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ABSTRACT

Irrigation scheduling is necessary to ensure tlirewater distribution between end-users
and to organize gate keepers work. After analymmter distribution issues at a secondary
sector of the Gignac Canal, we developed an apprtaoptimize water delivery of on-
demand distribution policies. MIQP was used to sabuch problem. Within irrigation
network, water resources and manpower for gate atipar constraints, we built an
objective function for dual goal: as close as passio demand load profile and less
manpower work. This method will be illustrated fecheduling off-take turnouts of an
example chosen from a secondary command area digimac Canal.

INTRODUCTION

In open-channel irrigation networks, the channdtaslitionally designed for low volume
storage and for agricultural usage only. Wateiisgiduted from the source to outlets based
on fixed rotation schedules (seen the definitiorClemmens [3]) which water delivery
rarely matches crop needs (Merriaghal. [9]) and leads to water waste. Moreover,
increasing of land cultivation and worsening draugbnditions have led to the need for
water savings. Thus, delivering water to farmedatstat the right time and in the right
quantities is increasingly important (free accebg)wever, the systems are characterized
by significant hydraulic constraints, such as titags and overtopping. Currently, some
irrigation schemes have undergone diversificatioigation techniques, crop patterns and
usages (agricultural, urban and industrial usages);, the Gignac Canal scheme in the
south of France. These changes generate watebdii&in complexity. It is actually due to
rapidly changing (somehow apparently random) wdtmnands. Satisfactory distribution
may be very difficult to achieve. In this situatjoon-demand distribution giving farmers
the opportunity to present their demands regardtirigation start time as well as water
quantities in advance should be considered. Watlvedty through coordinated efforts to
manage supply and demand should be optimized.

Optimization of irrigation scheduling has been lgestudied more than twenty years.
The work of Suryavanshi and Reddy [11] is considaas the first optimization approach
on the subject by many literature reviews (Wanhgl. [13], Anwaret al. [2], de Vrieet al.

[4], [5], Wardlaw et al.[14] , Mathuret al. [8], Haq and Anwar [6]). This method was
conceived to minimize water flows in the laterahabby stricter application of the duration



of the irrigation turn. It is called “stream tubesthod”. The method function was criticized
and corrected by Wangt al. [13]. Later, it was improved for optimizing irrigah
schedules using arranged-demand by Arsval. [2] and De Vries and Anwar [5]. Another
technique called “time bloc approach” was developgdeddyet al. [11] for optimizing

the random water demand at the lateral canal ldvetently, the irrigation scheduling
using on-demand distribution was developed by Niebral. [10] and Li et al. [1].
However, the above techniques are not designedite ¢he irrigation scheduling problem
linked to flexible decision making on time-on, diwa and flow rate, multi-irrigation
techniques and priority criteria. To our knowledgeanpower issues associated to gate
operations were not mentioned in previous research.

In this paper, optimization of water distributiorethod using MIQP (Mixed Integer
Quadratic Programming) will be described. This apph is based on user water demand
parameters: irrigation start time, irrigation diwat and flow rates. These three parameters
are considered as input. The decision making psotesn accordance with the global
solution of the objective function and constrainthie difference between demand and
supply should be minimized. Gate operation tasks aso considered in the objective
function and constraints in order to optimize tla¢egkeepers work. This method is applied
to an example of irrigation scheduling performedairsecondary command area of the
Gignac Canal in south of France.

IRRIGATION SCHEDULING OPTIMIZATION USING MIQP

In most cases, water is diverted from sources asdlivers or reservoirs by a main canal at
fairly stable flow rates to irrigation schemes. dral or secondary canals are connected to
the main canal and supply several distribution ar&ae water turn is generally performed
at this level. Some outlet groups need a distribatatertiary canal to transfer water from
the lateral canal as seen in Figure 1. Water dslifrem the canal to sub canal is controlled
by means of a manually—operated gate. The farmetsuttan be connected to any
hierarchical level of canal. Otherwise, each outt#lows the indiced, j and k which
represent the off-takes on the main canal, therdhteanal and the distributor canal
respectively.

For on-demand scheduling, each outlet is charaeigthy three demand parameters: 1)
irrigation start time td ), 2) duration ¢d ) and 3) flow rate §d ). The issue that must be
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Figure 1: Irrigation scheme



addressed is how to set optimal supply levels thke into account these three random
demand variables while satisfying all actors (used irrigation manager).

Objective function

For on-demand scheduling, the objective is to @elivater to users as close as possible to
their requests. Therefore, the deviation betweenasel and supply should be minimized.
The deviation of irrigation start time, irrigatiafuration, and flow rate as well as water
guantity are considered. Concerning irrigationtstiane, it can be at any time (ledd ,
lag ts* or right timetd ) in accordance with global distribution resoluticBimilarly,
irrigation duration and flow rate can be equald(qd ), inferior (d™, g ) or superior
(d*, g*) to demand (Figure 2). Whereas, water quantitypkumust be equal or inferior to
demand. The quantity parameter is used to makecmioe on duration and flow rates
which should be adjusted in opposite directiongffé 2); e.g., when irrigation duration
increases, water flow should be decreased. Inphper, all deviation comparing to the
request were taken into account as penalty cosésu¥¢ a quadratic function to develop
our approach. And three decision variables 1) sta# (ts), 2) irrigation duration ¢) and

3) water flow (gs) are integer numbers.

As described above, irrigation techniques and guafierns have been diversified.
Water should be diverted to outlets based on pyianiiteria. We propose three priority
coefficients linked to start timec( ), flow rate (c,,) and volume ¢, ). Furthermore, water
distribution is a complex task. Water is divertedni the sources to end-users through
hydraulic structures and the delivery is control®dmeans of gates which are generally
manually operated (the approach would be the shthe regulating structures were weirs).
To carry out the distribution and to reduce operattost, their tasks should also be
minimized. The duration of one job depends on tlstadce of the operation site from
where the previous job was performed. Neverthetessmplify the duration determination
for each job, we use the maximum job duration fibrjabs. Thus, the number of jobs
possible for gate keepers during irrigation schedsldefined as the maximum number
(Mo,,«) which we should try to reducevo,,, for each work period is the result of
division between the duration of work period and thaximum job duration. We use a
Boolean variable 1n0) to define a gate operation. This variable isafien the operation is
not required and one otherwise. Therefore, theablgfunction can be written as follows:

Min{J =C'X +%(XTQ.X)} 1)
lead la
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j ' 7 gd, dd :
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Figure 2: Scheduling issue



Where Cand Q are matrix coefficients of the objective functioost. Their sizes depend
on the size of the X state vector variables.

1S — 20, (td) 20y 0 o0
iji = 23 (dd) 0 28 O
aSik = 2y (adiy) . 0 24y
X =l G | C=| ik and Q= . : 0
may y
APy We : : o
Yiijk N Ogiji N 0 : : < O
Where
g =— n:’\ll’gj:ts)ljk By = — plez B = _ r:"s;?qs)uk
ZZZ(Atmax) 22202 (Adp)? PIDIPN I
i=1 j=1k=1 i=1 j=1k=1 i=1 j=1k=1
Bix :—n sz:)Equ)uk andy o Ws
z z z (Aquax) z (Momax) int
i=1 j=1k=1 int=1

andi, jandk are the outlet indiceg, is the time index and is the gate index. In thg
variable, the three additional variables are deffifoe 1) the outlet flow rate as a function of
time (q), 2) the unused water flow at each canal egpi X and 3) the outlet irrigation time
(y). The variablesy and gp are integer variables and y is a Boolean variaplés equal
to one during the irrigation time associated willeoutlet, and to zero the rest of the time.
Each term value in the objective function shouldokénveen 0 and 1. In fact, the sum
of the difference between supply and demand squéredivided by the sum of the
maximum deviation squaredt,,,,Ad, ., Adma, aNdAQV,,are maximum deviation of start
time, duration, flow rate and volume respectivéturthermore, we also introduce penalty
factor costs W;-; ¢ ) to the above terms thereby providing more optitmsrrigation
policies.

Constraints

To ensure distribution and to obtain fair irrigatiperformance, every water turn should
respect some constraints. The first one is thahdividual water turns should be completed
before the end of the schedule peridjf (

tﬁ;k + duk = (2)

As y is a Boolean variable and represents the irrigatime, andM is as high a
positive value as required to respect the conditioelow, we can write the constraint to
determiney for each job or outlet as follows:

T
di + Y Vi = 0 Oi, jandk

t=1
tSj — M @ i) <t Oti, jandk (3)
ts + G + M (L= Yyj) 2 t+1 Ot,i, jandk



Where t is defined for the time horizon (time sjot® order to avoid perturbation
during the irrigation period, the water flow forobaoutlet should be constant. Thus, while
y is equal to one, the variabtp is equivalent tqs .

Gijk ~— dSijk + M (L= Ygc) 20 Ot,i, jandk
qtijk - Mytijk < O Dt,i, J andk
All modifications of the water position are congigle as operations. The constraints

below are used to count the number of operationsefizh gaten, miandpij are the
maximum values of, jandk indices.mi depends on and pij oniand].
n_ m pij

2> ik ~M(moy)<0,t=1

i=1 j=1k=1

qpr—M(I’T\OlV)SO, bOt=1

n m pij n m pij

zzz%‘k _zzzq(t—l)ijk +M (moiv)+ Py ~ APy 2 0, Ot = 2andv

i=1 j=1k=1 i=1 j=1k=1

n m pij n_m pij
Zzz%k _Zzzq(t—l)ijk -M (motv)+ Py ~ APy < 0, Ut = 2andv

i=1 j=1k=1 i=1 j=1k=1

(5)

The variablemo can be equal to one only for the work period dedeeepers and to
zero outside of this periodmosandtmof are the gate keepers’ work start time and end time
respectively.nb, is equal to the number of work periods.

tmos, —M (1-ma, ) <t Ot <tmos~ 10tmof,_j <t <tmos
tmofy, +M (L-ma,) =t [t = tmof,y, (6)

t+AtNDya,

2. > mo, <1

t=t v=1

As water saving is increasingly a hot topic, thpmy of water volume that is superior
to the demand is seen as very wasteful. In thigesdonwater supply must match or be
inferior to the demand volume. However, it shoukbaespect the minimum supply level.
& is the time slot for our simulation.

T
= (7
T ..
thijkd 2 V) minQVdiy Oi jetk
t=1
On the other hand, all decisions on outlet flowesatmust take into account the
available flow rate@r) as well as the volumab.is the number canal.

n m pij nb,
DD Gt APy < Qn Ot 8)
i=1 j=1k=1 v=l

Besides that, irrigation network capacities areitéoh to distribute water to all users
simultaneously. We put some more constraints tmgmy flow rate capacity. The canal is
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Figure 3: Example of irrigation network

generally divided into pools which have their owapacity (QCq ). ipool is the initial
number andnpool the maximum value off at each pool. To lateral canal and distributor,
its actual flow rate must be inferior or equalt®dapacity Qc; andQc; ).

npool mi pij
D Ghjk < QCpoq Ot and 1<ipool < npool < n (9)

i=ipool j=1k=1

mi pij

> Gk <Qc Oi (mi 2 2)andt (10)
=1 k=1

pij

D ik < Qg; Diet j (pij = 2)andt (11)
k=1
APPLICATION

The method is applied to a command area of a secgridigation canal of the Gignac
Canal for scheduling water user demands. This sdet® about 130 ha of irrigated land,
mainly vineyards. Nowadays, this command area théncomplex situation of diversified
crop pattern, mixed usages (farming and urbanjerdifit irrigation techniques and mixed
distribution scheduling (rigid rotation and arradgechedule). In addition, it faces water
scarcity in June and July and less water turn wts(after analyzing data collected in
summer 2010). This sector has 201 outlets incluflingoan outlets.

Here, we studied the irrigation scheduling of awmek example with 11 outlets
extracted from the studied sector for a 12 h peridu irrigation starts at 8 h and finishes
at 20 h. In this example, two gates are operatedumslly by gate keepers at two
intervention periods: 1) from 8 to 9 h, and 2) frathto 13 h. The requested load profiles
are presented in Figure 4. For all outlets, we idemshe same priority criteria. The flow
rate at lateral canal inlets matches 70 I/s dutidh for supplying 11 outlets downstream
through a lateral canal (capacity of 70 I/s), tvtleen distributor’s canal and two of their sub
canals that have the same capacity of 35 I/s.

Equations (1) to (11) were transformed into matfixmulation within Matlab
software. The IBM-llog Cplex solver is called tadi an optimum solution. For 11 outlets
during 12 h which was set to 13 time slots of 1he, problem has 371 variables and 923
constraints to be solved. The result of the optitidn is shown in the graphs of Figure 4.
The objective function cost was found to be 0.28pdonsideringv=1/6). The total water
taken from the canal was found to be inferior te tvailable amount (ratio = 60%).
However the adequacy (using Gateal [7]'s method) on water quantity was estimated to
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Figure 4 : Requested and scheduled load profiles

be 79%, i.e. the scheduled volume was inferior ¢orflguested ones by 21%. Actually, it is
caused by the canal capacity and manpower constrdihe work of the gate keepers was
reduced from 8 (maximum work) to 2 (optimum workjoreover, the adequacy on start
time was found to be 36% early and 20% late contpbtralemands. While, we found the
adequacy 98% on demanded irrigation duration aftl 84 demanded flow rate.

CONCLUSIONS

This paper introduces a new method for irrigationesluling using on-demand distribution
policies. The technique proposed uses MIQP algoritwhich objective function was
developed based on a quadratic function. We prapsiseterms for this function, with four
being defined for user adequacy, one for wateriligion cost linked to gate operation and
the last one concerns water lost. First, this ogation procedure allows a flexible decision
making on irrigation start time, irrigation duratiand outlet flow rate, as close as possible
to the requested load profile. Second, it enabléndainto account priority criteria
referring to crop pattern, irrigation techniqueage type, and outlet location. Moreover, it
can optimize the gate operation.

However, water delivery needs transit time whicpatals on the hydraulic state of the
canals. We will take this into account in futureriwoThe present work also assumes that



gate operation duration is constant for all operajobs. Nevertheless, it can be variable
depending on the distance between the gates. Alsmay be better to minimize the
distance covered by the gate keeper instead afiuh@er of operations. Finally, standard
water demand, weather prediction and previousatidgs should be considered as closed
loop calculation.
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