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In this study, the performance of the Nekouabad Irrigation Network was
evaluated under two operating systems: the conventional manual operation and
an automated operation based on a Proportional-Integral (PI) controller, in
response to consecutive inflow shortage scenarios. Using a hydraulic simulation
model and performance indicators of adequacy and sustainability, the network
behavior was analyzed across seven levels of hydrological stress, ranging from
normal conditions to inflow deficits exceeding 40%. The results revealed that
the Pl-based system significantly enhanced the level of water service, reduced
temporal and spatial fluctuations, and improved the equity of water distribution.
Compared with the manual operation, the PI controller increased mean adequacy
by up to 40% and reduced mean variability (instability) by 39%, indicating a
higher degree of stability and resilience across the network. Statistical,
distributional, and spatial analyses confirmed that the PI control system
prevented functional collapse under critical conditions and transformed the
network into a more coordinated, predictable, and equitable system. The reduced
coefficient of variation, synchronized regulator responses, and spatial uniformity
of performance demonstrated the controller’s capacity to absorb disturbances
and prevent the propagation of fluctuations throughout the network. These
features facilitate a transition from reactive management toward predictive
regulation, enabling more accurate planning, reduced dependence on
groundwater resources, and enhanced resilience to climate variability. The
findings support the applicability of comprehensive assessment frameworks—
such as sustainability evaluation frameworks based on the Water—Food—Energy
Nexus and risk-based system failure assessment—for future studies.
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Figure 1. Geoposition of the Nekouabad irrigation network in central Iran, showing canal alignments and well distribution
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(c) Adequacy — Distribution by Scenario (d) Dependability — Distribution by Scenario
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Figure 2. Statistical and Distributional Behavior of Adequacy and Dependability under Manual and Automatic-PI Operations
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Figure 3. Empirical Cumulative Distribution and Median-Based Spatial Analysis of Adequacy and Dependability
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Figure 4. Spatial Distribution of Adequacy and Dependability under Automatic-PI Control across Water-Shortage Scenarios
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Figure 5. Inter-Scenario Variation of Adequacy across Thirteen Secondary Canals under Automatic-PI Operation
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Table 1. Comprehensive Interpretation of Results Table (Manual vs Automatic-PI Systems)

Operating Systems Operational Scenarios Co-ops Number Mean Median Std CvV P10 P90
Normal 163 56.83 50.91 2041 036 2887 8490

WS_<10% 163 4629 43.66 2044 044 1913 78.66

Manual WS_10-15% 163 32.93 2925 2189 0.66  8.04 7279

Ade u:cmi/[etric WS_15-20% 163 25.61 18.54 2382 093 1.54 71.47
quacy WS_20-30% 163 17.29 5.56 2507 145 167 6738
WS_30 - 40 % 163 16.79 5.56 2409 143 167  64.84

WS_>40 % 163 10.83 5.56 1536 142 167 4337

Normal 163 70.83 70.82 1981 028 4509  95.78

WS_< 10% 163 65.57 63.42 2013 031 4044 9267

ol WS_10-15% 163 60.99 57.95 2060 034 3497  89.43
Adequacy Metric WS_15-20% 163 54.62 47.93 2215 041 2876  86.66
quacy WS_20-30% 163 4745 39.78 2324 049 2173 83.54
WS_30 - 40 % 163 36.94 29.47 2446 066 1326  81.67

WS_>40% 163 29.95 19.24 2584 086 787 7922

Normal 163 58.63 58.96 2580 044 2552 9071

WS_< 10% 163 63.72 68.38 2570 040 2928  95.10

Manual WS_10-15% 163 67.24 73.83 2491 037 3317 9794
Denen da;‘ﬁ?a Metrie | WS_15-20% 163 70.93 78.20 2392 034 3690  98.00
P v WS_20-30% 163 7473 8131 2279 030 4106  98.80
WS_30-40 % 163 78.59 85.69 2128 027 4647  99.00

WS_>40% 163 81.97 89.67 1919 023 5232 99.00

Normal 163 40.82 15.85 3442 084 9.04  90.12

WS_< 10% 163 48.02 41.09 3592 075 938 9377

ol WS_10-15% 163 5026 47.14 3612 072 984 9580
Dependability Metrie  WVS-15-20% 163 5273 5243 3647 069 1021 97.00
P WS_20-30% 163 55.76 56.53 3591 0.64 1104 9736
WS_30-40 % 163 59.40 69.91 3526 059 1189 9777

WS >40 % 163 63.50 80.70 34.25 0.54 13.31 98.00




1Fod 4090 0,lont 00035l 0,90 a5 )bl 9 ol g o 223

3 2o BAIE 5l gyl (ho ¢ guwd (gl o ypa 5D &S aBd o L (V) Jgdo pd oddiell)l bt ayliie joboay
oy Sllwg ai ply 93 Sily g ((gduo)d YV Lil38l) Wb o ial 3] il D50eS” )0 Mo AY & (gole Loyl s
sl galS VY 4 o /FF IOV g o Hlub ooy 5 i g b o Lial38l doyd AV 4 0 5l wilie o]
Ol PT 558 50 g o0 SO05 bl Cundg 4 4l 8 10 1gis oo cleds aSl daupe Judday & Ll
3 ke cpl (edo ) VY Lili8l) oy o WS > 40% 10 duopd FY/0 & (gole clls jd o pd Fo/A  (gylubs
20 Ll alige il dops ATV 4 10/ 1 wlie sl Liwd s s adl ate Joles Loy il dgseS
Wad o sl |y 0)Slas (3168 g adly Lials /0¥ & +/AY GICV sl o (B > el 3l 5nl gyl
P b mopw ady )b Hlub jlaw bees a8l dsu bx e o Cull o yd V- D0 ol Sas
YA wd 4 Cand PLe(1:ko jobody amd oo i 1) PT pitanns it 4iiSTg ¢ gwd s )3 m g il 381 Joldo
o ColiS 25 L 550 (ol el 0> T g0 5 o ol 5 35 (st L5 sm) 6 S (55l dumyd
5k 2 Ses Sl plojen jsbar (gyluly (il 5 colas il cul aSid S ) eaisS s Jl S0La 5 0392
ol a8l JialS PT el 0 =+ /Y0 & wd <l )0 =+ /AN I (23 ld 90y dlaly s oGl PT ST pomio
prie b8 S @ 0 Clis ) (Jia clwdle b 4wl sad 5o Gl Gl e (Sly G
(oo SYMBT &S Lo (s ] aSs Jsbo 55 Sllwgs jlisl jials Sl (adls ¢ o 3 CV Lials 5gd ol
PI 8 5l Joobs (o33 (cladgurs ilo o (3L 5esleSs la LS O pmlaw g L9 08 Jaie Candpmb 4
pe g AIS o yud 2ol b asll (] ol S 3 Slas cdl Fp sl )b slednS aS slasels
CV 5 bSun aol icuwl asl (ili8l oS wis jeba S cllis pgd LS ddlae oo 51 iy Wilgs o
Fo dgS 50 i al 4l iul3sl aSis (6y9l ol cpgu ] Bl ialS 150400 e glds g odd j5eS
b coleS dod Fr 5l i lisren oy

& 54 . F
pia sl e 508 S ailolis 3l ealisl b LIS (o)l 45 51 (sl pe e 45 3l Lt gy ol
5 S cllis (lul wuldS dlox I il dlal )3 4SS 5 Slas S eda dgie cage (PT) Kk ol
J575 4w (83959 Ol 2988 Jlgie slagyylis ) (i 9 e s )lel sl il D9 (5B Ls ()5l
Il 3 > ceuslgs PT ailolos sl oo coliS’ Ltulsal gl il IS8T a8 (6l o 55l 3 1 ol
5 aad ol s s wleles 45 oy S Lain oSl el (gl |y coliS 5 Jod LB o el SgmaS
oS g (Pl ©ygots PLailebs )3 g)lul (adls i 5l 5 Sloj Cllogs (ialS g b 3 )Slas b
Aol 5 lys cops ials ab saalie JSLSL 5 ol Glley gwd able ;o o« by sl (il
Sl 5 clis Byl pouws g 392 0,Slas (B (IRl g (SaSTy (el Sily pasls 9 o 3 S
islo 9035 (pSole (S plpb (ByuS I dbosisSaudal (2iSly 5 Slojen dbwl b PLosisS Jyus 148
ol e slaie g0 bt (S3slgyin Ui ply 53 gl 5 (Snpin B e slailole ) 4
Hlodine; aSly g oo dlaiel cubld o ol (158 Coge idds (o)l po e yamwlogil 48" wimd o oyl Lad ygliw
Do g 3,655b 5 odlil b P J S el (o)) slaaibobo 15 (S5 i mabats 45 (piiSTy oo 51138
Ayt sl Gl g haois ol qlie 4 (Saly Sl (53> Suyaelin ol g 038 Lain | 4Sd



£60  jflRan g Hon L)/ e 5 oyt SUoilolos 13 3257 st )5 1t (P) NSl ntld 5395 555 il ik Lyt

u9>)l;> A5le ccol} U.gl.g')’)l Lg[m,;%)l% Lg)’L»oblﬁ.; Ol.g\o] ‘db)’.)lf A Oﬂl .J)’L»u.,o p,.ml).é \) ;o..ls“ 8| ul)M.u
Gl Sy 3 e b)) ool 5 il Sigy p Bdaie (gibpese ladilol ol b5
Djl e walyp ST Oldlas clp 1) i

a8l b 05 .8

&bw .f

Afrasiabikia, M., Akram, A. A., & Mendelsohn, R. (2017). Agricultural water allocation efficiency in a
developing country canal irrigation system. Environment and Development Economics, 22(5), 574-595.

Aiswarya, L., Suresh, M., & Kumar, R. (2024). Canal Automation and Management System to Improve
Water Use Efficiency. Springer. https://link.springer.com/chapter/10.1007/978-981-97-2155-9 14

Akkuzu, E., Unal, H. B., & Karatas, B. S. (2007). Determination of water conveyance loss in the
Menemen open canal irrigation network. Turkish Journal of Agriculture and Forestry, 31(1), 11-22.

Barkhordari, S., & Shahdany, S. M. H. (2022). A systematic approach for estimating water losses in
irrigation canals. Water Science and Engineering, 15(2), 161-169.

Bayat, F., Roozbahani, A., & Hashemy Shahdany, S. M. (2022). Performance evaluation of agricultural
surface water distribution systems based on water-food-energy nexus using AHP-Entropy-WASPAS
technique. Water Resources Management, 36(12), 4697-4720.

Fipps, G. (2000). Potential water savings in irrigated agriculture for the Rio Grande Planning Region
(Region M). Texas Cooperative Extension, Texas A&M University System.

Hosseini Jolfan, M., Hashemy Shahdany, S. M., Javadi, S., Mallakpour, 1., & Neshat, A. (2020).
Effects of canal automation on reducing groundwater extraction within irrigation districts: Case study of
Qazvin irrigation district. Irrigation and Drainage. 11-24, (1)69.

Jolfan, M. H., Shahdany, S. M. H., Javadi, S., Milan, S. G., Neshat, A., Berndtsson, R., & Tork, H.
(2023). Modernization in agricultural water distribution system for aquifer storage and recovery—A case
study. Agricultural Water Management. 108270, 282.

Isapoor, S., Montazer, A., Van Overloop, P. J., & Van De Giesen, N. (2011). Designing and evaluating
control systems of the Dez main canal. /rrigation and Drainage, 60(1), 70-79.

Jadhav, P. B., Thokal, R. T., Mane, M. S., Bhange, H. N., & Kale, S. R. (2014). improving conveyance
efficiency through canal lining in command area: A Case Study. International Journal of Engineering
Innovation & Research, 3(6), 820-826. doi: 10.30482/jeir.2014.51001.10045

Kaghazchi, A., Shahdany, S. M. H., & Roozbahani, A. (2021). Simulation and evaluation of agricultural
water distribution and delivery systems with a Hybrid Bayesian network model. Agricultural Water
Management, 245(2), 106578. doi: 10.1016/j.agwat.2020.106578

Karimi Avargani, H., Hashemy Shahdany, S. M., Hashemi Garmdareh, S. E., & Liaghat, A. (2020).
Determination of water losses through the agricultural water conveyance, distribution, and delivery
system: Case study of Roodasht Irrigation District, Isfahan. Water and Irrigation Management, 10(1),
143-156. (In Persian).

Kedir, Y. (2015). Estimation of conveyance losses of Wonji-Shoa sugar cane irrigation scheme in Ethiopia.
Journal of Environment and Earth Science, 5(17), 2224-3216. doi: 10.30482/jeesj.2015.424501.3141

Monem, M. J., & Schuurmans, W. (1992). Performance of canal delivery strategies and control systems.
IWMI  Books, Reports  H022428. International Water  Management  Institute.
https://ideas.repec.org/p/iwt/bosers/h022428.html

Rahparast, D., & Hashemy Shahdany, S. M. (2024). Ensuring reliable water distribution in water
shortages: Analyzing the dependability of manual operation system in NekoAbad irrigation network,
Isfahan. Iranian Journal of Irrigation and Water Engineering, 58(2), 75-90. (In Persian).

Ranjbar, R., Ghasemi, N., & Hashemy Shahdany, S. M. (2025). Stochastic model predictive control of an
irrigation canal. Journal of Hydroinformatics, 27(4), 740-754.


https://link.springer.com/chapter/10.1007/978-981-97-2155-9_14

1Fod 4090 0,lont 00035l 0,90 a5 )bl 9 ol g o €4

Shahrokhnia, M. A., & Javan, M. (2005). Seepage estimation and efficiency evaluation in Doroodzan
irrigation system. Journal of Water Management in Agriculture, 1(2), 45-54. (In Persian).

Shahrokhnia, M. A., & Olyan Ghiasi, A. (2018). Methods of seepage estimation in canals and evaluation
of seepage and distribution efficiency in Doroodzan irrigation system. Journal of Water Management
in Agriculture, 4(2), 27-36. (In Persian).

Shahverdi, K., & Maestre, J. M. (2023). Holistic framework for canal modernization: Operation
optimization, and economic and environmental analyses. Water Resources Management, 30(1), 1-20.

Zhu, Z., Guan, G., & Wang, K. (2023). Distributed model predictive control based on the alternating
direction method of multipliers for branching open canal irrigation systems. Agricultural Water
Management, 285, 108372.




    q  c a n a l  ( t ) =   q  i n  ( t − 𝜏 )


    q  i n


    m 3 / s


    q  c a n a l


    m 3 / s


  t


    A  s ⋅   d h  ( t )  d t =   q  c a n a l  ( t ) −   q  o u t  ( t )


    A  s ⋅ s ⋅ h  ( s ) =   q  c a n a l  ( s ) −   q  o u t  ( s ) ⇔ h  ( s ) =  1    A  s ⋅ s ⋅  [   q  c a n a l  ( s ) −   q  o u t  ( s ) ]


    A  s


    q  o u t


    m 3 / s


  𝛥   Q  ( k ) =   K  i .   e  ( k ) +   K  p .  [   e  ( k ) −   e  ( k − 1 ) ]


  𝛥   Q  ( k )


  e


  k


  k − 1


    K  p


    K  i


  P A =  1  T   ∑  T   [  1  R   ∑  R   (     Q  D    Q  R ) ]


    m 3 / s


    m 3 / s


  P A ∈ ( 90 − 100 )


  P A ∈ ( 80 − 90 )


  P A ≤ 80


  PD =  1 R   ∑ R  C  V T  (    Q D   Q R )


   m 3 / s


   m 3 / s


  PD ∈ ( 0 − 10 )


  PD ∈ ( 11 − 25 )


  ≤ PD


  W S > 40 %


  W S < 10 %


  W S   15 − 20 %


  W S   30 − 40 %


  W S   10 − 15 %


  W S   20 − 30 %


  W S > 40 %


  W S   30 − 40 %


  W S   15 − 20 %


  W S   30 − 40 %


  W S   20 − 30 %


  W S > 40 %


  W S   30 − 40 %


  W S   10 − 15 %


  W S   30 − 40 %


  W S   30 %


  W S < 10 %


  W S   10 − 15 %


  W S   15 − 20 %


  W S   20 − 30 %


  W S   30 − 40 %


  W S < 10 %


  W S   10 − 15 %


  W S   15 − 20 %


  W S   20 − 30 %


  W S   30 − 40 %


  W S   30 − 40 %


  W S < 10 %


  W S   10 − 15 %


  W S   15 − 20 %


  W S   30 − 40 %


  W S < 10 %


  W S   30 − 40 %


  W S < 10 %


  W S   10 − 15 %


  W S   15 − 20 %


  W S   20 − 30 %


  W S   30 − 40 %


  W S > 40 %


  W S < 10 %


  W S   20 − 30 %


  W S > 40 %


  W S   30 − 40 %


  W S   20 − 30 %


  W S > 40 %


  W S > 40 %


  W S > 40 %


  W S   20 − 30 %


  W S   30 − 40 %


  W S > 40 %


  W S   30 %


  W S   15 − 20 %


  W S   30 %


  W S > 40 %


  W S   30 − 40 %


  W S > 40 %


  W S   20 − 30 %


  W S > 40 %

