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Research Topic: This research investigates the comparative performance of an
automated operation system in improving the reliability of surface-water
distribution among water-right holders in an irrigation network.

Objective: The main objective of this study is to analyze the spatial and temporal
effects of surface-water operation system modernization on the adequate and
reliable distribution of agricultural water rights among water user cooperatives
within the Nekoabad irrigation network. The principal analytical outcome is the
precise determination of the contribution of surface-water resources-under water-
scarcity conditions at the diversion dam-in meeting the water rights of 163 farmer
cooperatives within the network.

Method: Operational simulations were performed for two modes: manual operation
(baseline condition) and automated operation using a centralized Model Predictive
Controller (MPC). The temporal analysis was based on categorizing surface-water
availability at the diversion dam into seven scenarios ranging from normal to
extreme shortage. Spatial analysis was conducted by simulating the surface-water
distribution process among 163 water-right holders located along thirteen secondary
canals of the Nekoabad irrigation district.

Results: The results revealed that, compared with the manual system, the MPC-
based operation exhibited significantly higher stability, uniformity, and reliability.
Under shortage conditions, the manual system showed nonlinear degradation in
adequacy and dependability indices, with a pronounced increase in spatial
inequality of water delivery. In contrast, the MPC system maintained a higher mean
adequacy, reduced temporal fluctuations, and achieved spatial homogenization,
extending the shortage-tolerance threshold by up to 25 percentage points. Spatial
correlation analysis of performance indices, statistical distribution of operational
outcomes, and surface-water delivery shares all confirmed the superiority of the
automated system in sustaining equity and resilience across the irrigation network.

Conclusion: Aligned with the main goal of this study, the practical outcome is the
accurate quantification of the percentage and variation range of surface-water
deliveries allocated to each of the 163 water outlets under different inflow-supply
scenarios at the diversion dam.
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Introduction

In the arid and semi-arid regions of Iran, irrigation networks are the backbone of agricultural
production and rural livelihood, yet their performance in equitable and reliable surface-water delivery
remains a persistent challenge. The Nekoabad irrigation network, located in the central Zayandeh-Rud
Basin, is a representative example where traditional manual operation methods-based on operator
experience and fixed schedules-have resulted in unstable distribution, inequitable water allocation, and
excessive dependence on groundwater resources. These problems have been magnified by prolonged
droughts, increased competition among water-use sectors, and growing supply uncertainty. To address
these challenges, the study investigates the application of Model Predictive Control (MPC)-a
centralized, feedback—feedforward automation approach-to modernize irrigation operation. MPC
enables dynamic optimization of gate openings based on real-time data, internal hydraulic modeling,
and short-term forecasts of inflow and demand fluctuations. Although the technical potential of MPC-
based automation has been explored in previous studies, few have quantitatively analyzed its spatial
and temporal impact on the adequacy and dependability of water delivery to every individual water-
right holder under uncertainty. The novelty of this research lies in quantifying the share of surface-
water contributions for all 163 farmer cooperatives within the Nekoabad irrigation network under
seven categorized water-supply scenarios-from normal to extreme drought-while comparing manual
and MPC-controlled operation.

Materials and Methods

The Nekoabad irrigation network covers approximately 29,000 hectares with two main canals and 13
secondary canals supplying water through 163 off-takes. The study employed three main datasets: (1)
registered water-right allocations for each cooperative, (2) geometric and hydraulic characteristics of
gates and structures obtained from the Iranian Water Resources Management Company, and (3)
historical inflow data at the diversion dam from 2000 to 2023. A hydraulic simulation model based on
the Integrator—Delay (ID) formulation was developed in Python to simulate unsteady flow behavior in
the canal system. The model divides each canal reach into two components: uniform flow and
backwater storage, governed by delay time (1) and storage area parameters. The ID model was coupled
with an MPC-based centralized controller, optimizing water-level deviations and discharge
adjustments across m control structures over an n-step prediction horizon. The objective function
minimized deviations from target levels while penalizing excessive control actions. The two key
performance indicators were: Adequacy (PA) - the ratio of delivered flow (QD) to required flow (QR)
over time, expressed as a percentage, Dependability (PD) - a stability index representing the
coefficient of variation in flow delivery. Simulations were performed under seven inflow scenarios
(Normal, WS <10%, WS 10-15%, WS 15-20%, WS 20-30%, WS 30-40%, and WS >40%). Both
temporal and spatial analyses were applied to quantify how each system performed at every off-take
under variable supply conditions.

Results and Discussion

The comparison between manual and MPC operation revealed substantial differences in spatial
uniformity, temporal stability, and overall performance. Under manual operation, mean Adequacy
declined drastically from 56.8% (Normal) to 10.8% (WS >40%), corresponding to an 81% reduction.
Median Adequacy decreased from 50.9% to 5.6%, indicating widespread under-delivery among
downstream users. The coefficient of variation (CV) increased from 0.36 to 1.42, reflecting extreme
inequality. In contrast, under MPC control, mean Adequacy remained much higher, declining only
from 70.8% to 29.9% across all scenarios. Even at WS >40%, 50% of off-takes maintained Adequacy
above 60%, and 20% exceeded 70%. CV stayed below 0.9, demonstrating spatial homogeneity. This
implies that MPC control mitigates downstream shortages by dynamically reallocating available
inflows and minimizing propagation of hydraulic disturbances. Dependability exhibited an inverse
trend. For manual operation, mean Dependability rose from 58.6% to 82.0%, indicating increasing
instability, while for MPC it rose only from 40.8% to 63.5%, remaining substantially lower at each
shortage level. The average reduction in mean Dependability achieved by MPC was —39 points,
accompanied by a similar improvement in median values (—45 points). Spatial analysis confirmed that
manual operation produced a steep head-to-tail gradient, where downstream cooperatives received
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significantly less and more variable flows. MPC, however, flattened this gradient, equalizing
performance throughout the network. The correlation slope between Adequacy and Dependability
changed from —0.885 (R%2 = 0.96) in manual operation-signifying fragile coupling-to —0.355 (R? =
0.88) under MPC, indicating a more resilient, adaptive relationship. Probability density analyses
further revealed that MPC shifted Adequacy distributions from 10-60% (manual) to 60-90% and
compressed Dependability distributions from 70-100% to 0-30%, clearly improving both mean and
variance. The automated controller thus transforms the network from a reactive, error-amplifying
system into a self-regulating, stable one. Scenario-specific evaluation showed that the critical
threshold for operational failure under manual operation occurred at WS 15-20%, whereas MPC
sustained equitable and reliable performance up to WS 40% or higher-representing an approximate 25
percentage-point increase in drought resilience. The mean difference in Adequacy between the two
systems averaged +40 points, while Dependability decreased by 39 points, confirming that
modernization enhances both efficiency and reliability simultaneously.

Conclusion

The study conclusively demonstrates that centralized MPC-based operational automation substantially
improves both the adequacy and reliability of surface-water distribution within irrigation networks
under uncertain supply conditions. Compared to manual operation, MPC yields smoother spatial
performance, reduces variance by more than half, and maintains consistent service levels even during
severe shortages. By dynamically adjusting control gates in real time and minimizing deviation from
target levels, the MPC system prevents downstream deprivation and stabilizes hydraulic conditions
across canals. The quantified outputs-percentages and ranges of surface-water delivery for each of the
163 off-takes under seven inflow scenarios-provide a robust empirical foundation for future risk-based
performance assessments, water accounting, and policy optimization within irrigation networks.
Ultimately, automation transforms the Nekoabad system from a fragile, human-dependent, and
inequitable structure into a predictive, adaptive, and resilient operational framework that aligns with
modern principles of integrated water resources management and the Water—Food—Energy Nexus.
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