
 

Abstract—Nearly 90 percent of global groundwater supported 

irrigated areas are those that have conjunctive use of both surface and 

groundwater. A major driver behind the use of groundwater in these 

regions, beside surface water availability issue, is the poor operational 

performance of the surface irrigation schemes. Therefore, they 

intensively extract water and continuously deteriorate the aquifers. 

The current study focuses on six main irrigation districts that are 

located in Zayandeh-Rud River Basin (ZRB), in the central part of 

Iran, where a total area of 200,000 hectares is irrigated using surface 

water in conjunction with groundwater. To improve the performance 

of the irrigation networks for each of these districts, three operational 

model alternatives including fully automated systems were 

incorporate. Each of these models is designed and run for each of the 

six districts separately. The results of this study point to 15% to 25% 

reduction in operational water losses depending on the alternatives. 

These potentially reduced water losses are then available to be used in 

the agricultural sector that can result in reducing the groundwater 

extraction up to 300 (Million Cubic Meters (MCM). 

 
Index Terms—Automation, Canals Operation, Groundwater 

Overexploitation.  

I. INTRODUCTION 

Nearly 90 percent of global groundwater supported irrigated 

areas are those that have conjunctive use of both surface water 

and groundwater [1]. However, groundwater will remain the 

ultimate source of irrigation, due to the unreliable performance 

of the surface water distribution systems in arid and semi-arid 

areas (Burt, 2013; Singh, 2014).  

Substantial investments have been made in developing canal 

networks for appropriate allocation of the surface water to the 

farms in the arid and semi-arid regions. However reliable water 

distribution has not been achieved due to poor canal operation 

(Burt, 2013). Accordingly, modernization, rehabilitation, and 

renovation of irrigation districts, in both farm scales and 

off-farm water management, needs to be focused on the 

long-term demand management. Previous studies have shown 

that automatic operational services can provide consistent and 

 
S. M. Hashemy Shahdany and S. Javadi* bot are with the Aburaihan Campus, 

University of Tehran, Pakdasht, Tehran, Iran  

A. Neshat is with the Department of Environment and Energy, Science and 

Research Branch, Islamic Azad University, Tehran, Iran  

H. Salmani, M. Morady Kondory and M. Malmir Civil Engineering, Tehran, 

Iran.  

 

reliable water delivery to the entire water users, from those 

located at the most upstream laterals to the end users of the main 

canal, due to the more reliable performance of the systems 

(Clemmens, 2012; Guan et al., 2011; Hashemy Shahdany et al., 

2015). An intelligent operation of the canals, provided by the 

optimal control systems, can significantly reduce the 

operational water losses within the canals, and consequently 

lead to conserving the higher amount of water.  

Automation of the canal system requires implementing 

advanced real-time control algorithms to deal with the 

complicated interactions between control objectives and the 

water saving operational strategy. In this study, two 

configurations of the decentralized and centralized control 

system are designed and tested. Also, impacts of performance 

improvement of the canal systems on reducing operational 

water losses are thoroughly investigated. Accordingly, the 

Proportional Integral (PI) and Model Predictive Control (MPC) 

are selected as the decentralized and centralized configurations, 

respectively. Application of PI decentralized control systems, 

acting as a Single Input - Single Output (SISO) system, is 

previously investigated in different irrigation canals (Burt, 

1999; Hashemy et al., 2013; van Overloop et al., 2005; Wahlin 

and Clemmens, 2006). Model Predictive Control (MPC), which 

has been widely applied in the studies related to canal 

automation (Maestre and Negenborn, 2014; Van Overloop et 

al., 2010; Zafra-Cabeza et al., 2011a), is employed. MPC is a 

model-based control approach, combining feedbacks control on 

measured water levels at different locations along the canal, 

with feedforward control dealing with predictable disturbances 

and optimal control to provide a highly intelligent operational 

performance of the canal network (Camacho and Bordons, 

2004). 

The present study focuses on Zayandeh-Rud River Basin 

(ZRB), a sub-basin of Central Plateau Basin (CPB) in the 

central part of Iran with six main irrigation network districts. 

This study hypothesizes that improved canal operational 

management through automation techniques can improve 

surface water distribution system, reduce the operational water 

losses, the groundwater exploitation throughout the six 

irrigation districts. Procedure for Paper Submission. 

II. STUDY AREA DESCRIPTION 

ZRB is located in central part of Iran, on the east side of the 
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Zagros Mountains in Esfahan Province. The Zayanderud River 

is one of the major rivers in the central part of Iran extending 

from west to east and draining into the Gave-khuni swamp 

(Figure 1). The ZRB basin has covering a total area of 41,524 

Km2 and is characterized by its semi-arid climate with 50 to 

1,500 mm average annual precipitation and 1,500 mm annual 

evapotranspiration. For this basin, the primary source of water 

is snowmelt that peaks during spring (Bhadra et al., 2010). 

 
Fig. 1: Schematic view of the six Irrigation Districts (ID) along the 

Zayendeh-Rud river  

 

Currently, there are six irrigation districts within the basin 

which are shown in Figure 1. The information including 

infrastructure, operational, and groundwater abstraction within 

the six irrigation districts are summrized in Table 1. 
 

TABLE I: SUMMARIZING INFORMATION FROM THE SIX IRRIGATION DISTRICTS  

 

 

III. METHODOLOGY 

Two configurations of the control systems, including the 

decentralized and the centralized, as two sets of practical 

alternatives were selected to invesyigated the objectives of the 

study. This way the potential performance improvement 

capability of canal operational management to appropriately 

deliver surface water resources throughout the irrigation 

districts will be studied.  

IV. CANAL OPERATION ALTERNATIVES 

A. Decentralized controller 

Decentralized controller configuration is one of the most 

practical and widely accepted alternatives in canal automation 

projects. The decentralized controller is more preferable than 

centralized one due to its reduced implementation requirements, 

operational and maintenance complications and costs (Ooi and 

Weyer, 2008). This Single Input-Single Output (SISO) control 

system computes the control actions for each gate by 

considering only measurements taken in the vicinity (van 

Overloop et al., 2005). In this study, a combination of feedback 

and feedforward control configurations is used to provide a 

reasonable operational performance within the controlled canal 

system. The former manipulates the water level at a gate 

location, while the latter (i.e., feedforward) adjusts the 

head-gate based on a known water delivery schedule. Based on 

the proposed method by (van Overloop, 2006) a low-pass filter 

is added in series with the designed PI controllers to make a PIF 

controller. Applying this controller leads to the following 

calculation of the controlled flow change through the gate (van 

Overloop et al., 2005): 

   
       1

p f f i f
Q k K . e k e k K .e k                         (1) 

where is  Q k the calculated flow change through a 

controlled gate, 
i

K  and 
p

K are the integral and proportional 

gains, respectively. According to figure 5, two functional 

configurations of the PIF controller are employed for the 

alternatives A6 and A7. In A6, the “upstream control 

configuration” is utilized, while the “distant downstream 

configuration” is applied to A7. Implementation of the latter 

configuration requires a communication system connecting the 

downstream end of canal sensor to the controller at the upstream 

side of the pool. 

 
Fig. 2: Decentralized configuration (A) Upstream PIF controller 
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Fig. 3: Decentralized configuration (B) Distant Downstream PIF 

controller 

B. Centralized Controller 

Centralized controller configuration is the system that takes 

all the variables of the canal systems into account for assigning 

controlled actions. State variables, including water level at the 

gate locations, are measured and transmitted to a master control 

station through communication systems. The gate adjustments 

are simultaneously calculated by the centralized controller at 

each time step and sent to the actuators. The centralized control 

settings are used in A3 alternative, and a schematic view is 

depicted in Figure 6. In particular, Model Predictive Control 

(MPC) is designed and tested for the six main canals. This 

centralized strategy is popular due to its satisfactory operational 

performance and its capacity of dealing with a broad range of 

optimization objectives within conveyance and delivery 

systems, and uncertainties in supplying canal inflow, delay 

times of water traveling, and structural and system variables 

constraints [1]. To achieve this goal, the controller employs the 

present state of variables of the canal system, an internal model 

simulating the hydraulic behavior of the canal, and an objective 

function identifying the deviation of the canal system from the 

target conditions and control objectives. The objective function 

of the MPC, where penalizes the deviation of the current regime 

from the reference during the next 
hN  time steps, is presented 

as [2]:  
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     (2) 

where ( )x k  is the state of the system; ( )u k represents the 

controlled variable matrix; Q , 
lQ and R are constant 

weighting matrices of the proper size; 
hN  is the prediction 

horizon; 
0x  is the current state; 

and       0 1 1
h

U u ,u ,...,u N  is the sequence of values 

of the manipulated variables. 

 
Fig. 4: Centralized Model Predictive Controller scheme 

V. OPERATIONAL PERFORMANCE INDICATORS 

The performance indicator for this study is the ability of the 

controller to meet the primary objective which is reducing the 

operational water loss. Therefore, the water conveyance and 

distribution adequacy (PA) and equity (PE) criteria, proposed 

by [3],  are employed. The adequacy of delivery (PA) represents 

sufficient water delivery according to the agreement between 

the canal authorities and Water User Associations (WUAs) 

representatives to meet the farmer's demands at each off-takes 

along the main canal. Otherwise stated, the adequacy indicator 

shows the ability of operation method to deliver enough water to 

users that is defined as follow [4]: 

,
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Where 
D

Q  and 
R

Q  respectively are the total and required 

amounts of delivered water to an off-take at each time step 

(m3/s); 
A

P  values closer to unity show reasonable operational 

performance from the adequacy perspectives. 

The operational performance from an equity perspective is 

assessed by determining the degree of variability in relation to 

water delivery from all the off-takes over a canal reach. The 

equity indicator was defined in  [3] as:  

1
( )D

E R
T

R

Q
P CV

T Q
 

                  (4) 

Where ( / )
R D R

CV Q Q is the spatial variation of the ratio 

/
D R

Q Q  along the canal reach. 
E

P  values closer to zero show a 

greater degree of equity over the canal reach.  

VI. RESULTS AND DISCUSSION 

The models of the operational alternatives A1, A2 

(decentralized configurations), and A3 (centralized) were 

designed and coupled with the developed main canal hydraulic 

model. The operational performance of the alternatives was 

then evaluated through the performance indicators and 

compared with the current condition. For every irrigation 

district, operational performance indicators of adequacy and 

equity were determined by assessing water delivery activities 

within the main canal from the first pool at the upstream to the 
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last pool at the downstream. The results are presented in Figure 

5. 

 Fig. 5: Calculated performance assessment indicators for the current 

operation versus employing the alternatives 

 

According to Figure 5, the current operational condition of 

the six irrigation districts (ID No.1 through ID No.6) shows a 

poor water distribution within the main canal both regarding 

adequacy and equity. The assessed adequacy indicator values 

range between 72% to 80% in ID#2 and ID#6, respectively. 

This result reveals a poor water delivery condition that indicates 

the farmers need to deal with up to 28% deficit. Indeed, this 

28% deficit is the amount of water that most likely farmers will 

extract from the groundwater wells to meet the crop water 

demand. The equity indicator is ranging from 19% to 35% in 

ID#1 and ID#6, respectively. These values also indicate a poor 

operational status (based on the classification of the indicator 

provided by (Molden et al., 2007)) of the current condition 

leading to an unreasonable water distribution between the 

upstream off-takes and downstream ones. Therefore based on 

the current values of operational performance indicators, there 

is a high potential for implementation of the automation 

techniques. 

Analysis of the alternatives (A1 through A3) shows 

improvements in both equity and adequacy indicators. In fact, 

alternatives A2 and A3 delivered water to the users without any 

imperfection (100% adequacy and 0 equity).  The results 

showed that the current operational status of irrigation districts 

could noticeably be improved under normal operational by 

implementing the alternatives. The ability of automatic canal 

control system in dealing with operational complexities is 

investigated and demonstrated for a broad range of water 

shortages scenarios in the following sections. 

VII. SUMMARY AND CONCLUSION 

The contents of the journal are peer-reviewed and archival. 

The journal Journal of Advances in Computer Networks 

publishes scholarly articles of archival value as well as tutorial 

expositions and critical reviews of classical subjects and topics 

of current interest.  

An extensive attempt was carried out to investigate the 

application and implementation of various modernization 

alternatives within the districts and the potential managerial and 

environmental impacts. Three operational options (A1 to A3), 

using automatic control systems, were developed and assessed 

in this study. The potential of each alternative to increasing the 

reliability of water distribution and efficiency of the water 

conveyance and delivery by reducing operational loss within 

canals was quantitatively assessed. Operational improvements 

are compared with the current operational state of the districts.  

Application of automatic control systems, including 

centralized MPC, enables the authorities of the district to 

develop various strategic plans regarding the operational 

improvement according. Based on the current policies followed 

by Isfahan water regional authorities, and the top priorities of 

the ZRB watershed, the potential operational improvement 

through operational modernization can be used to substitute the 

groundwater extraction. 
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