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CHAPTER 1 

INTRODUCTION 

Water scarcity is a global threat, that is why the United States Agency for International 

Development (USAID), the Swedish International Development Cooperation Agency (MF-NL), 

and the Ministry of Foreign Affairs of the Kingdom of The Netherlands (MFA-NL) have promoted 

the project Securing Water for Food: A Grand Challenge for Development. The goal of the project 

is to stimulate the creation of new technologies that can provide sustainable solutions to treat water 

for agricultural use. With this motivation the Desal Prize was launched on June 16th 2014, 

intending to be the second “call” under the Securing Water for Food Grand Challenge for 

Development program. 

The Desal Prize consisted of three-phase competition where all the teams would have the 

opportunity to demonstrate small-scale brackish water desalination systems that can provide 

drinking water for human consumption and irrigation water for agricultural purposes. 

With the intention of participate in this prestigious contest, the Greendesal project was 

launched, with the participation of the Asian Institute of Technology and Management, Nepal, the 

National Center for Agricultural Research and Extension, Jordan, the State University of Ponta 

Grossa, Brasil, Technion-Israel Institute of Technology, Israel, and the University of North Texas, 

USA. The Greendesal team has proposed an innovative sustainable technology to provide water 

treatment for agricultural and drinking purposes according to the Desal Prize specifications. 

In this document you will find in detail the control system for a small-scale brackish water 

desalination plant proposed by the Greendesal team. Therefore, the main purpose of the following 
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chapters will be to explain the functionality of the microcontroller, drivers and interfaces as well 

as the programming code used to test the plant controller. 

1.1 Problem Statement 

The problem addressed in this research is how to implement a low cost control system for 

a small-scale brackish water desalination plant. For this purpose, we used microcontroller-based 

Arduino boards Mega and DUE, which are commercial products commonly used by students, 

teachers and amateurs. All the coding was developed using the Arduino platform, which is open 

source and there is a large community that is willing to share their work and support new 

developers. A communication interface was also implemented in I2C [1], to allow the interchange 

of information between microcontrollers. Drivers and other circuits were built with common 

elements like relays, resistors, capacitors, and LEDs. 

1.2 Research Questions 

There were two research questions addressed by this thesis. The first research question 

deals with the capability of a low cost microcontroller: 

1. Can the Arduino board be used to implement a small-scale desalination plant 

controller? Although the Arduino board is not recommended for industrial applications due 

to lack of proper protection and shielding, certain grade of reliability can be obtained by 

proper implementation of power filtering, voltage regulation and protection, and opto-

coupling pairs to drive external devices. 

2. Is the I2C communication robust enough to support information traffic required for 

the process? The I2C bus topology can be reliable by proper calculation of the pull-up 
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resistors and filtering circuits. We should consider supply voltage, total bus capacitance, 

and total high level input current to determine circuit component values [2]. 

But robustness is not the only parameter that has to be analyzed; the message 

protocol is also another factor. Since just one master can be using the bus at the time, it is 

necessary to adjust the code to assure that all the messages will be properly transmitted and 

received in order to avoid loss of information. 

1.3 Limitations 

This research had the following limitations: 

1. Limited time; in order to participate in the Desal Prize the whole project had to be 

implemented in four months. 

2. Limited budget; as part of the innovation we require implementing a low cost 

controller. 

3. Main limitations of the Arduino board: 

- Limited number of I/O ports and, 

- Drivers are required. 

4. Limited space in the panel board; In order to keep all the circuitry and controllers 

organized and isolated from the rest of the system, one panel board was mounted 

in the plant. This panel had dimensions of 15” length, 11” and 6” width. A second 

panel was also mounted on the plant but it was used as a junction box for all the 

wiring. 

5. Limited power; the whole system is powered by renewable energy. 
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1.4 Overview of the Remainder of the Thesis 

Chapter 2 contains the general functionality of the GreenDesal plant, and explains the 

various processes that have to work together. The detail of each required driver, its wiring, design 

and conditioning circuits are explained in Chapter 3. In Chapter 4, all the software and coding 

required to read and write from sensors and actuators are explained in detail. Finally Chapter 5 

contains a summary, general conclusion of the project and required future work. 
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CHAPTER 2 

GREENDESAL PLANT: PROCESS OVERVIEW 

The GreenDesal plant is a system designed by Profs. Ori Lahav, Carlos G. Dosoretz and 

Engineer Ran Nahir in the Technion-Israel Institute of Technology [3]. For the purpose of this 

thesis the operation of the system will be discussed in this Chapter in order to provide the 

motivation for the design in Chapters 3 and 4. 

As required by the Desal Prize specifications, the main purpose of the system is to provide 

at least 8.0 m3/d of irrigation water, 0.250m3/d of drinking water and to treat the brines in order to 

use them for agricultural purposes (at least 2.96 m3/d). In order to accomplish those volumes the 

system was divided in four main parts: 

-Feed 

-Cation Exchanger (CEX) 

-Nanofiltration (NF) 

-Reverse Osmosis (RO) 

These main processes distribute the water through the system, adsorb divalent cations, 

regenerate the CEX resin, recycle the regenerant, and treat the water for irrigation and drinking. 

Figure 2-1 shows an overall diagram of the system based on these four parts and its components. 
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Figure 2-1: Four major parts of the process and its components 

  

Feed: 
 

- Feed Pump P1 
- Valves: V1, V2 & V17 
- Flow Meters: FM1 & FM2 
- pH Meter & EC Meter 
- Dosing Pumps for anti-
scalant: DP_AS and acid & 
DP_HCL 

CEX: 
 

- Columns CEX1 and CEX2 
- Pump: P2 
- Compressor: C1 
- Valves: V3, V4, V5, V6, V7, V8, 
V9, V10, V11, V12, V13, V14, 
V16, V17, V18 & V19 
-Level Switches (High, Medium, 
Low) in Tank T3. 

NF: 
 

- Pumps: P4 & P3 
- Proportional Valve: PV3 
- Valves: V21 
- Level Switches (High, Medium, 
Low) Tank T2. 
- Flow Meters: FM6 & FM7 
 

RO: 
 

- Pumps: P5, P6, P7 & P9 
- Proportional Valve: PV1 & PV2 
- Level Switches (High & Low) 
Tank T1 (RO Feed) & Tank T6 
(RO product). 
- Flow Meters: FM3 & FM5 
- T4 Irrigation water tank 
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2.1 Feed 

The feed system distributes the water to CEX columns, to tank T1 (RO Feed) that provides 

water to the RO system and finally to the irrigation water tank (T4). 

As it name implies, the feed system provides the raw water that will to be treated in the 

different parts of the process. All the output and input signals are shown in Table 2-1. In this table 

and all the subsequent tables we use the notation DI=Digital Input, DO=Digital Output, AO= 

Analog Output and, AI= Analog Input. 

 

Table 2-1: Feed system signals 
 

Signal I/O 

Pump: P1  DO 

Valves: V1,V2 and V17 DO 

Level Switches: LSH_T1  DI 

Flow Meter: FM1, FM2 DI 

pH Meter DI 

EC Meter DI 

Peristaltic Pump: DP_AS, 

DP_HCL 

AO 

 

To keep the water flowing into the system, pump P1 has to be ON most of the time, and it 

will turn OFF just when any of the valves V1 and V2 are closed or when the process in the CEX 

is paused. See Figure 2-2. 
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Figure 2-2: Flow Diagram – Pump P1 Operation. 
 

Water coming into tank T1 is controlled by flow meters FM1 and FM2, assuring that there 

is a ratio of 4:7 between the raw water and soft water. By soft water we denote the water from the 

CEX that is now free of divalent cations. This flow adjustment is achieved by operating the 

proportional valve PV4 and the solenoid valve V17 (see Figure 2-3). 

 

Figure 2-3: Flow Diagram - Flow rate adjustment 

 

Level switch LSH_T1 prevents an overflow in T1 by shutting down V2 and pausing 

adsorption if it is in progress. Once the level goes down the progress can be reactivated by opening 

all the involved valves (Figure 2-4). 

CEX= ON 
V2=OPEN or 

V1=OPEN 

P1=ON 

P1=OFF 
No 

Yes 

rF=FM1/FM2=7
/4 

V17=CLOSED 
Adjust PV4 

V17=OPEN 
Adjust PV4 

r>rF 

r<rF 
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Figure 2-4: Flow Diagram - Overflow Protection T1. 

 

Irrigation tank T4 is filled with raw water and RO product, when the EC meter senses less 

than 800µS/cm, valve V1 opens up allowing raw water to flow into the tank. Otherwise, V1 

remains closed. Please refer to the flow diagram in Figure 2-5 for a graphic representation. 

 

Figure 2-5: Flow Diagram - TDS value adjustment in T4. 
 

As mentioned at the beginning of this section, the CEX system also requires raw water. 

This process will be explained in the next section. 

2.2 Cation Exchanger CEX 

As mentioned before, this subsystem consists of two columns (CEX 1 and CEX 2). There 

are two processes working subsequently in each column: adsorption and regeneration. Controlling 

these two processes is the most complex part of the control system, because they have to be 

LSTH_T1=LOW PV4=CLOSED & 
Pause Adsorption 

PV4=OPEN & 
Resume Adsorption 

No 

Yes 

EC < 800µS/cm V1=CLOSED  

V1=OPEN  

No 

Yes 
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conditioned and timed at the same time. The devices and signals that make part of the system are 

shown in Table 2-2. 

 

Table 2-2: CEX System Signals 
 

Signal I/O 

Pump: P1 & P2 DO 

Valves: V3, V4, V5, V6, V7, V8, V9, V10, V11, V12, V13, V14, V16, V17, V18 & V19 DO 

Compressor: C1 DO 

Flow Meter:FM1 DI 

Level Switch: LSH_T1,LSM_T3, LSL_T3 DI 

 

2.2.1 Adsorption 

To initiate this process, the CEX columns have to drain out the air bubbles by turning 

compressor C1 and pump P1 ON, and then open all the solenoid valves in the path. This part of 

the process lasts just a few seconds. Once the bubbles are gone, the compressor is turned OFF and 

the system keeps running until 30 Bed Volumes (BV) are reached. After the regeneration is 

finished, compressor C1 turns ON and all the valves on the path to T1 (RO Feed) open up, to 

empty the CEX columns. 

Figure 2-6 describes the procedure to achieve the adsorption in column 1 (CEX 1) and 

column 2 (CEX 2). 
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Figure 2-6: Flow Diagram - Adsorption 
 

Star

Adsorption CEX 2 

Adsorption Starts: 
P1=C1=ON 
V5=V8=V14=OPEN 
 

FM1= 1 
BED VOL 

Adsorption: 
C1=OFF 
V14=CLOSE 
 

FM1= 30 
BED VOL 

Adsorption: 
P1=OFF C1=ON 
V13=V16=OPEN 
V5=V8=CLOSE 
 

Time out 

Regeneration CEX 2 
Adsorption CEX 1 
 

No 

No 

No 

Yes 

Yes 

Yes 

Adsorption CEX 1 

Adsorption Starts: 
P1=C1=ON 
V3=V4=V11=OPEN 
 

FM1= 1 
BED VOL 

Adsorption: 
C1=OFF 
V11=CLOSE 
 

FM1= 30 
BED VOL 

Adsorption: 
P1=OFF C1=ON 
V11=V17=OPEN 
V3=V4=CLOSE 
 

Time out 

Regeneration CEX 1 
 

No 

No 

No 
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2.2.2 Regeneration 

This process works with the product generated by the Nanofiltration (NF). Once the 

product mixed in T3 (clean regenerant after NF) is ready, it is pumped by P2 to the columns while 

the compressor is ON to eliminate the air inside the CEX. Once the product in T3 is running 

through the CEX columns, the processed product goes to T2 (used regenerant) by opening the 

valves to clear the path. Figure 2-7 describes the procedure to achieve regeneration in column 1 

(CEX 1) and column 2 (CEX 2). 

2.2.3 Conditions 

As it can be seen in Figure 2-6 and Figure 2-7, each process requires many steps. The 

starting conditions are validated by the level of the tanks, sensed by LSH_T1 (to avoid overflow 

in T1), LSL_T3 (to know when the tanks are empty and stop pumping from them) and LSM_T3 

(to know that there is product available for the regeneration process). Flow meter FM1 is also used 

to count the liters that are running through the system. 
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Figure 2-7: Flow Diagram - Regeneration 

Regeneration CEX1 

LSH_T1=HIG
 

Regeneration: 
P2=ON 
V9=V8=OPEN 
 

Time Out 

Regeneration: 
C1=ON 
V11=OPEN 
 

LSM_T3=LO
 

Regeneration: 
C1=OFF 
V11=CLOSE 
 

LSL_T3=HIG
 

Regeneration: 
C1=ON 
V9=V8=CLOSE 
V12=V19=OPEN 
 

Time Out 

Adsorption CEX1 
 

Regeneration CEX2 

Regeneration: 
P2=ON 
V10=V7=OPEN 
 

Time Out 

Regeneration: 
C1=ON 
V14=OPEN 
 

LSM_T3=LO
 

Regeneration: 
C1=OFF 
V14=CLOSE 
 

LSL_T3=HIG
 

Regeneration: 
C1=ON 
V10=V7=CLOSE 
V13=V19=OPEN 
 

Time Out 

Adsorption CEX2 
 

No 

Yes 

No 

No 

No 

No 

Yes 

Yes 

Yes 

Yes 

No 

Yes 

Yes 

Yes 

Yes 

Yes 

No 

No 

No 

No 

LSH_T1=HIG
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2.3 Nanofiltration (NF) 

This system (see Figure 2-8) prepares the product to be used during the regeneration 

process. Once tank T2 is full (LSH_T2=HIGH), P3 will turn ON along with P4 that will initially 

be set to the 50%, then it will progressively increase until reaching a pressure of 290 psi. At the 

same time the proportional valve PV3 is adjusted to reach a ratio of 1:3 between FM6 and FM7. 

When tank T2 reaches the medium level (LSM_T2=LOW), pump P4 shuts down and valve V21 

opens up. Once tank T2 reaches its lowest level (LSL_T2=LOW), pump P3 turns off and the valve 

V21 shuts down, blocking the flow to tank T7. 

2.4 Reverse Osmosis (RO) 

The RO system will operate when water reaches at least the lowest level switch in T1. Once 

LSL_T1=HIGH, P5 will turn on, along with P6 that will initially be set to 50%, then it will 

progressively increase until reaching a pressure of 150 psi. At the same time, the proportional 

valve PV1 will be set to 70% and PV2 to 95% to assure a flow rate of 10 l/m in FM3 and 7.5 l/m 

in FM5. There are two conditions to pause the process: 1) Tank T1 is completely empty 

(LSL_T1=LOW); 2) Tank T6 is about to overflow (LSH_T6=HIGH). The process will stop by 

turning the pumps P6 and P5 off. 

Tank T6 will be receiving all the RO treated water (RO product); if there is any water in 

the tank (LSL_T6=1), the pumps P9 and P7 will turn on to pump water into the irrigation tank and 

also to push it through the calcite membrane and into the drinking water tank (Figure 2-9). 
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Figure 2-8: Flow Diagram - Nanofiltration 

Regeneration CEX1 

LSH_T1=HIG
 

Regeneration: 
P2=ON 
V9=V8=OPEN 
 

Time Out 

Regeneration: 
C1=ON 
V11=OPEN 
 

LSM_T3=LO
 

Regeneration: 
C1=OFF 
V11=CLOSE 
 

LSL_T3=HIG
 

Regeneration: 
C1=ON 
V9=V8=CLOSE 
V12=V19=OPEN 
 

Time Out 

Adsorption CEX1 
 

Regeneration CEX2 

Regeneration: 
P2=ON 
V10=V7=OPEN 
 

Time Out 

Regeneration: 
C1=ON 
V14=OPEN 
 

LSM_T3=LO
 

Regeneration: 
C1=OFF 
V14=CLOSE 
 

LSL_T3=HIG
 

Regeneration: 
C1=ON 
V10=V7=CLOSE 
V13=V19=OPEN 
 

Time Out 

Adsorption CEX2 
 

No 

Yes 

No 

No 

No 

No 

Yes 

Yes 

Yes 

Yes 

No 

Yes 

Yes 

Yes 

Yes 

Yes 

No 

No 

No 

No 
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Figure 2-9: Flow Diagram- Reverse Osmosis 
  

LSL_T1=HIGH 

P3=ON 
P6=80% 
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or 
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No 
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No 
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CHAPTER 3 

HARDWARE PLATFORM 

This chapter explains the hardware portion of the control system. One of the main goals of 

this thesis was to keep the cost low; using off-the-shelf components; and Arduino boards [4]. These 

microcontrollers have different features depending of the model. The specific characteristics of the 

Arduino Mega 2560 and Arduino DUE will be explained in section 3.1. Section 3.2, describes the 

shield built for the Arduino controller. Detailed description of actuators, sensor, and all the drivers 

and circuitry required will be provided in section 3.4. Section 3.5 provides the wiring diagrams of 

the system. Finally, section 3.5 contains the I/O mapping of the controllers. 

3.1 Arduino 

There are many Arduino models available in the market, which differ not only in features 

and design, but also in their footprint and processing capabilities. All the Arduino boards are based 

on the ATMEGA AVR microcontroller, which offers both digital and analog pins as well as PWM 

outputs. 

Arduino provides open source software named “Arduino”, and can be used to program any 

Arduino model. But, since it is open source software it allows the user to program the boards with 

other software, due to its versatile microcontroller C-based programming language. 

After explaining the characteristics of the models that were finally chosen, a comparison 

table will be presented to justify the models selected (see Table 3-1). 
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3.1.1 Arduino Mega 2560 R3 

Being one of the most recent additions to the Arduino family, this board is significantly 

larger in comparison to the previous models, because it offers more digital and analog pins. The 

MEGA 2560 (see Figure 3-1) also uses a more capable processor allowing greater program size 

and a better processing performance. All its detailed specifications will be given in Table 2.1. 

 

Figure 3-1: Arduino Mega 2560 R3. Digital Image. Arduino Mega 2560 R3 Front and Arduino 
Mega2560 R3 Back. From Arduino 2015 [5]. 

3.1.2 Arduino DUE 

This board is the latest model launched by the Arduino series; it is the first Arduino with an 

ARM-based microcontroller, allowing a significantly higher performance compared to Arduinos 

with 8-bit microcontrollers. See Figure 3-2. 

Another big difference with respect to previous models is that DUE runs on 3.3 V, therefore 

the maximum voltage that the I/O pins can tolerate without damage is 3.3 V. This characteristic is 

actually a disadvantage because most of the sensors used in the system use 5 V. However, the DUE 

has powerful interrupt capabilities; it is possible to attach an interrupt function on any available 

pin. Also, it is the first Arduino that has a built in Real Time Clock (RTC). 
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Figure 3-2: Arduino DUE. Digital Image. Arduino DUE Front and Arduino DUE Back.  
From Arduino 2015 [6]. 

 
Table 3-1 summarizes the main features of some of the most common Arduino models. It 

is possible to observe that the Mega 2560, as well as the DUE have a higher number of pins, which 

in the case of the Mega was the reason why it was selected over other models. Although, the DUE 

has the same number of pins available, this was not the reason that led to its selection. Its interrupt 

capabilities were extremely useful to allow the readings of flow meters that required high speed 

counters, and this was the main reason that led to its selection. The second reason was the 

possibility of using the built in RTC to give some reliability to the system in case of a power 

failure. 
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Table 3-1: Arduino Comparison Table 
Arduino 
Board 

Family Memory Clk UART 
Digital 
I/O 

Analog PWM Vcc Vin 

UNO ATmega328 

SRAM: 2k 
FLASH: 2k 

EEPROM: 1k 
 

16 Mhz 1 14 6 6 5 V 7-12 V 

Duemilano-

ve ATmega328 

SRAM: 2k 
FLASH: 2k 

EEPROM: 1k 
 

16 Mhz 1 14 6 6 5 V 7-12 V 

Ethernet ATmega328 

SRAM: 2k 
FLASH: 2k 

EEPROM: 1k 
 

16 Mhz 1 9 6 4 5 V 6-18 V 

Mega 2560 ATmega2560 

SRAM: 8k 
FLASH: 256k 
EEPROM: 1k 

 

16 Mhz 4 54 16 14 5 V 7-18 V 

DUE 
Atmel 

SAM3X8E 
ARM Cortex-

M3 CPU 

SRAM: 96k 
FLASH: 512k 

 
84 Mhz 4 54 12 14 3.3 V 6-16 V 

3.2 Arduino Shield 

One of the first challenges of this thesis was the necessity of building a shield for the 

Arduinos. Since most of the pins will be used, a direct connection to the board would have implied 

the possibility of having some loose wires. Therefore, a screw shield (see Figure 3.3 and Figure 

3.4) was built to ensure the reliability of the connections, using 0.5” screw terminals. 

20 
 



 

Figure 3-3: Arduino DUE Shield (Slave 3) 
 

 

Figure 3-3: Arduino Mega 2560 Shield (Slave 2) 
 

Another shield was built for the third Arduino MEG 2560 (slave 1), it uses the same model 

than the one shown in Figure 3-4. 
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3.3 System Components and its Drivers 

In this section, all the devices will be described in detail. Some of the actuators required 

drivers to be operated by the microcontroller; the specifications, calculations and other relevant 

information about these circuits will be found in some of the sub-sections. 

3.3.1 Solenoid Valve 

A solenoid valve is activated by an electric current that flows through a solenoid. In this 

project a two port type was used, which means that the flow is switched ON–OFF. The valve 

chosen for the system, was a plastic water solenoid valve (see Figure 3-5) purchased from Adafruit 

[7]. See the table below for a detail description. 

 

Table 3-2: Technical Detail Solenoid Valve [7] 
Technical Details 

Working Pressure 0.02 Mpa – 0.8 Mpa 

Working Temperature 1°C – 75°C 

Actuating Voltage 12VDC (can work down to 6V) 

Current 320mA 

Actuating life Greater than 50million cycles 

 

This particular model was selected due to its low power consumption: 

𝑃𝑃 = 𝑉𝑉 × 𝐼𝐼 = 12𝑉𝑉 × 320𝑚𝑚𝑚𝑚 = 3.84 

As it was mentioned in Chapter 2, the power for the whole system is very limited. 

Therefore, the valves have to meet some power restrictions. 
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Figure 3-4: Adafruit Solenoid Valve. Digital Image. Plastic Water Solenoid Valve - 12V - 1/2" 
Nominal. From Adafruit [8]. 

 
Solenoids require a voltage of 12 V and a current of 320 mA. Let us recall that the Arduino 

can only provide a signal of 5 V and a maximum of 40 mA on each pin. Hence, it is necessary to 

build a driver that helps us control the solenoid with the power that the microcontroller can provide. 

As it can be observed in the circuit in Figure 3-6, a MOSFET is used as a switch. In order 

to protect the MOSFET, it is necessary to have a freewheeling diode (1N4001) that will conduct 

the current when the MOSFET turns off; the current flowing through the solenoid creates a 

magnetic field that stores energy due to inductance. This inductance generates voltage to allow the 

current to flow, but this voltage produces a breakdown in the MOSFET that can permanently 

damage the device [9][10]. 

To complete the circuit, it is necessary to add a couple of resistors. The first one is 

connected to the Arduino output and then to ground. This connection has the intention of 

discharging the current when the microcontroller is in reset (Output voltage is 0). The second 

resistor is placed in the gate of the MOSFET and then connected to the output of the 

microcontroller, just to add some resistive isolation between the power switch and the Arduino. 
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Figure 3-5: Solenoid Driver 
 

Some important features of the components of the circuit are shown in Table 3.3. 

 

Table 3-3: Description Table for the Circuit Components 

N-CHANNEL MOSFET IRLB8721 

Vds 30 Vmax 

Max current 62 A 

Vgs 2.35 Vmax 

1N4001 DIODE 

Average Current 1 A 

Reverse Voltage protection 50 V 

Dropping Voltage 0.7 V 

 
The drivers built for the solenoids are shown in Figure 3-7. 
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Figure 3-6: Drivers for solenoid valves 
 

3.3.2 Pumps and Compressor 

As any other water treatment plant, this system required pumps to allow the flow of the 

water through the pipes and into the various tanks. Pumps usually operate by using some sort of 

rotary or reciprocating mechanism, the amount of fluid that it can move is directly related to the 

energy consumption. This last characteristic was one of the most challenging conditions while 

choosing the proper pumps for the system, since the power available was very limited. 

The plant has eleven pumps in total (excluding the dosing pumps). Two different types of 

pumps were used (Table 3-4). 
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Table 3-4: Description Table for Pumps 

NorthStar NSQ Series 24V 

Type Diaphragm Pump 

Flow Rate 5.5 GPM 

Pressure 60 PSI 

Voltage 24 V 

Maximum Current draw 9 Amps 

NorthStar NSQ Series 12V 

Type Diaphragm Pump 

Flow Rate 2.2 GPM 

Pressure 70 PSI 

Voltage 12 V 

Maximum Current draw 8 Amps 

There are also two high pressure pumps (P4 and P6) that are placed in the RO and NF 

systems. The Arduino provides a 0-5 V pulse signals to control the throttle of two DC motors that 

drove high pressure pumps for RO and NF. A filter was designed by a team of undergraduate 

students to convert the pulse train into an analog 0-5 V signal for the throttle. 

As part of the procedure to empty the CEX tanks, an air compressor was required as well. 

The model selected was a Husky 12 V Inflator, working voltage 12 V and Maximum drawing 

current of 15 Amps. 

As it is possible to observe in Table 3-4, the pumps and the compressor draw a considerable 

amount of current. Therefore, using a MOSFET based driver is not the best solution, because it 
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would be necessary to dissipate the heat with heat sinks, which require a lot of space in the panel 

board. Hence, 5 V relays were chosen to drive the pumps and the compressor. 

The 5 V 2-Channel Relay Interface, was the model selected. It allows controlling various 

devices, and other equipment that draws a large amount of current just like the pumps and the 

compressor. Additional to its driving characteristics, the relay has a LED indicator that allows 

monitoring the current state of the equipment. It is directly controlled by the Arduinos. The wiring 

diagram for the relays is shown in Figure 3-9, the wired modules installed in the system can be 

seen in Figure 3-8. 

 

 

Figure 3-8: 5V Relays wired to the pumps and compressor 
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Figure 3-9: Wiring Diagram 5V Relay 

3.3.3 Flow Meters 

There are some parts of the process that require specific flow rates. Therefore, monitoring 

the flow was a requirement for the proper function of the plant. The model selected was Liquid 

Flow Meter-Plastic 1/2" NPS Threaded purchased from Adafruit [7] (see Figure 3-10). Its main 

characteristics are given in the following table. 

 

Table 3-5: Description Table for flow meter [7] 

Liquid Flow Meter-Plastic 1/2" NPS Threaded 

Working Voltage 5 to 18 Vdc 

Max Current draw 15 mA @5 V 

Working Flow Rate 1 to 30 Liters/Minute 

Working temperature range -25 to 80°C 

Maximum water pressure 2.0 Mpa 

Flow rate pulse Frequency(Hz)=7.5xFlow rate(L/min) 

Pulses per Liter 450 

Durability 300,000 cycles 
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This flow meter uses a pinwheel (has a magnet attached) sensor that allows to measure how 

much fluid has flowed through it. On the other side of the plastic tube there is a Hall Effect 

magnetic sensor that allows counting how many spins the pinwheel has made. 

Details about its calibration and programming will be found in Section 4.3 and the wiring 

diagram can be found in Section 3.4. 

 

 

Figure 3-7: Flow Meter. Digital Image. Liquid Flow Meter - Plastic 1/2" NPS Threaded. From 
Adafruit [11]. 

3.3.4 pH Meter 

As discussed in Chapter 2, the RO tank requires constant pH readings. Hence, an Analog 

pH meter Kit (see Figure 3-11) was purchased from DFROBOT [12]. 
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Figure 3-81: pH Meter Kit. Digital Image. Analog pH Meter Kit. From DFROBOT [13]. 
 

This is a pH meter specially designed for Arduino boards, comes with a practical connector 

that allows instant connection to the Arduino. Even though it is a low cost sensor it can provide 

accurate measurements. For a detailed description see Table 3-6. 

 

Table 3-6: Description Table for pH Meter 

pH Meter Kit - DFROBOT 

Working Voltage 5.0 V 

Measuring Range 0-14 pH 

Measuring Temperature 0-60°C 

Accuracy +-0.1 pH 

Connector BNC connector 

 

3.3.5 EC Meter 

As it was explained in Chapter 2, the irrigation tank receives purified water from the RO 

system and also raw-water from the feed. The amount of feed water poured in to the tank is 
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determined by the Total Dissolved Solids (TDS) value (509 mg/l). Hence, an EC meter is required 

to monitor the amount of TDS in the water and send the readings to the Arduino. 

The EC transmitter used for this project was the Model A1003V1 (see Figure 3-12) 

purchased from EC/pH Meters [14]. For a detail description of the EC meter refer to Table 3-7. 

 

Table 3-7: Description Table for EC Meter 

EC Meter - EC/pH Meter 

Working Voltage 5.0 V 

Measuring Range 0-5000 µS/cm 

Output Voltage 0 V-5 V 

Accuracy +/-2% 

 
 

 

Figure 3-12: EC meter. Digital Image. Model A1003v1.From EC/pH [15]. 

3.3.6 Pressure Transmitter 

It is necessary to protect the system from high pressures that can damage the different 

filters placed in the plant. As it was mentioned earlier in this chapter, there are two pumps that are 

the principal pressure builders, one for the RO and one for NF. Therefore, there is a pressure 
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transmitter placed in the output of each pump (P4 and P6), to allow the Arduino to have current 

readings of the pressure and help regulate it. 

The pressure transmitter shown in Figure 3-13 and described in Table 3-8, was used for 

the RO system. 

 

Figure 3-13: 200 psi Pressure Transmitter. Digital Image. Pressure transducer or sender, 200 psi, 
stainless steel, for oil, fuel, air, water. From E-bay [16]. 

 

Table 3-8: Description Table for 200 PSI Pressure Transmitter 
200 PSI Pressure Transmitter 

Working Voltage 5.0 V 

Measuring Range 0-200 PSI 

Output Voltage 0.5 V-5 V 

Accuracy +/-2% 

 
 

The pressure transmitter that monitors the NF system is shown in Figure 3-14 and described 

in Table 3-9. 
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Figure 3-14: 500 psi Pressure Transmitter. Digital Image. Pressure transducer or sender, 200 psi, 
stainless steel, for oil, fuel, air, water. From E-bay [17]. 

 

Table 3-9: Description Table for 500 psi Pressure Transmitter 
 

200 PSI Pressure Transmitter 

Working Voltage 5.0 V 

Measuring Range 0-200 PSI 

Output Voltage 0.5 V-5 V 

Accuracy +/-2% 

 

3.3.7 Temperature Transmitter 

The regeneration tank (T3) requires a sensor to monitor the temperature as a protection 

measure. A Waterproof DS18B20 Temperature Sensor Digital Thermal Probe for Arduino (see 

Figure 3-15) was selected. Some of the main features of this sensor will be explained in Table 3-

10. 
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Table 3-10: Description Table for DS18B20 Temperature Sensor 

DS18B20 Temperature Sensor 

Working Voltage 3.3 V-5.0 V 

Measuring Range -55°C to +125°C 

Output Signal 1-Wire bus data 

Accuracy +/-0.2°C 

 
 

 

Figure 3-15: Temperature Transmitter. Digital Image. Waterproof Digital Thermal Probe or Sensor 
DS18B20. From E-bay [18]. 

3.3.8 Dosing Pumps 

As mentioned in Chapter 2, two peristaltic pumps were used to add chemicals (HCl and 

Antiscalant) into the RO feed Water (tank T1). The model selected is the one offered by Adafruit 

[7], which is a Peristaltic Liquid Pump with Silicone Tube (see Figure 3-16). 
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Figure: 3-16: Peristaltic Pump. Digital Image. Peristaltic Liquid Pump with Silicone Tubing. 
From Adafruit [19]. 

 

These peristaltic pumps have a flexible tube that is compressed by a rotor that spins, 

allowing the fluids to move. The rotor is a geared down DC motor; therefore it has a lot of torque. 

Some of the main features of this sensor will be explained in Table 3-11. 

 

Table 3-11: Description Table for Peristaltic Pump 
Peristaltic Pump 

Motor Voltage 6 V-12 V 

Motor Current 200-300 mA 

Flow Rate 50 mL/min 

 

These pumps can be controlled with a MOSFET based driver. If the flow rate requires 

exactly 50 mL/m, 12 Vdc can be applied directly. But due to the amount of chemicals required for 

the solution, a more accurate flow rate needed to be set. Therefore, the driver chip L293D was 

used, which is a dual H-bridge for DC motors. It requires two signals from the Arduino to control 

the DC motor as it is shown in Figure 3-17. The first signal is an "enable" (pins 1 and 9), it will let 

the driver know which motors it intends to control. The second signal is a PWM signal that 
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represents a voltage between 0 V to 5 V, the driver will amplify it in proportion to the reference 

voltage (12 Vdc) applied to pins 8 and 16. Finally the outputs will deliver a voltage from 0 V to 

12 V to the pumps. 

 

Figure 3-97: L293D connected to the pumps. 
 

In order to have an accurate flow rate, a small experiment was done. Different voltages 

were applied to the pumps with the configuration shown in Figure 3-17. The results are shown in 

Table 3-12. 

Table 3-12: Peristaltic pump - Flow Rates. 

Flow rate (mL/m) Arduino Voltage Driver Output Voltage 

50 5 V 12 V 

40 3.75 V 9 V 

30 3 V 7.2 V 

25 2.5 V 6 V 
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3.3.9 Proportional Valves 

Some parts of the process require controlling the flow rate. With this purpose four 

proportional valves were placed in different parts of the system (Feed, RO and NF). The model 

selected was AMEP-3516 (see Figure 3-18) for the actuator and VFZ-4103AM (see Figure 3-18) 

for the valve; they were purchased from KMC controls [20]. 

 

 

Figure 3-18: AMEP-3516 actuator VFZ-4103AM valve. Digital Image. From KMC Installation 
Manual [20] 

 

This particular model has the characteristics described in Table 3-13. 

 

Table 3-13: Description Table proportional Valve 

Proportional Valve: AMEP-3516 actuator VFZ-4103AM valve 

Control Type Normally Open 

Size/Cv 3/4"; 4.1 Cv 

Actuator 10–0 VDC (closed-open) 
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The actuator requires a voltage between 0 V to 10 V to proportionally open the valve. Since 

the Arduino provides voltage signals (PWM) between 0 V to 5 V, the L293D driver was used to 

adjust the voltage provided by the Arduino to a 10 Vdc reference voltage. In Figure 3-19 the 

connection diagram for the proportional valves to the driver chip L293D is shown. 

 

Figure 3-19: L293D connected to the proportional valves 

3.3.10 Level Switches 

To avoid the overflow in the tanks it is necessary to place level switches that monitor the 

level of the water. Therefore 15 level switches were installed in the low, high or medium levels of 

each of the 8 tanks. The sensors purchased for this project are the shown in Figure 3-20. 

 

Figure 3-20: Level Switches. Digital Image. Water Level Sensor. From E-bay [21]. 
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A level switch works as a switch, and it requires an additional circuit (see Figure 3-21). 

 

 

Figure 3-21: Driver and Electrical Diagram Level Switch 
 

The pull-up resistor pulses the switch up to +5 V, so that when the switch is open, it will 

have 5 V through the resistor. A digital input in the controller will register HIGH if not pressed 

and LOW if pressed. There is also a LED that works as a visual indicator of the level switch 

position (see Figure 3-22). 

 

 

Figure 3-22: Circuits for the Level Switches 
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3.4 Wiring Diagram 

A wind generator and a solar panel provide power to charge a battery bank, which stores 

the power necessary for the system. The devices in the system have different power requirements, 

voltage levels and current consumption, as it was mentioned in its description in this chapter. In 

this section the electrical diagrams for the system and for every device are described in detail. In 

all the schematics TB and TA stand for terminal blocks. 

3.4.1 Electrical connection 

For a better understanding, an electrical diagram (see Figure 3-23 and Figure 3-26) for the 

power distribution of the system is presented in this section. It follows the ANSI [22] standards 

for electrical drawings. 

 

Figure 3-23: 24Vdc Electrical Diagram 
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24 Volts DC are taken from the batteries; a 30 A fuse is placed to protect pumps P1 and P2 

that draw 20A together while the rest of the circuits (proportional valves, flow meters and level 

switches) barely draw 5 A. Therefore, another 5 A fuse is placed to protect the rest of the devices, 

before transforming or converting the voltage. Figures 3-24 and 3-25, show a more detailed 

diagram of the connection of the devices. 

 

Figure 3-24: Wiring Diagram Proportional Valve 

 

Figure 3-25: Wiring Diagram Flow Meter, Pump and Level Switch 
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Figure 3-26: 12 Vdc Electrical Diagram 
 

12 Volts DC are taken from the batteries, a 30 A fuse is placed to protect the pumps P3, 

P5, P7, P8, P9, P10 and P11 that draw 6.5 A (each pump) while the rest of the circuits (Driver 

proportional valves, relays and sensors) barely draw 10 A. Hence, another 10A fuse is placed to 

protect the rest of the devices, before converting the voltage. The connection for the driver of the 

proportional valve is described in the Figure 3-19, the wiring diagram for relays that operate the 

pumps can be found in Figure 3-9, a general wiring diagram for the solenoids valves can be seen 

in Figure 3-27 and finally all the sensors in the system share the same wiring diagram are shown 

in Figure 3-28. 
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Figure 3-27: Wiring Diagram Solenoid Valves 

 

Figure 3-28: Wiring diagram EC, pH, Temperature and Pressure Transmitters 
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3.4.2 I2C Wiring Diagram 

As it was briefly mentioned in Chapter 1, one of the main challenges of using the Arduino 

boards is their limited I/O pins as well as the number of interrupt pins available. To overcome all 

this limitations three Arduino boards (two Arduino mega 2560 and one Arduino DUE) were 

selected to work together as a single microcontroller. Therefore, it was necessary to implement a 

communication system between the three boards. 

Arduino has two well recognized communication protocols: SPI and I2C (see Table 3-13). 

The Arduino Mega and the DUE have built in hardware that make easier to support both of them. 

Table 3-13: I2C pins in Arduino Boards. 

Arduino Board Pins 

Mega 2560 20(SDA), 21(SCL) 

DUE 20(SDA), 21(SCL), SDA1, SCL1 

 
 

The Serial Peripheral Interface (SPI) protocol was developed by Motorola, it is simple to 

use but it has some limitations when compared to I2C. It requires three data wires (MISO, MOSI 

and M-CLK). When a bit of data is being transmitted via MISO, it means that the information is 

traveling from slave to master and MOSI when is from master to slave. The clock line (M-CLK) 

carries clock pulses that take care of the synchronization of the communication, every 8 cycles a 

byte is transmitted in each direction. Please see Figure 3-29 for a graphic representation of the SPI 

wiring diagram. 
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The main disadvantage of this protocol is its lack of addressing capabilities; a device is 

selected by a select signal and each slave requires additional wiring for this matter, and this means 

precious GPIO lines on the master [23]. 

 

Figure 3-29: SPI bus configuration for 3 salves and 1 master 
 

The I2C protocol can connect up to 127 devices via bus and it only requires two data wires; 

known as SDA and SCL. When the device configured as a master wants to communicate with a 

slave it send pulses through the SDA line, synchronize by the clock carried in the SCL line. Data 

transmitted includes the address of the slave (7 bits), and the remaining bits specify whether the 

master wants to read or write. When the clock pulse changes from low to high (rising edge), a bit 

of information is transferred from one device to another device through the SDA line. This uses 

the standard mode speed for the clock 100 kHz [24]. 
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Figure 3-30: I2C connection of the system 
 

The communication scheme is shown in Figure 3-30 and requires two pull-up resistors 

(referred as PR in Figure 3-30). Even though the Arduino Mega 2560 has built-in pull-up resistors 

(10 Kohms) running the whole bus at 5 V, the Arduino DUE runs at 3.3 V. Therefore external 

pull-up resistors are also required. To calculate the pull-up resistors there are some simple formulas 

that can be used to find the minimum and maximum value. Then the pull-up resistors can be chosen 

in the range in between. Based on these formulas, 10 Kohm resistors were chosen to complete the 

communications scheme. 

  

𝑀𝑀𝑀𝑀𝑀𝑀 𝑅𝑅𝑅𝑅 =
𝑉𝑉𝑉𝑉𝑉𝑉 − 0.4

0.003𝑚𝑚
=

3.3 − 0.4
0.003

= 966 𝑂𝑂ℎ𝑚𝑚𝑚𝑚 

 

𝑀𝑀𝑀𝑀𝑀𝑀 𝑅𝑅𝑅𝑅 =
1𝜇𝜇𝑚𝑚

30𝑅𝑅𝑝𝑝
= 33 𝐾𝐾𝐾𝐾ℎ𝑚𝑚 
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3.5 I/O Mapping 

An important part of the project was the I/O mapping, because it helped decide how many 

Arduino controllers were needed, the better way to distribute the signals and finally it was a very 

useful tool at the moment of wiring. 

All the devices that make part of the CEX process were connected to Slave 1; please refer 

to the Section 2.2. The I/O mapping can be found in the table below. 

 
Table 3-14: I/O Mapping Slave 1 

SLAVE 1 

Pin Type of I/O Signal 

A1 DO Pump-P1 

A2 DO Compressor-C1 

A3 - - 

A4 DO Display-STEP_A2 

A6 DO Push Bottom-Start 

A9 DO Push Bottom-Stop 

A11 DO Push Bottom-Pause 

3 DO Pump-P2 

22 DO Valve-V3 

23 DO Display-RO1 

24 DO Valve-V4 

25 DO Display-RO2 

26 DO Valve-V5 
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27 - - 

28 DO Valve-V6 

29 DO Enable-PV4 

30 DO Valve-V7 

31 DO Valve-V8 

32 DO Valve-V9 

33 DO Valve-V10 

34 DO Valve-V11 

35 DO Valve-V12 

36 DO Valve-V13 

37 DO Valve-V14 

38 DO Valve-V16 

39 DO Valve-V17 

40 DO Valve-V18 

41 DO Valve-V19 

43 DO Display-STEP_B2 

44 DO Display-STEP_C2 

45 DO Display-STEP_D2 

46 DO Display-STEP_E2 

47 DO Display-STEP_F2 

48 DO Display-STEP_A1 

49 DO Display-STEP_B1 

50 DO Display-STEP_C1 

48 
 



51 DO Display-STEP_D1 

52 DO Display-STEP_E1 

53 DO Display-STEP_F1 

4-19 - - 

20 SDA I2C-Comm 

21 SCL I2C-Comm 

2 PWM Proportional Valve-PV4 

A0 DI Medium Level Switch-LSM_T3 

A5 DI High Level Switch-LSH_T3 

A7 DI Low Level Switch-LSL_T3 

A8 DI High Level Switch-LSH_T4 

A10 DI Low Level Switch-LSM_T7 

42 DI Low Level Switch-LSH_T1 

 

The second slave contains the rest of the process, meaning the NF and the RO process. 

Please refer to Sections 2.3 and 2.4. The I/O mapping can be found in the table below. 

 

Table 3-15: I/O Mapping Slave 2 
SLAVE 2 

Pin Type of I/O Signal 

A0 AI Sensor reading-EC 

A1 AI Sensor Reading-pH 

A4 AI Sensor Reading-PT2 
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A10 AI Sensor Reading-PT1 

A2 DO Compressor-C1 

A3 - - 

22 DO Valve-V1 

23 DO Valve-V20 

24 DO Valve-V21 

26 DO Pump-P9 

27 DO Pump-P7 

29 DO Pump-P11 

31 DO Proportional Valve-PV1 

32 DO Proportional Valve-PV2 

33 DO Proportional Valve-PV3 

34 - - 

35 DO Enable-DP_HCL 

36 DO Enable-DP_AS 

37 DO Display-ALARM 

38 DO Display-ALARM 

39 DO Display-ALARM 

40 DO Display-ALARM 

41 DO Display-ALARM 

42 DO Display-ALARM 

43 DO Display-ALARM 

44 DO Display-ALARM 
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45 DO Display-ALARM 

46 DO Display-RESET_ALARM 

47 DO Pump-P5 

48 DO Pump-P3 

51 DO Valv-V22 

53 DO Pump-P10 

3 PWM Proportional Valve-PV3 

4 PWM Proportional Valve-PV2 

5 PWM Proportional Valve-PV1 

6 PWM High Pressure Pump-P4 

7 PWM High Pressure Pump-P6 

8 PWM Peristaltic Pump-DP_AS 

9 PWM Peristaltic Pump-DP_HCL 

10-19 - - 

20 SDA I2C-Comm 

21 SCL I2C-Comm 

A3 DI High Level Switch-LSH_T2 

A5 DI Low Level Switch-LSL_T2 

A6 DI Medium Level Switch-LSM_T2 

A7-A9 - - 

A11 DI High Level Switch-LSH_T6 

25 DI Low Level Switch-LSL_T6 

28 DI Low Level Switch-LSL_T4 
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30 DI High Level Switch-LSL_T7 

49 DI Sensor Reading-T 

50 DI Low Level Switch-LSL_T1 

 
 

Slave 3 contains all the flow meters. Please refer to Sections 4.3.1 and 3.3.3. The I/O 

mapping can be found in the table below. 
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Table 3-16: I/O Mapping Slave 3 
SLAVE 3 

Pin Type of I/O Signal 

2 DI Pulse-FM1 

3 DI Pulse-FM2 

4 DI Pulse-FM3 

5 DI Pulse-FM4 

6 DI Pulse-FM5 

34 DI Pulse-FM7 

35 DI Pulse-FM6 

7 DO Display-LCD 

8 DO Display-LCD 

9 DO Display-LCD 

10 DO Display-LCD 

11 DO Display-LCD 

12 DO Display-LCD 

 
 

By grouping the processes in one controller, it eases the programming and the congestion 

of information traffic within the I2C bus. 
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CHAPTER 4 

SOFTWARE PLATFORM 

All the hardware components of the system were explained in Chapter 3. In order to access 

the different devices from the Arduino to monitor (sensors) or control (actuators), a program 

composed of routines has to be written and uploaded to the controller. 

Therefore, this chapter explains the specific software required by the Arduino controllers 

and the code portions used to calibrate and read every sensor and operate the actuators. At the end 

of the chapter, the program required to establish the I2C communication between the three 

Arduinos will be explained in detail. 

4.1 Arduino IDE 

Arduino IDE is the official software to write and upload code to the Arduino boards. It is 

open source software of easy installation and with a large community of developers that can help 

at any time. 

The version used in this project was the Arduino 1.6.3; it can be directly downloaded from 

the official Arduino website [4] completely free. It has a friendly environment and it is easy to use. 

There are some helpful examples built-in in the software. 

Any Arduino code is has two main functions: 

void setup() { 

} 

This function runs once; and it is used to configure pins, initialize variables, and, some 

libraries. 

void loop() {} 
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The loop function runs approximately every millisecond, therefore inside the curly braces 

we write any process or condition that needs to be constantly evaluated or executed. 

4.2 Actuators 

These devices can transform electrical energy supplied by the batteries and controlled by 

the Arduinos, into the activation of a process. In this chapter two categories are described: The 

first category includes all the devices that operate in an ON/OFF mode. The second group contains 

all the devices that operate within a range of voltages, actuating in proportion to it. 

4.2.1 ON/OFF Actuators 

This category is composed for the following actuators: 

- Solenoid Valves 

- 12/24 V pumps 

- Compressor 

All the devices in this category are controlled by a digital pin in the Arduino MEGA. Any 

of these pins can be configured as an INPUT or an OUTPUT. The pins operate to 5 V, which 

means that a logical "1" in a pin configured as an OUTPUT is interpreted as 5 V. 

The following code is used to test the ON/OFF actuators during checking. It switches ON 

and OFF repeatedly with an interval of 2 seconds. We include remarks to explain the code. In 

Arduino programs remarks are enclosed in between /* and */ characters, similarly to C 

programming. 

 

int valv=A2; /* Pin A2 is declared as a type int and it is labeled*/ 

void setup() { 
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pinMode(valv, OUTPUT);} /* Function pinMode(pin,Type), configures any digital pin into and 

OUTPUT or an INPUT.*/ 

 

void loop() { 

digitalWrite(valv, LOW); /* Function digitalWrite(pin,state), writes a logical "1" or a "0" in any digital 

pin.*/ 

delay(2000); /* Function delay(1), starts a waiting with a millisecond based clock */ 

digitalWrite(valv, LOW); /* Function digitalWrite(pin,state), writes a logical "1" or a "0" in any digital 

pin.*/ 

delay(2000);} 

4.2.2 Proportional Control 

This category is composed of the following actuators: 

- Proportional Valves 

- High pressure pumps 

- Peristaltic Pumps 

There are 14 analog pins that can be configured as a PWM in the Arduino Mega. This 

technique allows having an analog output corresponding to a digital signal. The digital signal is 

switched ON and OFF repeatedly with different periods of time, simulating voltages between 0 V 

and 5 V. By varying its duty cycle (fraction of period that signal is on) between 0 and 255 (scale 

allowed by the analogWrite(pin, duty cycle) function), voltages between 0 to 5 V can be simulated. 

Proportional valves are tested with the following code during the I/O checking. 

const int enablePin = 31; /* Digital pin 31 is declared as a type int and it is labeled. Recall sections 

3.3.8 and 3.3.9, it was explained how the L293D driver required an 

"enable" signal.*/ 

const int motorPin = 5; /* An analog pin has to be declared as well, to carry the PWM signal.*/ 
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void setup() { 

pinMode(motorPin, OUTPUT); 

pinMode(enablePin, OUTPUT); 

digitalWrite(enablePin,HIGH);} /* In this part of the code it is necessary to set a logical "1" into the 

enable pin, by using the function digitalWrite(pin,state).*/ 

void loop(){ 

analogWrite(motor1Pin, 255*1); /* The function analogWrite(pin, scale), will generate a signal 

between 0 V and 5 V. */ 

delay(1000); 

analogWrite(motor1Pin,255*0.5); 

delay(1000); 

analogWrite(motor1Pin, 255*0); 

delay(1000); 

} 

When using the analogWrite function, the following relation has to be applied: 

𝑉𝑉𝐾𝐾𝑉𝑉𝑉𝑉 = 255 × (5𝑉𝑉 × %) 

The above routine start up by sending out 5 V, waits 1 second, then reduces the voltage to 

50%, waits another second and finally sends 0 V; this cycle is constantly repeated. 

Recall that a signal from 0 V to 5 V goes to the driver where it is transformed based on a 

reference voltage. 

4.3 Sensor 

Many system variables need to be constantly monitored, such as: 

- Flow Rate 

- Pressure 

- Temperature 
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- pH and Conductivity 

As it was mentioned in Chapter 3; five different kinds of sensors were acquired. In this 

section the code utilized to read and calibrate the transducers will be explained in detail. 

4.3.1 Flow Rate 

The flow meter used in this project is the one mentioned in section 3.3.3. The signal that 

needs to be read by the Arduino, is a pulse produced by the Hall Effect sensor. Therefore a high 

speed counter is required. 

As it can be seen in the Arduino I/O mapping (see Section 3.5), all the flow meters are 

connected to the Arduino DUE. This is possible thanks to the interrupt capabilities of this board 

(see Section 3.1.2). The flow meters are read using the following code. 

 

#include "TimerObject.h" /*Library explained in section 4.5*/ 

TimerObject*timer1 = new TimerObject(1000); /* A one second timer is set */ 

/*FM1*/ 

volatile int Pulses1; /* Declaring a type float that counts the pulses generated by the flow meter.*/ 

int hallsensor1 = 2; /* Any pin can work as the input pin, all the pins can be set as an interrupt in 

the Arduino DUE.*/ 

volatile uint32_t lastflow1; /* A variable type float is declared to keep track of time between pulses.*/ 

volatile float flow1; /* Another type float stores the flow rate.*/ 

float liters1; /* Total liters are stored in a type float, which is an information required by the 

system.*/ 

void rpm1(){ 

 Pulses1++; } /* void rpm() function will be called as mentioned in point 9, and it will increment the 

pulse counter by one.*/ 

void setup(){ 
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pinMode(hallsensor1, INPUT); /* Pin declared in point 4 is configured as an input.*/ 

attachInterrupt(2, rpm1,RISING); /*The interrupt is set to call the rpm function, every time that the 

pulses read a rising pulse from the sensor.*/ 

timer1->setOnTimer(&FM1); /* A timer previously declared is configured to call the function FM1 

every second.*/ 

timer1->Start();} /* Timer starts up.*/ 

void FM1(){ /* function uses the pulses acquired by the function rpm() to calculate the flow rate */ 

 liters1 = Pulses1; 

 liters1 /= 7.5; 

 liters1 /= 60.0; 

 lastflow1= Pulses1 - lastflow1; 

 flow1 = (lastflow1*60)/450;  

 lastflow1= Pulses1;} 

void loop () 

{ timer1->Update();} 

 

This code is based on an example given by Adafruit [7] and; adapted to the specific 

conditions of this project. 

As it was mentioned in the section 3.1.2 this particular flow meter counts 450 pulses per 

liter. Hence, 

𝑝𝑝𝐹𝐹𝐾𝐾𝐹𝐹 𝑅𝑅𝑀𝑀𝑉𝑉𝑅𝑅 =
# 𝑃𝑃𝑉𝑉𝐹𝐹𝑚𝑚𝑅𝑅𝑚𝑚
𝑆𝑆𝑅𝑅𝑉𝑉𝐾𝐾𝑀𝑀𝑆𝑆

×
60 𝑆𝑆𝑅𝑅𝑉𝑉𝐾𝐾𝑀𝑀𝑆𝑆𝑚𝑚

1 𝑚𝑚𝑀𝑀𝑀𝑀
×

1 𝐹𝐹𝑀𝑀𝑉𝑉𝑅𝑅𝑙𝑙
450 𝑃𝑃𝑉𝑉𝐹𝐹𝑚𝑚𝑅𝑅𝑚𝑚

 

4.3.2 Pressure, pH and Conductivity 

This group of sensors translates measurements into a voltage in a range between 0 V and 

5 V. This is an analog signal; hence an analog input is used to read the values sensed by the 

transducer. Therefore, the same code was used to obtain the readings and properly calibrate the 
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measurements. This code was adapted from a code available in the DFROBOT [8] product 

manual to calibrate the sensors. 

 

/* First some constants are defined, such as the sampling intervals and the size of the array.*/ 

 #define SensorPin A0  

#define samplingInterval 20 

#define printInterval 800 

#define ArrayLenth 40// 

int sensorArray[ArrayLenth]; 

int sensorArrayIndex=0; 

void setup(void){ 

Serial.begin(9600);} /*With a baud ratio of 9600 Hz, the serial monitor is initialize*/ 

void loop(void){ 

static unsigned long samplingTime = millis(); /* In a static unsigned long type variable, the 

milliseconds transcurred, ever since the program is running, are stored.*/ 

static unsigned long printTime = millis(); 

static float Value,voltage; 

if(millis()-samplingTime > samplingInterval){ /*Explained at the end of the code*/ 

sensorArray[sensorArrayIndex++]=analogRead(SensorPin); 

if(sensorArrayIndex==ArrayLenth)sensorArrayIndex=0; 

voltage = avergearray(sensorArray, ArrayLenth)*5.0/1024; 

Value = 3.5*voltage+Offset; 

samplingTime=millis();} 

if(millis() - printTime > printInterval) {/* With an interval of 800milliseconds the results are going to 

be printed in the serial monitor to facilitate the calibration.*/ 

Serial.print("Voltage:"); 

Serial.print(voltage,2); 

Serial.print("    sensor value: "); 
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Serial.println(Value,2); 

printTime=millis();} 

} 

double averagearray(int* arr, int number){/* Finally, an average value is calculated from the 

samples stored in the array.*/ 

int i; 

int max,min; 

double avg; 

long amount=0; 

if(number<=0){ 

Serial.println("Error number for the array to avraging!/n"); 

return 0;} 

if(number<5){ 

for(i=0;i<number;i++){ 

amount+=arr[i]; 

} 

avg = amount/number; 

return avg; 

}else{ 

if(arr[0]<arr[1]){ 

min = arr[0];max=arr[1];} 

else{min=arr[1];max=arr[0];} 

for(i=2;i<number;i++){ 

if(arr[i]<min){ 

amount+=min; 

min=arr[i]; 

}else { 

if(arr[i]>max){ 
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amount+=max; 

max=arr[i]; 

}else{ 

amount+=arr[i];}}} 

 avg = (double)amount/(number-2);} 

return avg;} 

 
Every 20 milliseconds a reading from the sensor is stored in the array. Once there are 40 

samples stored in the array, an average is calculated with the function averagearray(array, 

arrayLength). The final value is translated into a number that can be processed by Arduino. Since 

the Arduino has a finite resolution (10 bits), then the range from 0V to 5V is divided by 1023 

(analog to digital conversion). This converted value is stored in the variable "voltage". Once the 

new value is stored, a corresponding offset is added. The first time this code is run the offset is 0, 

once there are readings available it is possible to know how "off" the readings are from the real 

value and an offset can be adjusted to calibrate the readings. 

Once the sensors were properly calibrated, a simple code was used to read the values 

applying an offset to get an accurate reading from the sensors. 

 

const int analogInPin = A1; 

int sensorReading = 0; 

int voltage = 0; 

int sensorValue; 

const int Offset; 

void setup() { 

 Serial.begin(9600);} 

void loop() { 
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sensorReading = analogRead(analogInPin); 

 voltage=sensorReading*5/1024; 

 sensorValue= 3.5*voltage+Offset; 

 Serial.println("sensor = " ); 

 Serial.println(sensorValue); 

delay(500);} 

4.3.3 Temperature 

In section 3.3.7, the thermometer DS18B20 was described in detail. This particular model 

transmits data through a 1-wire bus. A 1-wire bus is nothing but a signaling scheme that uses half-

duplex bidirectional communications, where one or more slaves can be connected to the data line. 

Every 1-wire sensor has a unique address; this is called ROM (64bit serial code). Up to 127 devices 

can be attached to a single data bus, therefore this unique serial code make it possible to identify 

the information provided for each device [25]. The first challenge while using this type of sensor 

was that the serial code was not provided by the distributor, but thankfully, Arduino has developed 

a library (Arduino 1-Wire Address Finder Software) [26] that extracts this unique 64 bit code and 

print it on a serial port. This particular sensor has the following address: 0x28, 0x27, 0x43, 0xBE, 

0x05, 0x00, 0x00, 0x3B. 

There are two libraries developed by the Arduino community that help to easily receive the 

information and translate it into a temperature measure. These libraries are 1-Wire and Dallas 

Temperature [16]. The 1-wire library provides routines that allow the communication by using the 

Dallas OneWire protocol. This protocol is a Master/Slave protocol that requires just one wired 

connected. 

The following code shows how all the libraries mentioned before, were integrated in a 

single code. 
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#include <OneWire.h> 

#include <DallasTemperature.h> 

#define ONE_WIRE_BUS 49 /* An IO port for communication is defined.*/ 

OneWire oneWire(ONE_WIRE_BUS);/*Two objects are needed to communicate with the sensor*/ 

DallasTemperature sensors(&oneWire);/*A 1-wire bus is defined for the sensor*/ 

DeviceAddress Thermometer = { 0x28, 0x27, 0x43, 0xBE, 0x05, 0x00, 0x00, 0x3B }; /* Device 

address is stored.*/ 

void setup(void){ 

Serial.begin(9600); 

sensors.begin(); 

sensors.setResolution(Thermometer, 10);} 

void printTemperature(DeviceAddress deviceAddress){ 

float tempC = sensors.getTempC(deviceAddress); 

if (tempC == -127.00) { 

Serial.print("Error getting temperature");}  

else{ 

Serial.print("C: "); 

Serial.print(tempC); 

Serial.print(" F: "); 

Serial.print(DallasTemperature::toFahrenheit(tempC));}} /* This function access the device which 

address has been specified. The temperature readings are requested 

and stored in a type float if there is not error*/ 

void loop(void){ 

delay(2000); 

Serial.print("Getting temperatures...\n\r"); 

sensors.requestTemperatures(); 

Serial.print("Inside temperature is: "); 

printTemperature(Thermometer); 
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Serial.print("\n\r");} /*The current temperature is constantly printed on the serial monitor for 

calibration purposes*/ 

4.3.4 Level Switch 

The code for this sensor is very simple because the signal received by the controller is a 

HIGH or LOW. Therefore, the code just has to read the state of a digital input. 

 

int LevelSwitch=A0; 

int LS_state; 

void setup(void) 

{ pinMode(LevelSwitch, INPUT);} 

void loop(){ 

LS_state =digitalRead(LevelSwitch); 

} 

Once the pin is defined as an INPUT, it will be constantly read (since the digitalRead 

function is defined within the loop function). The controller will be looking for 5 V (HIGH) or 0 

V (LOW). 

4.4 I2C Communications 

As it was mentioned in Section 3.4.2, the three Arduino boards share information in a 

Master/Slave configuration via the I2C synchronous serial protocol. The hardware considerations 

to implement this communication were explained in Chapter 3. This section covers all the required 

software. 

The Arduino community has a library available to implement the I2C communication; 

Wire library [27]. This library allows the Arduino boards to communicate with I2C/TWI devices, 
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being consistent with other read/write libraries the function send() and receive() are replaced with 

read() and write(). 

Even though this is a Master/Slave configuration, any device can work as master or slave 

at the same time. There is a standard code to transmit or receive information: 

Send Information: 

#include <Wire.h> /* Wire library is included, in order to use the writing and reading functions for 

I2C.*/ 

void setup(){ 

Wire.begin(slaveAddress); /*The communication starts up and a slave number is defined for the  

controller*/ 

Wire.onRequest(newFunction);} /* This function registers a new function that is defined later on 

the code */ 

void loop(){ 

Wire.requestFrom(bytesRequested,slaveAddress); /*Requests information bytes from other 

slaves. It requires the number that identifies the other slave and the number of bytes to read*/ 

while(Wire.available()) /*returns the numbers of bytes available to be received*/ 

{ int x =Wire.read();}} /*Wire.read receives information from the other slave that can be stored in a 

new variable.*/ 

void newFunction(){ /* Function call by the WireonRequest routine. */ 

Wire.write();} /*Bytes of information are sent*/ 

4.5 CEX, RO, NF and Feed Routines 

For a complete functionality of the system, it is necessary to have sensors and actuators 

interacting together and following the parameters required by different processes explained in 

Chapter 2. 
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4.5.1 Slave 1 

The first slave contains the processes for adsorption and regeneration of CEX 1 and CEX 

2, as well as some general settings explained in Chapter 2. Due to the size and complexity of the 

actual code it is not reproduced here but will be available upon request. Here are some important 

highlights of the implemented routines. 

4.5.1.1 Libraries Slave 1 

All the libraries required for slave 1 will be mentioned in this section and explained if they 

have not been covered before. 

#include <Wire.h> 

#include "TimerObject.h" 

As it was mentioned in this chapter, the library Wire.h allows to use functions required to 

establish a communication by a I2C bus. Meanwhile, TimerObject [28] library will allow to use 

some useful functions based on the millis() routine. 

TimerObject *timer1 = new TimerObject("X"); 

A new timer is created and it calls a defined function with an interval of "X" milliseconds. 

4.5.1.2 I2C communication Routine 

In this section, the complete routine implemented to stablish the I2C communication for 

the slave 1 will be covered. 

#define ID 1 

#define PAYLOAD_SIZE X 

#define SLAVE_ID X  

byte nodePayload[PAYLOAD_SIZE]; 
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Constant ID will identify Slave 1 with the number 1. There are other three constants that 

have to be defined for every slave, that slave 1 wants to establish a communication with. Many 

bytes can be send and receive at the same time. because the data are stored in bytes. Therefore, 

PAYLOAD defines the number of bytes sent or received. SLAVE_ID, represents the identification 

of slaves at the other side of the communication channel, and finally a vector of bytes is defined 

by nodePayload. 

4.5.1.3 Setup function for Slave 1 

All the sensors and actuators have to be declared in specific parts of the routine, in order 

to read or write in them, as well as the settings to establish the I2C communication. Parts of these 

routines have to be defined inside of the setup, but other functions were also included in the setup. 

These are some functions that were not explained before: 

timer1->setOnTimer(&Function); 

timer1->setSingleShot(true); 

The function setOnTimer assigns a timer to a function and this function will be called with 

the interval defined when the object timer was first declared. SetSingleShot will set the timer to 

call the function just once after being started with the function ->Start(). 

4.5.1.4 General Routines: 

Once everything is set, the routines for the distribution of the raw water through the system 

are the first defined. 

void PUMP1(){ 

if((digitalRead(LSH_T1))==HIGH && (digitalRead(LSH_T4))==HIGH){ 

P1_state=LOW; 

digitalWrite(P1,P1_state);}} 
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This routine defines the conditions for P1 (Feed pump) to be OFF. Pump P1 is going to 

turn OFF just in case that T1 (Feed RO) or T4 (Irrigation tank) are about to overflow. The PUMP1 

function is attached to an object timer that will call it every 1 second, therefore the conditions are 

evaluated every second. 

void FlowRO(){ 

Total_Flow=FlowRate_FM1+FlowRate_FM2; 

if((FlowRate_FM2> (FlowRate_FM2*44)/Total_Flow))&(digitalRead(LSH_T1))==LOW ){ 

PV4_state--; 

analogWrite(PV4,PV4_state);} 

if((FlowRate_FM2 < ((FlowRate_FM2*44)/Total_Flow))&(digitalRead(LSH_T1))==LOW ){ 

PV4_state++; 

analogWrite(PV4,PV4_state);} 

if((FlowRate_FM1 > ((FlowRate_FM1*77)/Total_Flow))&(digitalRead(LSH_T1))==LOW ){ 

V6_state=LOW; 

V4_state=LOW; 

digitalWrite(V6,V6_state); 

digitalWrite(V4,V4_state);} 

if((FlowRate_FM1 < ((FlowRate_FM1*77)/Total_Flow))&(digitalRead(LSH_T1))==LOW ){ 

V6_state=HIGH; 

V4_state=HIGH; 

digitalWrite(V6,V6_state); 

digitalWrite(V4,V4_state);}} 

FlowRO is called by a timer object every 1 second. This routine will assure that there is a 

ratio of 4:7 between the FM1 and FM2 flow rate readings (see Chapter 2). 

void overflowRO(){ 

if((digitalRead(LSH_T1))==HIGH){ 
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PV4_state=0; 

analogWrite(PV4,PV4_state);}} 

This is a very simple routine that assures that there is not overflow in tank T1 (RO feed) 

by closing valve PV4, when the highest level switch is sensing a logic 1. 

The adsorption and regeneration processes where all implemented with the following 

scheme, notice that this is just an example, the real code is more complex. 

#include "TimerObject.h" 

TimerObject *timer1 = new TimerObject(1000); 

TimerObject *timer2 = new TimerObject(1000); 

TimerObject *timer3 = new TimerObject(1000); 

void setup() { 

Serial.begin(9600); 

timer1->setOnTimer(&timer1Callback); 

timer1->setSingleShot(true); 

timer2->setOnTimer(&timer2Callback); 

timer2->setSingleShot(true); 

timer3->setOnTimer(&timer3Callback); 

timer3->setSingleShot(true); 

Serial.println("absortion CEX1- step 1"); 

//actuators! 

timer1->Start();} 

void timer1Callback(){ 

Serial.println("absortion CEX1- step 2"); 

//actuators! 

timer2->Start();} 

void timer2Callback(){ 

Serial.println("absortion CEX1- step 3"); 
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//actuators! 

timer3->Start();} 

void timer3Callback(){ 

Serial.println("Restarting process..."); 

Serial.println("absortion CEX1- step 1"); 

//actuators 

timer1->Start();} 

void loop() { 

timer1->Update(); 

timer2->Update(); 

timer3->Update(); 

Conditions to call functions!} 

 

As it can be seen, this routine is based on timers. In order properly organize all the steps 

that are required by the adsorption and regeneration processes, all the steps are grouped in 

functions that can be called and conditioned with the help of timers. Therefore, this scheme allows 

executing one step at the time on each column (CEX 1 or CEX 2). 

4.5.2 Slave 2 

This slave has all the routines that operate the RO and the NF systems. The routines 

implemented for these two processes are considerable simpler than the routines used for the CEX 

system. Even though, they have many conditions the fact that they do not need to be timed reduces 

the complexity. However, the library timerObject and its functions were used just to organize the 

steps and provide flexibility. 
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4.5.2.1 Libraries Slave 2 

All the libraries required for slave 2 are mentioned in this section and explained if they 

have not been covered before. 

#include <OneWire.h> 

#include <DallasTemperature.h> 

#include <Wire.h> 

#include "TimerObject.h" 

OneWire and DallasTemperature libraries are used to support the temperature sensor 

(DS18B20); the Wire library allows the use of the functions to communicate with the I2C protocol 

and finally the TimerObject will support the time intervals and calls to different routines. 

4.5.2.2 NF Routine 

To start up the NF process, some conditions set by level switches have to be met (see Section 

2.3). Since these conditions are located in the main loop, they are constantly evaluated and if the 

conditions are met timer5 calls the block NFprocessStart(). 

 

if((digitalRead(LSL_T3))==LOW & (digitalRead(LSH_T2))==HIGH){ 

timer5->Start();} 

void NFprocessStart(){ 

P4_state=255*(2.5/5); 

analogWrite(P4,P4_state); 

timer6->Start();} 

void NF_Pressure(){ 

if(PT2_value > SP_PT2){ 

P4_state--; 

analogWrite(P4,P4_state);} 

if(PT2_value < SP_PT2){ 
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P4_state++; 

analogWrite(P4,P4_state);}} 

Once timer5 has called the NFprocessStart function, pump P4 is initially adjusted to a 50% 

before the timer6 starts out providing a waiting time to build up pressure. Timer6 will call the 

NF_Pressure function that adjusts P4 in reference to a set point. 

The following conditions are set to pause or completely stop the NF process. In case that 

there is not enough product water in tank T2, the process has to be paused. 

if((digitalRead(LSM_T2))==LOW){ 

timer6->Stop(); 

P4_state=0; 

P3_state=HIGH; 

V20_state=HIGH; 

analogWrite(P4,P4_state); 

digitalWrite(V20,V20_state); 

digitalWrite(P3,P3_state);} 

if((digitalRead(LSL_T2))==LOW && (digitalRead(LSL_T7))==HIGH && LSH_T3==LOW){ 

V21_state=HIGH; 

digitalWrite(V21,V21_state);} 

4.5.2.2 RO routines 

As it was mentioned in chapter 2 if there is a minimal amount of product water in tank T1 

the RO process will start up. By calling the block ROStart(). 

if((digitalRead(LSL_T1))==HIGH && Ro_Standby1==LOW && Ro_Standby2==LOW){ 

timer9->Start();} 
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void ROStart(){ 

P5_state=HIGH; 

timer10->Start();} 

void ROStart1(){ 

if(PT1_value < SP_PT1){ 

P6_state=255*(2.5/5); 

analogWrite(P6,P6_state);} 

timer12->Start();} 

void ROStart2(){ 

if (P6_state > 0){ 

if(rate_4 > (rate_3/2)){ 

PV1_state--; 

analogWrite(PV1,PV1_state);} 

if(rate_4 < (rate_3/2)){ 

PV1_state++; 

analogWrite(PV1,PV1_state);}} 

timer14->Start(); 

timer13->Start();} 

void ROStart3(){ 

if (P6_state > 0){ 

if(rate_5 > (rate_3*.75)){ 

PV2_state--; 

analogWrite(PV2,PV2_state);} 

if(rate_5 < (rate_3*.75)){ 

PV2_state++; 

analogWrite(PV2,PV2_state);}} 

timer12->Start();} 
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Once the RO has started out, pump P5 is turned ON, then a timer is set to give it time to 

build up pressure. Then, pump P6 is set to 50% of capacity. In the ROStart2 function, the ratio 

between FM4 and FM3 is set. 

The following three conditions are set to pause the RO process as described in Chapter 2. 

 

if((digitalRead(LSH_T6))==HIGH int CondRO==LOW){ 

timer12->Stop(); 

timer13->Stop(); 

timer14->Stop(); 

CondRO=HIGH; 

P5_state=LOW; 

P6_state=0; 

digitalWrite(P5,P5_state); 

analogWrite(P6,P6_state);} 

  if((digitalRead(LSH_T6))==LOW int CondRO==HIGH){ 

CondRO=LOW; 

timer9->Start();} 

if((digitalRead(LSL_T6))==LOW || LSH_T4==HIGH){ 

P9_state=LOW; 

digitalWrite(P9,P9_state);}} 

void ROStop(){ 

if((digitalRead(LSL_T1)==LOW)){ 

P6_state=0; 

P5_state=LOW; 

analogWrite(P6,P6_state); 

digitalWrite(P5,P5_tate);}} 
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CHAPTER 5 

SUMMARY AND CONCLUSIONS 

I have successfully developed a control system for a small-scale brackish water 

desalination plant. This first model is a prototype for a low-cost alternative that with some extra 

work can perform the same functions that an industrial PLC would. Using Arduino boards to 

control a complex system require lot of extra work in matters of time and effort, unlike the PLC 

that have drivers built in that can handle most of the voltage and current requirements of the 

actuators and sensors. The design is not just challenging in regards to hardware (see Chapter 3). 

Even though the Arduino code is up to some point straightforward, due to the complexity of the 

system it is significantly complex when compared to ladder logic that has in most of the cases built 

in blocks that have to be made from scratch in Arduino. 

After concluding this project it is possible to say that the Arduino boards can work as a 

low-cost control system but limited by the complexity of the processes to be controlled, requiring 

extensive work but providing endless flexibility. 

Since this project was a first prototype, there is still substantial work to be done. To add 

reliability to the system is important to develop complete isolation of the pins in the Arduino boards 

from the rest of the system, and develop more robust communication hardware platform in order 

to avoid noise.  

More boards can be added in order to provide more flexibility to the system. Having extra 

I/O is important in case that a pin fails or that the system requires another actuator or sensor as 

part of the process. 
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In terms of software developing dedicated libraries would help to simplify the routines. 

Making it possible having blocks of code that would add reliability to the code and reduce the time 

spent on programming. 
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