CCWI 2017 – Computing and Control for the Water Industry

Sheffield 5th - 7th September 2017

Fault Detection and Diagnosis for Pressure Control Valves in
Water Supply Networks
Jiramate Changklom1, Ivan Stoianov2
1,2
Department of Civil and Environmental Engineering, Imperial College London (InfraSense Labs)
1
j.changklom13@imperial.ac.uk, 2ivan.stoianov@imperial.ac.uk

ABSTRACT
The control of water supply networks is becoming more advanced and complex, and it is therefore
increasingly important to continuously monitor and optimise the performance of automatic control
valves. This paper investigates a method for early fault detection and diagnosis (FDD) of pressure
control valves in water supply networks. Potential faults are categorised, and different process
variables and residuals are defined from continuous measurements and model-based simulations of
the operation of a diaphragm actuated globe valve in order to detect a fault and diagnose its likely
cause. We generate and utilise experimental data from controlled laboratory conditions and an
operational network together with numerically simulated data to validate the performance of the
proposed FDD method.
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1. BACKGROUND
Dynamic operational adaptability is essential for the operation of complex water supply networks
with increasing demands on serviceability (leakage, water quality, incident management and fire
flow), resilience and cost efficiency [1]. Diaphragm actuated hydraulic control valves are
commonly used to regulate pressure and flow within a water supply network, and water level in
tanks. These valves could perform many control functions with the addition of different pilot
controls (control loops). For example, a diaphragm actuated hydraulic control valve could reduce
the pressure in one direction together with pressure sustaining to ensure that upstream water users
have sufficient pressure, and also a non-return feature to close the valve and stop reverse flows.
Recently, methods and technologies for the design and control of water supply networks with
dynamically adaptive connectivity (topology) and operational objectives have been proposed and
developed [1,4]. This novel approach for optimal network management provides an unprecedented
flexibility in formulating multiple operational objectives in order to improve the resilience, pressure
control, water quality and minimise pressure variations for a hydraulically calm network. As a
result, new control functions and design specifications for control valves (and specifically pilot
controls) are formulated. For example, self-powered flow modulating control valves that fully open
to minimise local energy losses when specific hydraulic conditions occur; and also dual directional
boundary valves with position control [1]. Therefore, the number of automatic control valves is
expected to increase significantly to facilitate the implementation of intelligent, dynamically
adaptive and resilient water supply networks.
The robust control of a water supply network relies upon multiple factors such as knowledge of the
hydraulic dynamics of the system (both steady and unsteady state), the optimal definition of control
requirements such as pressure reducing and/or sustaining that can tolerate uncertain parameters or
disturbances for compact operational bounds, the selection of control valves, and their installation,
commissioning and maintenance. As a result, the scalable installation of a large number of pressure
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control valves with advanced control functionalities requires methods and tools for (i) the
continuous monitoring of their performance for detecting and diagnosing incipient and sudden valve
control faults (Fault Detection and Diagnosis, FDD), and differentiating these faults from system
(network) related failures; and, (ii) the derivation of a cost-effective condition-based maintenance
solution to replace the current practice of time-based maintenance for critical control assets.
In this paper, we review faults for control valves and discuss potential causes. Based on the level of
sophistication of the FDD method, we utilise different monitoring options and variables such as: (i)
flow and outlet pressure; (ii) flow, inlet and outlet pressure; (iii) inlet, outlet and cover chamber
pressure; (iv) inlet and outlet pressure, and stem position. In Section 2, we describe the derived fault
tree for control valves together with our modelling approach and data used for the FDD analysis. In
Section 3, the FDD method is applied to diagnose a blockage in the pilot control loop, an improper
speed control valve setting, restrictions in the stem movement due to a blockage in the main valve
and/or stiction, and hydraulic instabilities.

2. FAULT TREE AND DATA COLLECTION
2.1 Control Valve Fault Tree
A fault tree analysis has been derived for a set of potential faults gathered from interviews with
control valve technicians in three UK water companies (Figure 1).

Figure 1. The Fault Tree: hin , hout and hset are control valve inlet, outlet and set pressure head.

2.2 Control Valve Description and Control Valve Model
We use experimental data both from a pipe rig at Imperial College London and the Smart Water
Demonstrator operated by Bristol Water, Imperial College London (InfraSense Labs) and Cla-Val
[1]. The analysis presented in this paper uses a Cla-Val PRV GE9001 DN100 to acquire data under
normal operation and when a particular fault under investigation is deliberately induced. Due to
space constraints for this paper, the analysis is limited to the most common combination of
measurements, namely inlet and outlet pressure, and flow. In addition, we have developed a steady
state model, which enhances the simplified phenomenological model described by Prescott and
Ulanicki [2]. These enhancements include the reformulation of the force balance relationship to
represent the nonlinear energy losses between the measured pressure head (e.g. the location of the
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pressure sensors within the globe valve) and the force balance axis due to the geometry of the globe
valve (eq.1). Since the minor loss coefficients vary for different valve openings, the coefficient
functions are represented by third degree polynomials. The validation of this relationship is outside
the scope of this paper. With the applied steady state model, dynamic states are represented by
quasi-steady states for which the time derivative part and flow between the valve control chamber
and the control loop are neglected. The developed control valve model is summarised as:
hc c1 ( xm ) hin  c2 ( xm )hout  c3 ( xm )
q Cvm ( xm ) hin  hout
Cvfo hin  hc C p ( x p ) hc  hout
k spr ( Psp  x p )   ghout ad  m p g 0,

where hin , hc and hout are pressure heads for the control valve inlet, control chamber and outlet
[m]; xm is the opening of the valve [%]; x p is the opening of the pilot valve (CRD) [%]; q is flow
through the main valve [l/s]; and, c1 ( xm ) , c2 ( xm ) and c3 ( xm ) are polynomial functions for
calculating the minor losses between the pressure measurement points within a globe control valve
and the force-balance axis (stem axis); Cvm , Cvfo and C p ( x p ) are the flow coefficients (valve/orifice
capacities) [l/s per m1/2]; k spr is the pilot valve (CRD) spring constant [N/m]; Psp is the set point of
the pilot valve (CRD) [m]; ad is the area of the pilot valve (CRD) diaphragm [m 2] and m p is the
mass of the pilot valve (CRD) element [kg]. The steady state model, equations (1-4), consists of a
force balance relationship, a main valve flow characteristic, a pilot control loop flow characteristic
and a pilot valve (CRD) force balance equation respectively.

2.3 Experimental Facility
The experimental pipe rig is shown in Figure (2) and a description of the Smart Water Network
Demonstrator operated by Bristol Water, Imperial College London (InfraSense Labs) and Cla-Val is
presented in [1].

Figure 2. Experimental Test Rig for the Control Valve

CCWI 2017 – Computing and Control for the Water Industry

Sheffield 5th - 7th September 2017

3 FEATURE ENGINEERING AND FDD SCHEME
The proposed FDD method is aimed to be computationally efficient so it can be implemented in low
power electronic systems, which manage in-situ the operation of automatic control valves.
Furthermore, the developed FDD methods rely upon recent advances in continuous high-resolution
pressure sensing with sampling rates ranging from 1Sample/s to 128Samples/s, based on the desired
accuracy in representing the waveform of the hydraulic dynamics. For pressure control valves,
faults are defined when a valve fails to regulate pressure according to the set pressure in a control
profile. We define a variable representing the discrepancy between the regulated pressure and the
set pressure, hd as hd hout  hset , where hset is set pressure from the control profile. We design
features indicative of faults as described in the following sub-sections:

3.1 Control Profile Discrepancy
For this fault category, the steady state outlet pressure differs from the set pressure. Two common
faults are considered: a blockage in the pilot control system and restriction in the valve stem
movement.

3.1.1 Control Loop Blockage
When a blockage in the inlet pilot control loop occurs, Cvfo decreases as described by equation (3),
causing an increase of hout in order to balance the Psp setting. In the case of a blockage in the outlet
pilot control loop, C p ( x p ) decreases together with hout in order to balance Psp .

3.1.2 Valve Stem Movement Restriction
Valve stem movement restriction can be caused by the entrapment of large items such as solid
formations from sediments and corrosion scales in the body of a control valve. As a result, the valve
cannot operate in its full range; it fails to fully close (stuck open) or to fully open (stuck close).

3.1.3 Features Formulation for Control Profile Discrepancies
We consider the relationship between hout against q under both normal control and fault conditions.
The considered faults, which are shown in Figure 3, have distinctive characteristics; for example, a
fixed outlet pressure control valve, which is stuck open, stuck close, and has blockages in the pilot
control loop inlet and control loop outlet. The variable hd represents the difference between the
measured hout and the simulated ( hset ) pressure heads. A similar approach is applied for flow and
time modulating control settings.
In Figure 3, four faults can easily be detected and diagnosed. To detect and diagnose through a
computer, feature variables representing this observation are required. According to Figure 3, four
faults can be classified by:
(a) Stuck open: Positive average of hd and negative gradient of hd
(b) Stuck close: Negative average of hd and negative gradient of hd
(c) Control loop inlet blockage: Positive average of hd and zero gradient of hd
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(d) Control loop outlet blockage: Negative average of hd and zero gradient of hd .
The variable A represents an average of hd for the whole dataset with any time period. However,
for the gradient variable cannot be obtained directly. With continuous measurements, a lot more
data can lie on a small range of pressure target than the rest. The directly calculated gradient will be
different from what is observed. Therefore, measurements are accumulated into consecutive nonoverlapped flow windows. We use a window width of 5 l/s. This gradient variable is M .

Figure 3. Examples of control profile discrepancy faults
The proposed method is validated with both experimental and numerically simulated data. Figure 4
shows a plot of A against M for the considered faults using a flow window width of 5 l/s.
Numerically simulated data sets (Figure 4) were used to train the binary decision trees for a
multiclass classification model in order to distinguish these four classes of faults. The classification
model used 208 training data sets with 50-fold cross validation and 97% accuracy. A set of
experimentally acquired data sets were used to validate the classification model for two fault
conditions: blockages in the inlet and outlet sections of the pilot control loop. The trained decision
tree classifier has successfully identified the fault condition with a correction of 95% (23 out of 24
data sets).
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Figure 4. Plot of variables A and M from various data sets with control profile discrepancy faults

3.2 Response Time of Control Valves
The stochastic nature of demand and rapid changes in the hydraulic conditions in water supply
networks together with an increased level of complexity of the control functions (pilot control
loops) and a number of control valves could induce suboptimal response and/or hydraulic
instabilities from automatic control valves. A speed control valve (SCV, also referred to as the CV
control valve) is used to control the opening and/or closing speed of a pressure modulating valve. It
combines a needle valve and a check valve depending on the direction of the flow through the pilot
system. The SCV reduces the risk of hydraulic instabilities as it slows down the control response.
However, if the SCV setting is too conservative (closed) and the response time of the control valve
is too slow, sub-optimal hydraulic response to rapid changes in demand and hydraulic oscillations
due to interactions with electronic control pilots might occur. Figure 5 shows a comparison of the
control response of a valve with extreme settings of the SCV. The variations in the valve response
require careful tuning for control valves with more elaborate pilot control systems and functions.
The characteristics of a potential control speed fault depends on the discrepancy between the
measured and set outlet pressures, hd , and the duration of this discrepancy. We introduce a slow
control response feature parameter, FSR , which is an integration of hd over a specific time interval
(e.g. 5mins), providing that the measured regulated pressure is moving towards the set pressure:
FSR 

t2
d | hd |
1
hd dt , given
 0,

(t2  t1 ) t1
dt

where the selected time period is t t1 to t t2 . The Savitzky-Golay filter is used due to its peak
shape preservation property.

Figure 5. Plots (a) and (b) show time-series of measurements for opened and closed setting of the
SCV and (c) compares these for a flow modulation control scenario ( q  hout )
A set of experiments have been carried out to illustrate a sub-optimal response time for a control
valve; for example, the settings of the SCV were closed, 5 turns and opened (10 turns). In this case,
the SCV was installed to manage the speed of opening of a control valve; however, SCVs could be
installed for managing both the speed of opening and closing of a control valve. Figure 6 shows that
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the control speed feature variable, FSR , can be a measure of the response rate of the control valve
opening (and closing). A sub-optimal control is detected through FSR and the differential pressure
(DP). For example, the application of the FSR to assess the performance of a control valve with
large variations in the outlet pressure (Figure 5c) is presented with red dots in Figure 6. Binary
decision trees were applied to classify experimental data based on the SCV setting in order to
characterise a slow control response. Slow control response is also observed in cases of valve stem
stiction, which would result in a slow control response for both valve opening and closing.

Figure 6. Different settings of SCV and the application of FSR

3.3 Insufficient Upstream Pressure
The active sectorisation of water supply networks with the introduction of District Metering Areas
(DMAs) together with aggressive pressure reduction for leakage management has lowered the
pressure in water supply systems while increasing hydraulic energy losses. Consequently, control
valves might experience insufficient inlet pressure during peak diurnal or incident related demands
in order to modulate to a set outlet pressure. Novel pilot control systems allow for diaphragm
actuated globe valves to fully open (e.g. automatically vent the cover chamber) in order to reduce
minor energy losses [1]. This network related fault condition is characterised as
2
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If FLH is positive, the valve inlet pressure is sufficient for the pre-set modulation profile and if FLH
is negative, the valve inlet pressure is insufficient for the control to be implemented.

3.4 Hydraulic Instabilities
Hydraulic instabilities are oscillatory changes in pressure that may have a period ranging from subseconds to minutes. These oscillatory changes may originate from various network control assets
and users, and/or from control valves. The main causes for hydraulic instabilities caused by control
valves include their control behaviour under low flow conditions and particularly for over-sized
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design choices, poor understanding of the network hydraulic conditions under which the control
valves operate, cavitation, and advanced control options, which are not properly commissioned and
managed. Since hydraulic instabilities are characterised by short-term oscillatory pressure
variations, we extend the method for characterising complex pressure waveforms as described in [3]
and apply it to diagnosing hydraulic instabilities in control valves. The developed approach
includes: (i) the continuous acquisition of high-resolution time-synchronised pressure data from the
inlet and outlet of a control valve (128S/s); (ii) the pressure waveforms are converted into a series
of straight segments and inflexion points for a moving count-based window by applying hysteretic
quantisation; (iii) the maximum edge cycle counting algorithm is applied to characterise and
“count” the hydraulic instabilities based on their amplitude and frequency (counts) and the mean
pressure under which the pressure oscillations occur. This approach has multiple benefits. Firstly, it
uses addition, subtraction, and comparison operators and it therefore suitable for implementation on
a low power microcontroller. Secondly, it gathers complex loading information which enables the
estimation of fatigue induced stress on critical components and failures of control valves.

Figure 7. Characterising hydraulic instabilities

4 CONCLUSIONS
The optimal control of water supply networks requires good knowledge of the hydraulic dynamics
and the implementation of sophisticated but complex control solutions and technologies. We review
possible faults in control valves and propose a fault detection and diagnosis method. Faults-related
data is collected through experiments and mathematical modelling. We engineer fault features
indicative of specific faults and apply these to diaphragm actuated globe control valves with
hydraulic-electronic pilot control loops. The proposed FDD facilitates the implementation of
condition-based predictive maintenance and supports the robust and implementation of advanced
control solutions in complex water supply networks.
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