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Abstract: Water Distribution System (WDS) is one of the important phases of the Water Treatment Plant (WTP) and plays a crucial role in plant, animal, and human life. The WDS aims not only to supply a continuous, stable water amount but also to reduce energy consumption as little as possible during operation. To keep the continuous, stable water amount, the water pressure in the pipe network of the WDS must be maintained at desired set points under the effecting of uncertainties, disturbances, and noises. For saving the energy requirement, a Variable Frequency Driver (VFD) was utilized to control the speed of the Water Boost Pump (WBP) as speed as the WDS requires and a Recurrent Cerebellar Model Articulation Control System (RCMACS) was proposed to keep the water pressure at desired reference under abnormal events. Furthermore, to adapt to the industrial environment, the RCMACS was implemented on the Allen-Bradly Programmable Logic Controller (PLC), and industrial networks were also proposed to connect and transfer data between control stations and field devices.
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1  Introduction

The Water Distribution System (WDS) plays an important role in plant, animal, and human life [1]. Due to its continuous operation, the WDS guarantees not only a continuous, stable, and quality water amount to meet the demands of customers but also to reduce electrical energy consumption as little as possible during operation. According to the structure of the WDS, guaranteeing the continuous, stable, and water amount for reality demands can be done by keeping the pressure in the water pipe system at desired set points under the presence of uncertainties such as uncertain water consumption, uncertain current, the friction coefficient of the pipe, valve status, and so on [2–5]. Due to the effect of many uncertainties, the stability of the pressure in the pipe is a very difficult task [6,7]. To achieve stability of control systems, the Proportional Integral Derivative (PID) controller has been developed and applied in many applications [8,9]. However, the influences of the uncertainties, disturbance, and noises, the dynamic model of the practical systems are hardly be established [10]. Consequently, model-based controllers such as the PID can’t obtain desired performances [11–14].

Neural networks (NNs) can approximate non-linear functions to arbitrary precision by learning ability Therefore, it has been proposed to cope with uncertainty systems and obtained good results in realistic applications [15–17]. However, weights of the NNs are updated in each learning cycle, this is not suitable for applications requiring online learning. Furthermore, the selection of the number of neurons and hidden layers to achieve good performances is usually obtained by trial and error.

To improve the learning ability of the NNs in real-time, the Recurrent Cerebellar Model Articulation Controllers (RCMAC) have been developed and applied for uncertain, non-model, and non-linear systems [18,19]. The effectiveness of the RCMAC in controlling practical applications have achieved good responses [20,21].

Although the RCMAC can deal with uncertain systems to achieve desired performances. However, the implementation of this controller for industrial applications has not been widespread. Consequently, implementing the RCMAC on the Programmable Logic Controller (PLC) to stabilize the water pressure for the WDS is one of the aims of this work.

Along with archiving the water pressure stability for the WDS, saving energy has been also extremely important. For the WDS, the highest energy consumption comes from the WBP. To reduce the energy consumption of the WBP, a VFD was utilized to control the speed of the WBP. By using the VFD, the WBP was supplied only enough energy to meet demand. Therefore, it can be considered as a very effective control method for the WBP to save energy. From the point of view of the stability, robustness, and saving energy for the WDS, this article proposed a recurrent cerebellar model articulation control system (RCMACS) to maintain the pressure in the water pipe system at desired set points. Besides the VFD was utilized to control the WBP for saving energy. With this solution, not only the persistence of the system was guaranteed but also the energy consumption was decreased significantly comparing with the non-VFD solution [22]. Furthermore, to adapt to the industrial environment, the control system was implemented on an industrial programmable logic controller (PLC) of Rockwell Automation and industrial network solutions were also utilized to connect and transfer data between the control stations and field devices [23,24].

The rest of this paper is organized as follows: Section 2 presents the structure of the WDS and the proposed control system. Section 3 describes designing of the proposed control system. The experimental results were shown in Section 4 and Section 5 is the conclusions and suggestions for the next works

2  Introduction the Water Distribution System and Proposed Control System

2.1 The Structure of the Water Distribution System

The Water Distribution System (WDS) is one of the important phases in the Water Treatment Plant (WTP). There are many different models of the WDS in the WTP. In this article, the structure of the WDS is described in Fig. 1. The WDS is a remote station that contains a ControlNet Module CNB2 to connect to the central station by ControlNet Network, a DeviceNet Module DNB to connect to the VFD by DeviceNet Network. The VFD is used to control the WBP to supply clean water to customers continuously and stably at desired set points; the pressure in the pipe was measured by a pressure transmitter (PT) then the PT’s signal was fed to the VFD and sent back to the central station via the DeviceNet Network and ControlNet Network. The central station which contains a ControlLogix L71, an Ethernet Module EN2T, and a ControlNet Module CNB receives the pressure value (PV) from the PT and the setpoints from PC or HMI to manipulate controlled variables by the RCMACS before sending the signal control to the VFD via the ControlNet and DeviceNet Network.
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Figure 1: Experimental structure of the water distribution system

2.2 The Proposed Control System

The dynamic model of practical industrial applications is extremely difficult to define. In this research, the dynamic equation of the pressure in the water pipe of the WDS was identified by the Matlab tool. The linearized dynamic model under the effects of uncertainties, disturbances, and non-linear parts is given as bellow


y..=−0.043y˙−0.0012y−udn+0.01u
(1)

where 
u
and 
y
are the control signal and the pressure in the water pipe. 
udn
stands for uncertainties, disturbances, and noises.

To reduce the order of the dynamic equation, the sliding error surface was defined and used during designing and computing the control system [25]. The sliding error surface has the following form


S=e˙+k1e+k2∫e
(2)

where 
e=yd−y
is the error, 
yd
is the desired pressure setpoint, and 
S=e˙+k1e+k2∫e
is the error sliding surface of the system. Derivative both sides of 
S
and refer to the dynamic equation Eq. (1), yields


S˙=e¨+k1e˙+k2e=y¨d−y¨+k1e˙+k2e=y¨d+a13y˙+a2y+udn+b0u+k1e˙+k2e
(3)

where 
b0=0.01,a1=0.043,a2=0.0012

In case of uncertainties, disturbances, and noise 
udn
are exactly known, a nominal controller, 
unom
is designed to guarantee the stability of the system as follows [22].


unom=1b0[y¨d−a1y˙−a2y−udn+k1e˙+k2e]
(4)

Replacing 
u
in (1) by 
unom
in (4), yields


e¨+k1e˙+k2e=0
(5)

If both coefficients of 
k1
and 
k2
are selected by the Routh-Hurwitz criterion, the stability of the system is guaranteed. However, for the WDS, the uncertainties, disturbances, and noise, 
udn
, can’t be measured or estimated exactly. Consequently, the stability and robustness of the system can’t achieve by using only the 
unom
. To cope with this problem, a control system includes 
unom
, 
uRCMAC
, and 
uCC
was proposed in Fig. 2. In this control system, the 
unom
can stabilize the pressure in the pipe in case uncertainties, disturbances, and noise is non-existent. The RCMAC learns the uncertainties caused by non-linear parts and changes of parameters to minimize the error sliding surface and 
uCC
maintains the pressure at set points under the effects of uncertainties, disturbances, and noise. The proposed control system is a combination of three terms as below.


uRCMACS=unom+uRCMAC+uCC
(6)

To adapt to the industrial environment, the RCMACS was implemented on the industrial ControlLogix L71 at the central station. The central station plays the principal role in data collecting, processing, and controlling the operation of all systems

[image: images]

Figure 2: The proposed control system for the WDS

3  Designing the Proposed Control System

3.1 Structure of the RCMAC

The 
uRCMAC
aims to learn the uncertainties, 
udn
, due to the effects of uncertainties to minimize the sliding error surface [21]. The structure of the 
RCMAC
is shown in Fig. 3. It includes input Space 
S
, association memory space 
A
, receptive field space 
R
, weight memory space 
W
, and output spaces 
O
[26].
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Figure 3: The structure of the RCMAC

The data propagation from inputs to outputs of the RCMAC is described as bellow [21,26]


Sri(k)=Si(k)+wrikμik(k−1),i=1,2,...,n
(7)


μik(Sri)=exp[−(Sri−mik)2σik2],k=1,2,...,nb
(8)


bik=∏i=1nμik(Sri),i=1,2,...,n,k=1,2,...,nb
(9)


Oj=uRCMAC=∑j=1n0∑k=1nbwjk∏i=1nμik(Sri)=wTb,j=1,2,...,n0
(10)

where
n
, 
no
, and 
nb
are the number of inputs, outputs, and layers; 
Sr
, 
μ
, 
b
, and 
O
are the inputs, membership function, receptive space, and outputs respectively; 
m
and 
σ
are mean and deviation of membership function; 
wr
and 
w
are recurrent and output weights.

3.2 Learning Rules of the RCMAC

In this research, 
V(s)=12S2
is selected as an error function, 
V˙(s)=SS˙
, the RCMAC turns the parameters to converge 
V(s)=12S2
by minimizing 
V˙(s)
. Refer to Eqs. (1)–(4) yields


SS˙=S(e¨+k1e˙+k2e)=S(y¨d−y¨+k1e˙+k2e)=S(a1y˙+a2y)−1b0S(unom+uRCMAC+uCC)+S(y¨d−udn+k1e˙+k2e)
(11)

According to the back-propagation algorithm, the parameters 
Δwkj
, 
Δmik
, 
Δσik
, and 
Δwrik
are turned to decrease the error function by the following rules


Δwkj=−ηw∂SS˙∂wkj=−ηw∂SS˙∂uRCMAC∂uRCMAC∂wkj=ηwS1b0(∏i=1niμik(Sri))
(12)


Δmik=−ηm∂SS˙∂mik=−ηm∂SS˙∂uRCMAC∂uRCMAC∂μik∂μik∂mik=ηmS1b0wkj2(Sri−mik)σik2
(13)


Δσik=−ησ∂SS˙∂σik=−ησ∂SS˙∂uRCMAC∂uRCMAC∂μik∂μik∂σik=ησS1b0wkj2(Sri−mik)2σik3
(14)


Δwrik=−ηwrik∂SS˙∂wrik=−ηwrik∂SS˙∂uRCMAC∂uRCMAC∂μik∂μik∂Sri∂Sri∂wrik=ηwrikS1b0wkj2(Sri−mik)σik2μi(k−1)
(15)

3.3 The Compensator Controller

As the error sliding surface converges to zero, the compensator controller aims to maintain the system at this state under the effects of disturbances and noises. To achieve this target, a sliding mode control-based compensator controller can be designed as below


ucc=1b0B^sign(S)
(16)

where 
B
is the error boundary and 
B^
is an estimation of 
B
. The error boundary of disturbances and noises cannot be exactly measured. Furthermore, to reduce the output chattering phenomenon, the error boundary was estimated instead of the pre-fixed value. The estimate rule was selected as bellow [21].


B^=ηB||S||
(17)

According to the sense of Barbalat’s Lemma [27,28], the estimating rule given in Eq. (16) guarantees the robustness of the system.

3.4 The Industrial Communication Network Solutions

Industrial automation systems need many sensors, actuators, remote stations, and a large industrial space. In these systems, noise, disturbances, and signal attenuation problems affect significantly the performance of the system [29]. To cope with these problems, industrial network solutions have been developed to connect and transfer data between the central control station and field devices [30]. Fig. 4 presents industrial networks that have been developed by Rockwell Automation.
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Figure 4: Industrial network solutions of rockwell automation

Depend on the number of sensors, actuators, distance, baud rates, engineers can choose a suitable industrial network. The specifications of DeviceNet Network, ControlNet Network, and Ethernet Network of Rockwell Automation were given in Tab. 1

[image: images]

4  Experimental Results

An image of the practical workbench of the WDS is shown in Fig. 5. The major devices of the experiment include a Central Station, Water Distribution System (WDS) station, a Pressure Transmitter (PT), a Variable Frequency Drive (VFD), a Water Boost Pump (WBP), Pressure Tanks, and Storage Tank.

The central station is installed a ControlLogix L71, an Ethernet Module EN2T, and a ControlNet Module CNB2. The WDS is installed a ControlNet Module CNB2, a Device Module DNB.

The connection between the central station and the WDS is carried out by the ControlNet Network, the WDS connects to the VFD by DeviceNet Network. PT is connected to the analog input of the VFD and data of the PT is transferred to the WDS by the DeviceNet Network. The WBP is controlled by the Drive to achieve the desired speed depending on the setpoint of pressure in the pipe.

The controllers, network modules, and the VFD are produced by Rockwell Automation. The control algorithms were programmed and embedded in the ControlLgoix L71 at the central station. To prove the effectiveness of the RCMACS in real-time, a PID controller was also used to control the system with the same setpoints with the RCMACS, both the PID controller and the RCMACS were implemented on the ControlLogix L71 at the central station.

The initial parameters of the RCMACS were given as bellow

ηw=ηm{=ησ=ηwr=ηB=0.0015, n=n0=1, nb=9, k1=9.32, k2=0.02

w=[−0.5−0.4−0.25−0.1500.150.250.40.5]

m=[−0.8−0.6−0.4−0.200.20.40.60.8]

σ=[0.30.30.30.30.30.30.30.30.3]

wrik=[−0.5−0.4−0.25−0.1500.150.250.40.5]

The tracking and error responses of the pressure in the water pipe with step commands for the RCMACS and PID controller were represented in Figs. 6 and 7, respectively.
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Figure 5: Image of the practical workbench of the WDS
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Figure 6: Tracking response of the pressure in the pipe with step commands
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Figure 7: Error Response of the pressure in the pipe with step commands

The experiment results showed that the RCMACS can achieve stability and robustness for the WDS. Compare to the PID controller, the RCMACS has better performances in setting time, overshoot, and error. The performances of the RCMACS and PID controller were also represented in detail in Tab. 2.
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5  Conclusion and Next Researches

In this work, the WDS is controlled successfully by the RCMACS in real-time under the presence of uncertainties, external disturbances, and noise, 
udn
.

The experimental results of the WDS proved the effectiveness of the proposed control system. Furthermore, the existent of uncertainties, non-linear, disturbances, and noises of the practical industrial applications firmly occur. Therefore, the proposed control system can be deployed to other practical applications.

By implementing the RCMACS on the industrial controller ControlLogix L71 and utilizing the industrial network solutions, the proposed control system is suitable for practical industrial applications. However, the control system should be implemented for fault detection and diagnosis during the operation of the system in the next works.
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Table 1: Specifications of industrial networks

Specifications DeviceNet ControlNet Ethernet

Network size Up to 64 Up to 99 No limit

(nodes)

Baud rates 125, 250, 512 Kbps 5 Mbps Up to 1Gbps

Data transfer Large packets transfer Medium packets, cyclic, and Small packet, data send as
regularly acyclic needed

Bus topology Linear (Trunkline/ Token ring, token passing-  Star, ring

Dropline) bus
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Table 2: Performances of the PID and the RCMACS for the WDS

Performances PID RCMACS
Setting time (s) 20 13
Overshoot (%) 4.7 0

Error (%) 0-1.8 0-0.7
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