) -T T - 2h,X, 
T ;“,“; 

!k 
1. xX) ’ ‘I0 = T + 2K,(1 - x,) 

pt1 = T + 2h,(1’- :i-,) 

(3) 
where h, and X, are calibrated hydraulic parameters and 
T is the sampling period. The storage zone can be mod- 
elled (in continuous time) by the differential equation 

At% = s*(t) - q,+l(t) -w(t) 

where A, is the section of the storage zone. 

By discretizing equation (4) and combining it with model 
(1) we get 
JZO ,=cl 

(5) 
where A denotes the incremental operator which, for a 
generic variable y, gives Ay(l;) = y(t)--y(k-1). Parame- 
ters in (5) are given by appropriate expressions. In the 
subsequent formulation, these parameters are assumed 
constant for the sake of simplicity. By using-model (5) at 
each sampling instant I;, we may predict the incremental 

 



water level over a prediction interval [li, li+X] in the form 

where A&(lc + Ills) denotes the sequence of increments 
of the level yt predicted at instant k for future instants 
Ic + 1 in response to the sequences of incremental inputs 
Acj,, AC&+, and AG, over the interval [k, k + X]. This 
prediction is redefined at each sampling time C in the 
form 

A&(k + 1 - jlk) = Ag,(k + 1 -j), j = 1,. ,n 
A&(k + 1 - ilk) =Aq,(lc+l-j), j=l,...,m 
A&+l(Ic+l-.~/lc) =Aq,+,(k+l-j),.i=l,...,,, 
Ati,(k + 1 - j]lc) =Aw,(k+l-j),j=l,..., pz 

(7) 
Notice that variables without hat accent denote quanti- 
tites that are known at time instant k. Thus, the re- 
definition of the predictive model in (7) means that the 
controller i will need information on the actual level at 
downstream end (y,), the discharges through gates i and 
.r+ 1 (q, and qr+l respectively) and the discharge through 
offtake z (~1~) at each sampling time I;. Also notice that 
the prediction defined by the model (6) involves future 
variables on the interval [Ic, L + X]: AG,(k + 1 - jlk) is 
a control sequence to be determined by the master con- 
troller design, while A~,+~(I~+l-jlk) and Ati,(I~+r-jlk) 
are seen as disturbances which cannot be manipulated by 
the controller. Let us assume in this section that these 
disturbance sequences are available (in a further subsec- 
tion we will deal with how to estimate them). Then, by 
using model (6) we may predict the sequence A&(k+Ill;) 
having the control sequence A@,(lc + Ilk) (I = 1,2,. , A) 
as unknown. 

Predictive controller 
In order to obtain the incremental control sequence 
AG,(Ic + Ilk) (d = 1,2,. . ,X), we may impose the min- 
imization of a performance criterion. Different criteria 

can be used [l], but a particular simple case, with satis- 
factory results in previous applications [2,3], can be de- 
fined by the following t,wo conditions: 

&(k + Air;) = Yl(k + Al;) 
A&(lc + Ilk) = 0, 1 =2,3,.,.,X (8) 

This performance criterion has an intuitive basis: we aim 
to find the control sequence that, being constant between 
instants lc + 1 and Ic + X, renders the output yI predicted 
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U'J j=l,...,rl 

= ‘3 b j=O,l;.,,m 

= Cl3 j=O,l,...,pr 

(11) 

for the last prediction time Ic + ,4 be equal to a reference 
value yr. This reference value can be chosen as belong- 
ing to a desired trajectory converging to the setpoint yfp. 
Imposing a constant control sequence is a practical man- 
ner of reducing the number of unknowns to only one, that 
is A&(lc + Ilk). 

By using the predictive model (6) recursively from the 
initial conditions (7), we may write 

+ xhj:‘Aw,(l; + 1 - j) + &t’-“AB.(k + jlk) 
,=I 3x1 

1 

+ cfii+1-3) A&,, (Ic + jlk) + hjf;t’-‘)A&( k + 11k) 
3=1 

1=1,2,.,.,x 

(9) 
where the coefficients are obtained from the parameters 
of the predictive model (6) using the following recursive 
algorithms: 

e CL) = e!:-‘)a,3 + ‘3 eI’3~,‘;j=1,...,n 1=2 . . . . . x 

9 
(1) = &‘-‘)b + g(‘-‘) 
13 11 ‘3 

r3+1 3=0,1,...,m;l=12;.,,X 

f(l) = ej:-')c,3 + fl-1) 
'3 1,3+1 j=o,1,..~,p~;1~=2,..~,x 

h(‘) = ej;-l)d,, + Q’;,l,) 13 ~=o,l,...,p~;1:=2,...,x 

,il) 
‘3 

g(‘) 
‘3 

f!” 
13 
(l-1) 
e,,n+l 

p-1) 
*,Pltl 

= ‘3 d j=O,l,.-.,pz 

= (l-1) - 0 
Qt,n+1 - j=2,...,X 

= $‘-‘) - 0 
r,Pztl - 

j =&...,A 

By summing up the X equations of (9) and usin,: (7) and 
the second condition of (8), the predicted water level for 
lo + X can be written in the form 

h(l) 
‘3 
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Aw,(k + 1 - j) + P’X’AG,(k + Ilk) to 
j=1 

x 

+ cyli+1-3) 
A,&+, (k + jlk) + G:,X+~-~‘AG(~ + dk) 

1x1 

where 

p - ‘1 - cfj;’ 6:;) = C/t:;) 
I=1 1=1 

Now, just imposing the first condition of (8) we have 

Afj(k + l,k) = dck + ‘tk) - %(k) - ‘ttk + ilk) 
(14) 

&(k + Ilk) = 

-& Ayi(k + 1 - j) + 2 Pi,X’Aqa(k + 1 - j) 
*=1 3x1 

+ ~7!:)ay~+l(k+l-j~+~6!:'Aw,(E+l-i) 
3=1 j=1 

x 

+ cyj,*+l-‘) 
A&+,(k +jlk) + 6j;+‘-3)Atb,(k +jlk) 

j=1 

(15) 

Finally, the control discharge for instant k + 1 is 

it(k + l/k) = A&(k + Ilk) -q,(k) (16) 

Notice that, in order to compute, at each sampling in- 
stant k, the desired discharge cj,(k+llk), we need to know 
the past and present values of the downstream level y,, 
the discharges at gates i and i + 1 and the discharges at 
the offtake Z. We also require the future values of the dis- 

charges at gate Z+ 1 and offtake i, that is AQi+l(k Sjlk) 
and AC~~(k+jlk) respectively, over the prediction horizon 
j = 1,. , X. Present values are known through measure- 
ment sensors. Future values have to be estimated. The 
next, subsection describes one way to perform this esti- 
mation. 

Estimation of future discharges 
The control law formulated in the previous subsection is 
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based on a model predicting the pool behaviour over a 
time horizon [k, k + X]. We remark that, while k denotes 
the real sampling instant in which the control clperation 
is performed, the future time instants denoted as k + 
lJk, . , k + Xlk represent a fictitious time sequence. In 
order to estimate the discharges G,+l (k +J 1 k) and z& (k + 
jlk) at these fictitious time instants, we will assume that, 
at the final instant k + X, each controlled pool i is in a 
steady state in which the downstream level has reached 
its prescribed setpoint yap. 

Let us consider the pool N in the scheme of Figure 
1. We will consider that the steady state hydraulic re- 
lation between the offtake discharge we and the wa- 
ter level gr\i is known and modelled by a funl:tion fiy 
that characterizes the specific offtake structure. Accord- 
ing to the steady state assumption at the final instant 
k+Xlk, we consider tiN(k+XIk) = f~(yF). For instants 
k+llk,...,k+X-Ilk weassume alinear variation from 
the actual value at instant k, wN(k), to the fillal value 
that is, 

AGN(k + jlk) = GN(k + “1;’ - wN(k) 
(17) 

Atii)N(k + iI + Ilk) = 0; j = 1,.,.,x 

A similar assumption can be made for the discharge GN+~ 
at the downstream end of the canal scheme, so that 
A@N,,(k + jlk) can be estimated for j = 1,2,, . ,X + 1 
as in (17). Let us now consider a generic intermedi- 
ate pool i. Proceeding as for the pool N, WC assume 
G,(k + Xlk) = f2(~fP) and then write 

Ath(k + Jlk) = 
,G,(k + Xlk) - w,(k) 

x (18) 
AGt(k + X + Ilk) = 0; j=l,...,X 

For the downstream discharge we consider continuity: 

i,+l(k+Xlk) = 5,t,(k+XIk)... +ti,v(k--XIk) 
+‘jN+l (k + X/k) 

(19) 
to estimate the steady state downstream discharge at in- 
stant k + X. For instants k + Ilk,. , k + Xlk we again 
consider a linear variation from the actual value at in- 
stant k, q,+l(k), to the one given by (19): 

= 1ttl (k + Xlk) - et I(k) 
AG,+l(k+ jlk) x 
Aqt+l(k + A + Ilk) = 0; j = i; 2,. , x 

(20) 
In summary, starting from pool N, and going backwards 
to pool 1, we may end up with the estimation of the dis- 
chargesAti,(k+jlk)andA@,+l(k+jlk)forj=-l,...,X 
for each predictive controller z = 1, , N, so that the 
desired control discharge it (k + 11 k) can be computed 
at each sampling instant k by using (16). Notice that 
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Figure 3: Water levels for setpoint variations 

in order to implement this procedure, each predictive 
controller i requires, as feedback information, to know 
the actual discharge through the subsequent gate i + 1, 
q,+l(k), the discharge through the offtake i, w,(k), as 
well as the downstream level y,(k) at instant k. It also 
needs to know the setpoints for each control i + 1,. , Iv 
downstream of gate i. 

4. ILLUSTRATIVE TEST EXAMPLES 

The case study we have selected is a canal composed 
by 4 reaches (pools). All the reaches are equal, with 
a length of 1500 m, rectangular cross section of 2.5 m 
width, slope of 0.0005 and Manning roughness coefficient 
of 0.014. Initial conditions for the system are the follow- 
ing: discharges passing under each gate are 4.27 m3/s, 
3.83 m3/s, 2.5 m3/s and 2.5 m3/s. There is a lateral 
weir of 1.10 m at the end of each pool. Water levels 
downstream each pool are 1.66, 1.75, 1.08 and 0.74 m 
respectively. 

Downstream of each gate, there is an offtake whose water 
level is the control objective. The offtake discharge can 

be produced with a fixed lateral weir or a lateral gate 
and the purpose of the system is to maintain a desired 
water level (setpoint). Different setpoint variations have 
been imposed to assess the ability of the control system, 
formulated in Section 3 when using the model given by 
(2), to drive the canal to the desired final state. 

As a first example, we have assumed two different vari- 
ations of the water level setpoints at the end of reaches 
1 and 3. Setpoint 1 decreases from 1.66 m to 1.56 m, 
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Figure 4: Discharges for setpoint variations 

and setpoint 3 increases from 1.08 m. to 1.18 m. Figure 
3 shows the water level evolution, where levels 1 and 3 
reach the desired final values. Although water level 2 has 
no setpoint variation, t,he movements of gate 3 modify its 
value and the controller reacts in order to keep the water 
level. Discharges passing under each gate are shown in 
Figure 4. 

To test the ability of the controller to react in front of 
unknown perturbations, we have added a constant dis- 
charge of 0.5 m3/s at 500 m downstream of gate 1. This 
information is not supplied to the controller, anal it only 
gets knowledge of the perturbation when the water level 
setpoint is modified due to the incoming discharge. In 
Figure 5 we can observe how the wat,er level of pool 1 in- 
creases and the controller counteracts the effect, driving 
the water level to its initial value. Discharge passing 
under gate 1 is reduced to counteract the effect of thr 
perturbation discharge as it can be observed in I‘igure 6. 

The situations described above have been nunlerically 
simulated replacing the controlled canal by a cllmput,a- 
tional scheme based on the full Saint&Venant equations. 
The method of characteristics has been used in the nu- 

merical solution, considering an explicit approacll (space 
step 20 m). The purpose of the simulation has been to 
assess the effectiveness of the control system in a variety 
of realistic operating conditions. Thus we have checked 
if the control system is able to achieve different changes 
in the water level as well as to react in front of tile nega- 
tive effect of disturbances. The tests can be seen as usual 
changes in an on-demand water distribution systl,m from 
a steady state to different desired water level. 
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Figure 5: Water levels in front of unknown discharge 
perturbation. 

The whole code, both the controllers and the hydraulic 
model, has been written as a set of Matlab functions 
(version 4.2c.l), which are called from the Simulink sim- 
ulation environment. Thus we can modify both the con- 
troller and the hydraulic parameters of the canal in a 
flexible interactive manner. The scheme can be seen as a 
platform for development and testing of different control 
algorithms. 

5. CONCLUSIONS 

A decentralized control scheme has been proposed for ir- 
rigation canals made of a series of pools connected by 
gates. A predictive controller has been designed to con- 
trol each pool with the objective of ensuring the setpoint 
water level at the checkpoint located downstream of the 
pool. Each control unit works independently and it uses 
the downstream water level at every reach, and the dis- 
charge passing through the control gate as well as the 
desired downstream discharge as the only feedback infor- 

mation. A simulation scheme has been set up in Matlab 
allowing easy, flexible design of the controllers and their 
evaluation. 
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