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Abstract

This paper presents a fuzzy system to control the pressure in a water distribution network, by using valves and controlling
the rotor speed of the pumping systems. The variable frequency drive tracks the minimum head of the pumping system,
while the control valves have the function of eliminating the excess pressure at various points of the network. The control
system can track any reference pressure value and there is no limit for the number of monitored points. Experiments were
carried out to demonstrate the fuzzy system’s efficiency. By extrapolating the results achieved in the experimental setup to
areal hydraulic network with leakages and no pressure control, the volumetric losses could be reduced by more than 56%.
The experiments showed that the system is robust enough to control the pressure of an experimental setup of water distri-
bution. Besides, the proposed system can be easily applied to similar water supply systems and would help to reduce the
consumption of water and electricity, as well as to reduce the maintenance costs.
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Introduction

Energy and water are two indispensable and interrelated com-
modities for life. Seven percent of the world’s energy consump-
tion in 2000 was used to pump and treat water for urban resi-
dents and industry (Ghimire and Barkdoll, 2007). During the
lifetime of the water supply network, in the majority of cases,
the energy cost of pumping surpasses the investment costs
(Gomes et al., 2008).

Energy consumption of most of the water supply systems
worldwide could be reduced by at least 25% through the use
of power efficiency processes. Water supply companies have
the potential to save more energy than the total consumption
of Thailand (James et al., 2002). The optimisation of pumping
operations may generate significant savings, especially in large
systems, where these savings can reach millions of dollars per
year. Several studies both in Europe and the United States of
America indicate that many industrial processes have a saving
potential of 30% to 50% in their pumping systems (Hovstadius,
2007).

An efficient alternative to reducing the electric power
consumption of water distribution network pumping systems is
the reduction of flows and pressures. The most effective way to
decrease the volume of pumped water, without rationing, is to
minimise the actual water losses (Bezerra, 2009). As a mid- or
short-term measure, pressure management is the most practical
and economical method among the various ways of controlling
the losses from leakages (Germanopoulos and Jowitt, 1989;
Tabesh and Hoomehr, 2009). It may be noted that the control
of pressure in hydraulic networks has a direct bearing on the
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electric power and water consumption.

The most common automation systems, supervisory control
and data acquisition — SCADA systems — enable the indirect
control of pressure at the network points. However, decisions
are linked to the experience of operators, since the supervisory
control and data acquisition systems, as a rule, provide only
assisted operation. You can monitor, control and interfere with
several units of the system in real time, but not with the auto-
matic and integrated control of processes. The larger the water
distribution system, the more complex are the decisions to be
taken. The large number of elements that may change their
states complicates the procedure to obtain the best combination
of operation status to be defined by operators (Bezerra, 2009).
Due to this high complexity, the search for the most appropriate
decisions in terms of operational processes should be done with
the aid of appropriate computational tools.

The available equipment for pressure control in hydraulic
networks is the variable frequency drive (VFD) and the control
valves. Usually, the rotational speed control performed by the
VEFD coupled to the electric motor is based on a single-point
measurement of the hydraulic network pressure. The control
valves used to reduce pressure are called pressure-reducing
valves and are placed at the entry points of the networks.

The larger the water supply network gets, the more sig-
nificant will be the pressure variation within the hydraulic
network. In these cases, to ensure pressure control at various
points of the system there is a need for simultaneous applica-
tion of control valves and variable frequency drives.

Thus, the main objective of this paper is to develop a fuzzy
system control applied to a water supply system to minimise
electric power consumption and the volume of water pumped.
The variable frequency drive control system operates to keep
the manometric height of the pumping system at an optimal
value and the valve control system helps to reduce the pressure
at several points of the water network.
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Literature review: Fuzzy systems

With the technological advances of recent decades, more mod-
ern and efficient controllers are being designed for complex
processes. Fuzzy systems have emerged as an alternative to the
automatic control of nonlinear systems and with multiple inputs
and outputs. This control system is based on fuzzy logic, which
is an attempt at formalisation/ mechanisation of human capabil-
ity to make rational decisions (Zadeh, 2008).

Fuzzy systems have demonstrated their ability to solve
different kinds of problems in various application areas. Due to
the great importance of environmental issues at present, there
are several research publications dealing with the use of fuzzy
controllers to improve renewable energy generation plants
and increase the energy efficiency of industrial processes. An
extensive collection of papers is found in the literature on this
subject. Cirre et al. (2009) described the design and implemen-
tation of 2-layer hierarchical control strategies for a distributed
solar collector field, and also provided significant experimental
results, on the basis of which the benefits of using this approach
were compared with those of current operation practices. The
upper layer of the hierarchical strategy was implemented using
two different approaches, fuzzy logic and physical model-based
optimisation. Both determine the optimal plant operating point
automatically, taking into account the operating constraints
while maximizing the profit from the sale of the electricity
generated. Lin et al. (2011) presented the design of an on-line
training recurrent fuzzy neural network controller with a high-
performance model reference adaptive system observer for the
sensor-less control of an induction generator. The proposed out-
put maximisation control is achieved without the mechanical
sensors, such as the wind speed or position sensor, and the new
control system will ensure the delivery of maximum electric
power with light weight, high efficiency and high reliability.
Sung et al. (2011) developed a robust observer-based fuzzy
control for a variable-speed wind power system. In their work,
an output-feedback control for stabilising the uncertain nonlin-
ear system is proposed. For achieving a robust stability, they
deal with the parametric uncertainties of the concerned system
which is based on the Takagi-Sugeno fuzzy model. The simula-
tion results for variable-speed wind power systems are demon-
strated to visualise the feasibility of the proposed method.

Fuzzy systems are widely used in the control of variable
rotation speeds, particularly in induction machines utilised in
industrial processes. Lima (2007) developed a fuzzy system

to control the soil water matrix potential, aiming at an opti-
mal irrigation process, by varying the rotational speed of the
pumping system. Souza et al. (2007) proposed an adaptive
fuzzy controller for efficiency optimisation of adjustable-
speed drives, with an emphasis on vector-controlled induction
motor drives. The technique combines two distinct control
methods, namely, online search of the optimal operating point
and a model-based efficiency control. Yu et al. (2010) focused
on the problem of position tracking control for field-oriented
induction motors with parameter uncertainties and load torque
disturbance. Traditionally, the controllers utilised for the
motors use the PID controller. In practice, for a drive system,
the parameters may vary during the operation, and, as a result,
the system performance may deteriorate, resulting in instability
during extreme conditions. This problem is minimised in the
fuzzy system. As exemplified in some of the earlier works that
have been cited, fuzzy logic systems are used to approximate
the nonlinearities of control of induction motor drives. Several
methods have been proposed in the literature for control of
these motors, but applications for motor pumping systems that
take into account the nature of the water distribution network
for the design of fuzzy controllers are rarely found.

Fuzzy logic is also commonly used as a decision support
system (DSS) in almost all areas of, for example, water sup-
ply systems. Sinske and Zietsman (2004) developed a DSS for
pipe-break susceptibility analysis. The manager can apply the
DSS to model the complex pipe-break phenomena in a water
distribution system in order to identify the pipes that are sus-
ceptible. The DSS has already been successfully applied to the
water distribution system of Paarl in South Africa. El-Baroudy
and Simonovic (2006) explored the utility of adopting fuzzy
performance measures for evaluating the performance of a
complex water supply system, in terms of combined reliability-
vulnerability, as well as, robustness and resilience.

System description

The study was conducted using an experimental setup for water
distribution, consisting of a tank, pumping system, a variable
frequency drive, 2 control valves (CVc and CVs), 2 pressure
transducers, and 2 flow transducers, besides the hydraulic and
electrical accessories (Fig. 1).

The experimental setup is composed of 2 branches to
simulate 2 sectors in a real water distribution network. The CVs
are used to change the system’s operating conditions, emulating

LEGEND

1 - Electric motor

2 - Pump

3 - Pressure transducer 1 (PT1)
4 - Pressure transducer 2 (PT2)
5 - CVs valve

6 - CVc valve

7 - Flow transducers

8 - Tank

Figure 1

@ @ Experimental setup of

water distribution
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a demand variation. When CVs is closed, the flow decreases;
consequently, the pressure upstream of the valve increases. The
opening curve of the CVs curve was based on a profile of water
consumption of a sector of the Metropolitan Region of Sao
Paulo, Brazil.

The variable frequency drive (VFD) is intended to keep
the pressure at the most critical point of the hydraulic network
equal to the desired pressure (reference pressure), while the
CVc valve eliminates the excess pressure at the point of meas-
urement in Branch 1.

The data acquisition system comprises of a PC and USB
data acquisition (DAQ). Two energy analysers were employed
to measure and monitor the input and output electrical variables
of the VFD + electric motor (electric current, electric voltage
and power).

Proposed fuzzy system

The control system was developed in LabVIEW and consists of
2 fuzzy controllers: the first one is responsible for determining

the frequency of the VFD, while the second one operates at the

control valve CVec.

The use of fuzzy sets allows the development of the control
system without prior knowledge of the mathematical model
corresponding to the controlled plant. The fuzzy system uses
4 analogue inputs and 3 analogue outputs of the DAQ. The
analogue inputs are the signals from the pressure transducers
PT1 and PT2, and from the valves CVc and CVs. The analogue
outputs are used to adjust the opening of the CVc and the acti-
vation frequency of the motor of the pump.

Inputs and outputs of the fuzzy system, and the linguistic
variables, as well as the number and format of the membership
functions, were selected as per literature recommendations,
heuristic analysis and experimental tests. The crisp variables
can be normalised, simplifying the universe of discourse
or determined as a function of its application. In this work,
the range of universe of discourse was defined based on real
values.

The linguistic variables were selected in order to enable the
pressure control at the 2 measurement points of the experimen-
tal setup. The input linguistic variables are:

* PRES —pressure at the most critical point of the hydraulic
network

* FREQ — activation frequency of the motor-pump system

e DIF — deficit or excess of pressure downstream the CVc

*  VALVE - angle position of CVc valve

The output linguistic terms of the fuzzy system are:

* AF —increase or decrease of the control signal of VFD

* AV —increase or decrease in the opening angle of CVc
valve

The number of membership function sets recommended in the
literature is between 2 and 7. The greater the number of sets,
the greater the precision; however, according to Simdes and
Shaw (2007), for values greater than 7 there are no significant
improvements. Therefore, 7 fuzzy sets were adopted for each
variable, except for AF, for which 9 terms were used in order
to smooth the output signal. This smoothing is important to
minimise peak currents in the electric motor caused by the
VED.

The formats of the most common membership functions
are triangular and trapezoidal, and they are easily generated.
In order to reduce the complexity of the fuzzy-logic inference
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Figure 2
Fuzzy sets for the input variables loaded — FREQ and PRES

system, membership functions with shapes found in typical
process control literature were adopted, where border terms are
trapezoidal and the remainder of the terms are triangular. The
membership functions were determined based on recommenda-
tions in the literature and heuristic knowledge from simulations
and experimental tests.

The inference method used was Mamdani’s procedure
based on min-max decision. There are two commonly used
methods of defuzzification, namely, centre of area and mean of
maximum. Here, the centre of area method was chosen as the
universes of discourse for the output variables are continuous.
With defuzzification, resultant fuzzy values of the fuzzy rules
are converted into crisp values.

Fuzzy controller of VFD

Through a qualitative analysis of the behaviour of the pressure,
depending on the change of speed of rotation of the pumping
system, 2 entries were determined for the fuzzy controller of
the variation frequency drive — PRES and FREQ. The first one
represents the deficit or excess pressure in the critical point of
the system, while the second indicates the value of the motor
drive frequency.

The input linguistic variable PRES (Fig. 2) was defined to
a set-point of 20, i.e., the controller was developed consider-
ing the value of 20 as an optimal value for the variable taken
into consideration. The universe of discourse was based on the
measuring range of the pressure transducers. The linguistic
terms and the membership functions of the VFD controller are
described in Fig. 2. For the variable FREQ these terms are very
low (VL), low (LO), slightly low (SL), optimum (OP), slightly
high (SH), high (HI), and very high (VH).

The first output of the fuzzy system is AF, which is directly
related to the measurement of the system pressure and rotation
speed. The heuristic search of the output variable is based on
the following statement:

» If'the pressure in the most critical point of the system is less
than desired, the controller increases the rotational speed of
the pumping system; if the pressure in the critical point of
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Figure 3
Membership functions of the linguistic variable of output AF

the system is higher than desired, the controller decreases
the rotational speed of the rotational speed of the pumping
system.

The universe of discourse of the variable AF is in the range
[-0.30, 0.30], which corresponds to real values of electrical
voltage. The sum of the value of AF and FREQ (which varies
between 0 and 8.8) takes the value of the voltage sent to the
converter through the DAQ. The membership functions are
shown in Fig. 3.

Thirty-four rules of fuzzy inference have been established
to determine the output variable AF. Table 1 presents the
fuzzy associative matrix of the VFD controller based on past
experience with manual settings. The rule-base represents the
knowledge of the controller; hence the formulations should be
carefully considered.

Modeling of the fuzzy controller of CVc

For the modelling of the fuzzy controller of CVc, it is essential
to define the input and output variables. Through a qualitative
analysis of patterns of behaviour depending on the pressure and
opening angle of the CVc valve, 2 inputs were established to
the controller fuzzy of the control valve — DIF and VALVE.
The linguistic input variable DIF is defined based on the pres-
sure measurements and it establishes the opening angle of the
CVc valve. The variable DIF is calculated by Eq. (1) and cor-
responds to the excess or deficit of pressure downstream of

the CVc valve and its desired value is zero. The universe of
discourse for these input functions was limited between —5 and
5, which corresponds to the range in real values measured in
meters.

DIF = (P, - Pref) - (P, - Pref) 1)

where:
P is the pressure at the point i
P refis the reference value of the point i

H(VALVE) vi
1.0 — — \
08 V3
' V4
0.6 Vs
0.4 V6
[~ v7
0.2
0.0
17 20 30 40 50 60 VALVE
u(DIF) NL
10 NM
08 NS
' [~z
0.6 PS
0.4 PM
[~~]pL
0.2
0.0
-5.0 3.0 2100 00 +1.0 +3.0 +5.0 DIF

Figure 4
Fuzzy sets for the input variables VALVE and DIF

The control valve used in the study is of proportional type and

its opening angle varies linearly with the voltage imposed on it,

ranging from 2 to 10 V. However, it was observed that the pres-
sure variation occurs only in the range of 17° to 60°. Between
0° and 17°, the valve CVc is still closed, and in the range of

60° to 90° it is completely open (the pressure drop approaches

zero). Therefore, the universe of discourse is adopted to be

[17, 60].

The output language, called AV, refers to the increase or
decrease in degrees of opening angle of the CVc valve installed
upstream of the PT1. The form of heuristic search for the output
variable AV is based on the concept:

» If'there is excessive pressure downstream of the control
valve, it should decrease the opening angle. On other hand,
if there is a deficit in the pressure downstream of control
valve, it should increase the opening angle.

The membership functions of the input and output variables are
presented in Figs. 4 and 5. For the variable DIF these are posi-
tive large (PL), positive middle (PM), positive small (PS), zero
(ZE), negative small (NS), negative middle (NM), and negative
large (NL).

Forty-three rules of fuzzy interference have been estab-
lished to determine the output variable AV, which relate the
7 membership functions of DIF with the 7 functions of variable

Table 1
Fuzzy rule-base matrix of the VFD controller
PRES
VL LO SL OoP SH HI VH

F1 APVL | APVL

F2 APVL APL APM ZERO
o | F3 APVL APL APM ZERO ANS
E F4 APVL APM APS ZERO ANS ANM ANM
= |F5 APL APM APS ZERO ANS ANL ANL

F6 APS ZERO | ANM ANL | ANVL

F7 ZERO | ANM | ANVL | ANVL
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Membership functions of the output linguistic variable AV

VALVE. Table 2 presents the fuzzy associative matrix of the
CVc controller.

Table 2
Fuzzy rule-base matrix of the CVc controller
DIF
NL NM NS ZE PS PM PL

V1 | APL | APL | APM | ZERO

V2 | APL | APL | APS | ZERO | ANS | ANS | ANS
WL | V3 | APL | APL | APS | ZERO | ANS | ANM | ANM
E V4 | APL | APM | APS | ZERO | ANS | ANM | ANL
> |V5 | APM | APM | APS | ZERO | ANS | ANL | ANL

V6 | APS | APS | APS | ZERO | ANS | ANL | ANL

V7 ZERO | ANM | ANL | ANL

Results and discussion

This section describes the experiments performed in the real
plant (Fig. 1). Three experiments were performed in order to
validate the proposed control system:

e Experiment 1: Test in an open-loop control (without con-
trol) with the valve downstream of the PT1 (CVs) varying
its opening angle in order to emulate the inflow demand of
a water system.

e Experiment 2: Test in a closed-loop control, with an input
reference step of 20 for the variable PRES, using only
fuzzy controller of VFD. This experiment is performed
under the same operating conditions as Experiment 1. A
virtual instrument to simulate demand for a real system
through the remote operation of CVs was developed in the
LabVIEW computational program. Fig. 6 shows the theo-
retical curve and the real curves of the CVs opening angle
for Experiments 1 and 2.

e Experiment 3: Test in closed-loop control for an input ref-
erence step of 20 m for the 2 measurement points in which
pressure was evaluated.

Experiment 1

Experiment 1 was conducted in an open-loop system to be
later compared with Experiment 2. Fig. 7 shows the pressure
and flow in Branches 1 and 2 in Experiment 1. As expected,
the flow rate in Branch 1 follows the same pattern of the CVs
opening angle.

The average flow was 3.84 m*h at Branch 1 and 3.89
m*/h at Branch 2, giving a total average flow of 7.73 m*h.
Considering the design pressure of 20 m, the mean pressure
at PT1 (40.02 m) and PT2 (34.94 m) was 100% and 75%,
respectively, which is higher than the ideal.
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Opening curves of CVs valve
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Figure 7
Results of experiment 1 — pressure and flow

Experiment 2

Experiment 2 was conducted under the same operating condi-
tions as Experiment 1, but with the operation of the fuzzy
controller VFD. This is a closed-loop test with a step-type
input of 20 m for the variable PRES. Initially, the frequency
of the motor voltage was 50 Hz and CVc was fully open.
The variation of the CVs opening angle was the same as in
Experiment 2.

Figure 8§ presents the pressure and flow in Branches 1 and
2 of Experiment 2. The FT2 flow has the same pattern of CVc
opening angle, because the FT2 meter is located in the same
branch of the valve. The average flow was 3.22 m%h at Branch
1 and 3.71 m*¥h at Branch 2, giving a total average flow of
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Results of experiment 2 — pressure and flow

6.93 m*h. The mean pressures at the measuring points PT1
and PT2 were 27 and 20 m, respectively.

The control system showed a satisfactory response, and the
steady-state error was 3.11% (0.62 m), with an average error of
1.02% (0.20 m).

Evaluation of electric power consumption

To evaluate the energy efficiency in the experimental setup

the on-line power consumption was measured and the specific
energy consumption was calculated. Specific energy consump-
tion is widely used in the water supply sector and is defined as
the ratio between energy consumption, in kWh, and the volume
pumped, in m*, within a certain time interval.

Despite the fact that the VFD consumes about 5% of total
energy and causes a decrease in the motor-pump efficiency, it
was found that control of the rotation speed provides a reduc-
tion in power consumption of 35.03%, with a decrease of 27.91%
in specific energy consumption. The total flows achieved in
Experiments 1 and 2, the power and the specific energy con-
sumption are shown in Fig. 9. Table 3 presents the parameter
values of the energy evaluation of Experiments 1 and 2.

Table 3
Consumption indicators of experiments
Total flow Electric power Specific
(m?h) consumption energy
(kWhlyear) consumption

(kWh/m?)
Experiment 1 7.73 19 312 0.29
Experiment 2 6.93 12 547 0.21
Difference (%) 10.38 35.03 27.91
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Figure 9
Comparison of Experiments 1 and 2 — total flow, electric power
consumption and specific energy consumption

Experiment 3

The VFD operating in isolation is not able to optimise the pres-
sure at more than one point of a water distribution system, as
can be seen at Measurement Point 1 (Branch 1), and there was
an excess pressure of 7 m (see Fig. 8).

Using the equation suggested by the Fixed and Variable
Area Discharge paths (FAVAD) theory (Eq. (2)), with N1
equal to 1.5 (background leakage typically), and extrapolating
the results to a real network with leakages, the fuzzy system
developed for the simultaneous control of the VFD and VC
(Experiment 3) would provide a potential reduction of 64.67%
(Branch 1) and 56.69% (Branch 2) in the amount of leakage,
when compared with the control system with no pressure
control. Table 4 presents a synopsis of the potential of leakage
volumes and the network pressures for the various conditions
mentioned.
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Table 4
Summary of pressures and lost volume by leakages (estimated)
Branch 1 Branch 2
Average Potential | Average Potential
pressure volume pressure volume
(m)
Control system (VFD + CVc) 20.00 X 20.00 y
VFD fuzzy controller 27.04 1.57*x 20.00 y
Without controller 40.02 2.83*x 34.94 2.31*y

x and y are the lost water volume caused by possible leakages when both controllers

are used simultaneously.

The FAVAD theory (May, 1994) has greatly advanced the
understanding of pressure-leakage relationships for networks.
The theory takes into account the fact that certain types of
leaks will follow variable leakage paths. The pressure leak-
age calculation can vary up to a power of 2.5 in such cases.
Numerous field tests using the FAVAD theory have confirmed
that the influence of pressure on the volume of leakage and
frequency of new leaks is far greater than estimated previously.

2

where:
0O, is the amount of leakage through a hole in a pipe whose
pressure is P,.

Therefore, Experiment 3 was performed for an input reference
step of 20 m for the 2 measurement points. With this proce-
dure, the performance indicators of the control system were
obtained (overshoot, settling time and steady-state error). The
settling time was 90 s, the steady-state error was 3.38% (0.68
m) and 3.47% (0.70 m), and the overshoot was 16.80% (3.36

m) and 33.91% (6.78 m), for Measuring Points 1 and 2, respec-
tively. Figure 10 shows the step response curves obtained at 2
points of pressure measurement.

Conclusion

This paper presents a fuzzy system applied to control the pres-
sure of water distribution networks. The study aimed to design
a robust controller for any pressure reference values. There is
no limit for the number of monitored points to be controlled;
moreover, the pressure reference values at these points could
change over time.

The fuzzy system presented a satisfactory response; the
error of maximum steady state in the experiments was 3.47%
(0.70 m). The system’s minimum pressure control, which is pri-
marily done by the variable frequency drive (pump rotational
speed), presented a quick response. However, due to the high
response time of the control valve, the overall system response
was relatively slow and with high overshoots. The settling time
of about 90 s was considered to be appropriate for this type of
application.

Despite the fact that the variable frequency drive consumes
about 5% of total energy and causes a decrease in the motor-
pump efficiency, it was found that the control of the rotational
speed provides an overall reduction in power consumption
of 35%, with a decrease of 28% in the specific electric power
consumption (kWh/m?).

By extrapolating the results achieved in the experimental
setup to a real hydraulic network with leakages and no pressure
control, the volumetric losses could be reduced by more than 56%.

The performance of the control system proved to be
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Figure 10
Curves of response of the fuzzy system on a closed loop
of Experiment 3

satisfactory in the experimental setup. It is known that the main
advantages of the fuzzy system are the absence of the need

for modelling the plant, its adaptability to different operating
conditions and its applicability for complex dynamic systems.
Hence, it is expected that the fuzzy system developed here

may be easily implemented in other similar water distribution
networks.
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