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1. INTRODUCTION

The efficient management of water resources is a critical global challenge, with
water losses in supply systems representing a significant economic and environmental
burden. In Brazil, data from the National Sanitation Information System (SNIS)
indicates that distribution losses often exceed 35%, a stark contrast to the 15%
benchmark in developed nations (SNIS, 2024; TRATA BRASIL, 2024). These losses
are categorized by the International Water Association (IWA) as real (physical leaks)
and apparent (commercial losses), with non-visible real losses being the most difficult
to detect and locate (PACTO GLOBAL, 2018; SILVA JR, 2016).

Current leak detection methods present a trade-off. Active inspection, using tools
like acoustic correlators, is accurate but expensive and not continuous
(PUSTELNIKOVA; PUUST; KAPELAN, 2020; OBATA, 2019). Passive monitoring of
SCADA data offers continuous surveillance but often lacks the precision to reliably
distinguish leaks from normal demand variations (HU et al., 2021; JUN; LANSEY,
2023). This research proposes an innovative methodology that bridges this gap by
adapting a control theory concept from electric power systems to the hydraulic domain.

The central hypothesis is that "Line Drop Compensation" (LDC)—a technique
used for decentralized secondary voltage control—can be repurposed for hydraulic
systems (SILVA, 2007). By implementing a secondary control layer on top of the
existing primary pump controls, the system can be transformed into a highly sensitive
diagnostic tool. The general objective is to propose and validate, via computational
simulation, a methodology that uses system sensitivity analysis and a "compensation
resistance" to identify and locate hydraulic anomalies consistent with leaks. This will
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be achieved by: (1) developing a computational model of a water network; (2)
implementing a PID control algorithm with a head loss compensation feature; (3)
deriving the network's sensitivity matrix; (4) developing an anomaly detection

algorithm; and (5) evaluating the method's performance.

2. DEVELOPMENT
2.1 Theoretical Framework

Fundamentals of Hydraulic Network Modeling

The analysis of water distribution networks is governed by the principles of mass
and energy conservation. Head loss due to friction is a key component, classically
modeled by the non-linear Darcy-Weisbach equation (SCHMIDLIN JUNIOR, 2006;
ALMEIDA, 2021). Pumping stations provide energy to the system, and their
performance is described by a characteristic curve relating the head provided to the
flow rate. The intersection of this curve with the system's resistance curve determines
the operating point (MACEDO, 2012; TOMAZ, 2001).

State of the Art in Leak Detection

Leak detection methods are broadly classified as hardware-based (active
inspection) and software-based (passive monitoring). Hardware methods include
acoustic tools, robotic inspectors, Ground Penetrating Radar (GPR), and
thermography (OBATA, 2019; CAETANO, 2020). While accurate, they are reactive
and costly. Software methods analyze SCADA data using either model-based
approaches, which compare real-time data to a hydraulic model, or data-driven
approaches, which use machine learning to find anomalies (PUSTELNIKOVA,;
PUUST; KAPELAN, 2020; GAMBOA MEDINA, 2013). The proposed methodology
integrates the continuous nature of passive monitoring with the diagnostic potential of
active systems.

Sensitivity Analysis and the Proposed Innovation

A well-established analogy exists between hydraulic and electrical circuits, where
pressure is analogous to voltage and flow rate to current (ATARI, 2021). In power
systems, Line Drop Compensation (LDC) is a secondary control technique that
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regulates voltage at a rér;f\z’t’écggiﬁﬁ;ﬂf:é only local measurements, compensating for
the impedance of the line (TAYLOR, 2000; SILVA, 2007).

This research transposes the LDC concept to the hydraulic domain. A pump's
control system will be configured to regulate a "virtual pressure" at a distant node, not
just the pressure at its outlet. This makes the controller acutely sensitive to any
unmodeled changes in the network's hydraulic resistance, such as a leak.

The theoretical basis for detecting these changes is sensitivity analysis. The
behavior of a hydraulic network around an operating point can be linearized and
described by the Jacobian Matrix (J) (SOARES, 2003; CARVALHO, 2020). This matrix
acts as a "fingerprint" of the system's normal dynamic response, relating changes in
nodal demands to changes in nodal pressures (PEREZ et al., 2011; ZHANG et al.,
2017). A leak introduces an unmodeled demand, causing the system's real response
to deviate from the response predicted by the Jacobian matrix. This deviation is the

signal used for detection.

2.2 Methodology
The methodology will be validated through computational simulation using the
EPANET 2.2 software (ROSSMAN, 2000). A fictitious but realistic water distribution
network will be modeled, including pipes, nodes, pumps, and reservoirs, with a
complex topology to ensure robust testing (BHAVE, 1991; WALSKI et al., 2003).
1. Linearization and Sensitivity Matrix: For a reference operating point,
the network's Jacobian Matrix (/) will be numerically derived. This matrix
establishes the baseline relationship between changes in pump flow rates and
the corresponding pressure changes at strategic monitoring nodes.
2. PID Control with Compensation (Secondary Control): The pump
control will be modeled as a PID controller acting on a variable frequency drive
(PEREIRA, 2016; LIU; ZHI, 2020). The feedback signal will be modified to
regulate a "virtual pressure" at a remote node, calculated as:
Preeavack = Poutter — Re * qump
Here, Pyt is the measured outlet pressure, Q,ymy is the pump flow rate, and R, is

the "compensation resistance" parameter. This configuration forces the controller to
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react to any discrepar:rcﬂ;maé)eec:\’;gzzasiﬂt:a’internal model (R.) and the real system's
hydraulics.
3. Simulation and Detection Algorithm: The system will be simulated
under normal demand variations and with leaks of varying magnitudes and
locations. A real-time monitoring algorithm will:
) Continuously monitor pump flow (AQ,.4;) and nodal pressures (AP,qq;)-
o Use the Jacobian matrix to calculate the expected pressure change:
(APpredictea =] * AQrear) -

o Calculate a residual vector: R = AP,..q; — APpreqictea-

o Trigger an anomaly alarm if the norm of the residual vector, ||R||, exceeds
a predefined threshold.
4. Localization Algorithm: Once an alarm is triggered, the residual vector
R provides spatial information. The node with the highest residual indicates
proximity to the leak. In systems with multiple compensated pumps, a
triangulation logic based on the pattern of residuals across the network can be
used to refine the location (JAVADIHA et al., 2019; SOLDEVILA et al., 2019).

3. EXPECTED RESULTS AND DISCUSSION

It is expected that the proposed methodology will be able to rapidly and reliably detect
leaks, discriminating them from normal demand fluctuations. The primary quantitative
outcome will be a performance matrix evaluating the algorithm's Time-to-Detect and
Localization Error across various leak scenarios. This analysis will identify the
operational limits of the method.

The discussion will focus on interpreting these results, with the anticipated conclusion
that the proposed approach is significantly more effective than conventional passive
monitoring. A secondary benefit is the expected improvement in overall network
pressure stability. The successful demonstration of rapid detection, accurate
localization, and enhanced stability would constitute a strong proof-of-concept,

validating the methodology as a significant contribution to water loss management.

4. FINAL CONSIDERATIONS

= oER
FAPEMIG Inatel  Eewsmrorow  JEPBV

Sul

@ UNIFEI



| ™ JEPG SUMMIT 25

Pensando o futuro com inteligéncia
artificial e consciéncia social

This research proposes a paradigm shift from passive monitoring to a continuous,
automated diagnostic system embedded within the operational control logic of a water
distribution system. The primary contribution is the adaptation of the LDC concept from
power systems engineering to create a decentralized secondary control layer for
hydraulic networks (SILVA, 2007). This offers a practical and cost-effective path for
water utilities to reduce real losses, optimize repair crew allocation, and lower
operational costs.

While validation through simulation is a necessary first step, future work will involve
experimental validation on a laboratory testbed, followed by a pilot project in a real-
world network. Further research could also explore adaptive algorithms where the

compensation parameter, R., is dynamically adjusted using machine learning.
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