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ABSTRACT 

Out of the urgent need to monitor the status of soil salinization, the Zeeland government 

and Waterschap Scheldestromen established a salinity monitoring project called salt 

watcher. This thesis presents a research on the design of an automatic switch system, which 

is one of the 3 sub-projects of the salt watcher project. The aim of the thesis research is to 

design an automatic switch system which is capable to make switching between different 

possible measurement connections. The project is instructed following V-model design 

method. 

The finished design, which is called the ‘bungalow’ switch system, is a switch system with 

logic control circuit and a flat layer of switches. The prototype built on the ‘bungalow’ design 

is tested and the results indicates that the designed system meets all the requirements and 

performed well for salinity measurement at high accuracy and low signal distortion. 

Further research is still recommended on components storage lifetime test, decreasing 

system scale, , completing full-scale product test and integration between different projects. 
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ABBREVIATION LIST 

A Ampere 

COM Common connection 

DIP Dual in-line package 

EC Electrical Conductivity 

GND Ground 

I Current 

IC Integrated circuit 

Iin Current injected 

mA Milliampere 

ms Millisecond 

mW Milliwatt 

ns Nanosecond 

NC Normally closed 

NO Normally open 

Ω Ohm 

Ron On resistance 

SOIC small outline integrated circuit 

SPDT Single Pole Double Throw 

SPST Single Pole Single Throw 

ton Turn-on time 

toff Turn-off time 

V Voltage 

Vcc Positive supply voltage 

Vss Negative supply voltage 



Automatic Electrode Switch | Proposal 

 

Contents of figure 

Figure 1.1 Groundwater bodies in Zeeland in 2017 (Pauw, 2020) ................................ - 1 - 

Figure 1.2 Principle of the salinity measuring electrode set (WATERSCHAPPEN, 2021) - 2 

- 

Figure 1.3 Chauvin-Arnoux-C. A-6460 ........................................................................... - 3 - 

Figure 1.4 EC probe for soil conductivity measurements (Eijkelkamp Soil & Water, 2018)

 ............................................................................................................................... - 4 - 

Figure 1.5 A draft image of the electrode cable ............................................................ - 5 - 

Figure 1.6 The different connecting possibilities of Wenner sets at the shortest distance

 ............................................................................................................................... - 6 - 

Figure 1.7 the expected structure of the salt watcher .................................................. - 6 - 

Figure 2.1 Wenner method electrode set (Frank, 1915) ............................................. - 10 - 

Figure 2.2 Function diagram of a multiplexer (ElectronicsTutorials) .......................... - 11 - 

Figure 2.3 A typical logic circuit diagram of a 4:1 digital multiplexer ......................... - 12 - 

Figure 2.4 A typical circuit diagram of a 4:1 analog multiplexer ................................. - 12 - 

Figure 2.5 The basic structure of a 32:1 multiplexer (Charles H. Roth, 2013) ............ - 13 - 

Figure 2.6 The electric symbol of a relay (Hewes, 2013)............................................. - 14 - 

Figure 2.7 The typical structure of a reed relay (Polee) .............................................. - 14 - 

Figure 2.8 The typical structure of a solid-state relay (Arar, 2017) ............................. - 15 - 

Figure 2.9 The typical structure of an analog switch (Munir, 2013) ........................... - 16 - 

Figure 2.10 An Arduino (Opensource.com, 2020) ....................................................... - 17 - 

Figure 3.1 V-MODEL STRUCTURE (Haak, 2020) ........................................................... - 18 - 

Figure 4.1 The function overview of the system ......................................................... - 24 - 

Figure 4.2 The system description of the switch system ............................................ - 25 - 

Figure 4.3 The signal flowchart of the switch system ................................................. - 25 - 

file:///E:/Documents/saltwatcher%20electrodes%20switch/Thesis%20report-Automatic%20electrode%20swtich%20of%20Salt%20watcher-YuyaoTian-version1.3-20062021.docx%23_Toc76449274
file:///E:/Documents/saltwatcher%20electrodes%20switch/Thesis%20report-Automatic%20electrode%20swtich%20of%20Salt%20watcher-YuyaoTian-version1.3-20062021.docx%23_Toc76449276


Automatic Electrode Switch | Proposal 

 

Figure -.4.4 Control signal flowchart ........................................................................... - 26 - 

Figure 4.5 The system division .................................................................................... - 27 - 

Figure 4.6 The subsystem description ......................................................................... - 27 - 

Figure 4.7 Simplified switch circuit subsystem ............................................................ - 29 - 

Figure 4.8 An SPDT switch ........................................................................................... - 29 - 

Figure 4.9 Principal schematic of ‘pyramid’ design ..................................................... - 30 - 

Figure 4.10 SPST-NO swtich ......................................................................................... - 31 - 

Figure 4.11 Principal schematic of ‘bungalow’ design ................................................ - 31 - 

Figure 4.12 Principal schematic of 8-electrode ‘bungalow’ design ............................. - 32 - 

Figure 4.13 The design of master switch ..................................................................... - 34 - 

Figure 4.14 The control software subsystem description ........................................... - 35 - 

Figure 4.15 Program flowchart of an 8-electrode switch system ............................... - 36 - 

Figure 4.16 The control software diagram .................................................................. - 36 - 

Figure 4.17 The basic structure of a 32:1 multiplexer (Charles H. Roth, 2013) .......... - 38 - 

Figure 4.18 The testing platform for the conponents ................................................. - 39 - 

Figure 4.20 The Ron change with different injected current ........................................ - 40 - 

Figure 4.21 The built subsystems ................................................................................ - 41 - 

Figure 4.22 Test on the prototype ............................................................................... - 41 - 

Figure 4.23 Ron change of prototype with different injected current ......................... - 42 - 

 

  

file:///E:/Documents/saltwatcher%20electrodes%20switch/Thesis%20report-Automatic%20electrode%20swtich%20of%20Salt%20watcher-YuyaoTian-version1.3-20062021.docx%23_Toc76449296
file:///E:/Documents/saltwatcher%20electrodes%20switch/Thesis%20report-Automatic%20electrode%20swtich%20of%20Salt%20watcher-YuyaoTian-version1.3-20062021.docx%23_Toc76449298
file:///E:/Documents/saltwatcher%20electrodes%20switch/Thesis%20report-Automatic%20electrode%20swtich%20of%20Salt%20watcher-YuyaoTian-version1.3-20062021.docx%23_Toc76449300
file:///E:/Documents/saltwatcher%20electrodes%20switch/Thesis%20report-Automatic%20electrode%20swtich%20of%20Salt%20watcher-YuyaoTian-version1.3-20062021.docx%23_Toc76449301


Automatic Electrode Switch | Proposal 

 

Contents of Table 

Table 3-1 Preparation Phase ....................................................................................... - 19 - 

Table 3-2 System Design Phase ................................................................................... - 20 - 

Table 3-3 Subsystem Design Phase ............................................................................. - 20 - 

Table 3-4 Component Design Phase ............................................................................ - 21 - 

Table 3-5 Component integration phase..................................................................... - 21 - 

Table 3-6 Subsystem integration phase ...................................................................... - 21 - 

Table 3-7 System integration phase ............................................................................ - 22 - 

Table 3-8 Conclusion Phase ......................................................................................... - 22 - 

Table 4-1 Requirement list .......................................................................................... - 23 - 

Table 4-2 Variable list of system description .............................................................. - 25 - 

Table 4-3 Variable list of subsystem description ......................................................... - 28 - 

Table 4-4 Truth table of the 3-layer pyramid design ................................................... - 30 - 

Table 4-5 Truth table of the bungalow design with 8 electrodes ............................... - 33 - 

Table 4-6 Comparison between two designs .............................................................. - 33 - 

Table 4-7 Variable list of external control function ..................................................... - 35 - 

Table 4-8 Determination of the tested characteristics ............................................... - 37 - 

Table 4-9 Scoring list of the chosen components ....................................................... - 39 - 

Table 4-10 The test result of the prototype ................................................................ - 42 - 

Table 4-11 Checklist of the requirements ................................................................... - 43 - 

 

  



Automatic Electrode Switch | Proposal 

 

CONTENTS 

1 Introduction ................................................................................................................... - 1 - 

1.1 Background ......................................................................................................... - 1 - 

1.2 Problem Analysis ................................................................................................ - 2 - 

1.3 Research Questions ............................................................................................ - 7 - 

1.3.1 Main Question ........................................................................................ - 8 - 

1.3.2 Sub Questions ......................................................................................... - 8 - 

1.4 Objectives&Deliverables .................................................................................... - 8 - 

2 Theoretical Framework ................................................................................................ - 10 - 

2.1 Wenner Method ............................................................................................... - 10 - 

2.2 Multiplexer/Demultiplexer ............................................................................... - 11 - 

2.3 Switch ............................................................................................................... - 13 - 

2.3.1 Electromagnetic Relay .......................................................................... - 14 - 

2.3.2 Solid-state Relay .................................................................................... - 14 - 

2.3.3 Analog switch ........................................................................................ - 15 - 

2.4 Microcontroller ................................................................................................ - 16 - 

3 Method ........................................................................................................................ - 18 - 

3.1 Design Method ................................................................................................. - 18 - 

3.2 Justification....................................................................................................... - 19 - 

3.3 Activities & Deliverables ................................................................................... - 19 - 

3.3.1 Preparation Phase ................................................................................. - 19 - 

3.3.2 Design Phase ......................................................................................... - 20 - 

3.3.3 Execution Phase .................................................................................... - 21 - 

3.3.4 Conclusion Phase .................................................................................. - 22 - 



Automatic Electrode Switch | Proposal 

 

4 Results .......................................................................................................................... - 23 - 

4.1 Preparation ....................................................................................................... - 23 - 

4.2 System Design .................................................................................................. - 25 - 

4.3 Subsystem Design ............................................................................................. - 26 - 

4.3.1 Switch circuit subsystems ..................................................................... - 28 - 

4.3.2 Master switch subsystem ..................................................................... - 34 - 

4.3.3 External control function subsystem .................................................... - 35 - 

4.4 Component design & Test ................................................................................ - 37 - 

4.5 Subsystem test & System Test ......................................................................... - 40 - 

5 Discussion .................................................................................................................... - 44 - 

5.1 Results discussion ............................................................................................. - 44 - 

5.2 Method discussion ........................................................................................... - 45 - 

6 Conclussion & Recommendations ............................................................................... - 46 - 

6.1 Conclusion ........................................................................................................ - 46 - 

6.2 Recommendations ........................................................................................... - 46 - 

References ........................................................................................................................... - 48 - 

Appendix .............................................................................................................................. - 51 - 

Appendix 1 Validation Plan ......................................................................................... - 51 - 

Appendix 2 Integration Plan ........................................................................................ - 53 - 

Appendix 3 System Test Plan....................................................................................... - 54 - 

Appendix 4 Subsystem test plan ................................................................................. - 56 - 

Appendix 4.1 switch circuit test plan .................................................................. - 56 - 

Appendix 4.2 Master switch test plan ................................................................. - 57 - 

Appendix 4.3 External control system test plan .................................................. - 58 - 



Automatic Electrode Switch | Proposal 

 

Appendix 5 Control system program ........................................................................... - 60 - 

Appendix 6 Datasheets of the Chosen Components ................................................... - 62 - 

Appendix 7 Components Test Plan .............................................................................. - 72 - 

Appendix 8 Components Test Results ......................................................................... - 74 - 

Appendix 9 Subsystems test result.............................................................................. - 87 - 

Appendix 10 Assembly Plan......................................................................................... - 88 - 

Appendix 11 Prototype Test Result ............................................................................. - 89 - 

 

 



Automatic Electrode Switch | Proposal 

- 1 - 

 

1 INTRODUCTION 

In this chapter, background information of the research and analysis of the problem will be 

given. Based on the analysis the research question of the project will be defined and the 

objective and boundaries of this project will be described. 

1.1 BACKGROUND 

The Netherlands, as a country where most of the area lies below sea level, managed to build 

up a safe and clean delta in the history (Van Westen, 2005). This feat is inseparable from the 

help of various water management agencies in the Netherlands. Waterschappen, as one of 

the agencies, are regional government bodies charged with managing water barriers, 

waterways, water levels, water quality and sewage treatment in their respective regions 

(WATERSCHAPPEN, 2021). 

Fresh water has always been one of the most important issue for water management, due to 

its important role in agricultural irrigation (Van Westen, 2005). The picture Fig 1.1 below 

shows the groundwater bodies condition in Zeeland in 2017.However, according to Pauw’s 

report (Pauw, 2020), fresh water source has been facing a great impact from the climate 

change in Zeeland during the last few years.  

 

Figure 1.1 Groundwater bodies in Zeeland in 2017 (Pauw, 2020) 

https://en.wikipedia.org/wiki/Sewage_treatment
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Another report (Delsman, et al., 2018)shows that climate change results in less rainfall 

during the summer. As a result, the groundwater is less replenished with fresh rainwater. 

The Zeeland underground naturally contains a lot of salt. Precipitation creates a freshwater 

layer on top of the heavier saline groundwater. Groundwater extraction in the summer can 

lead to salinization of the shallow groundwater. This makes groundwater less usable 

(Kotuby-Amacher, Koenig, & Kitchen, 2000). 

A monitoring system is needed to measure this effect. Therefore dozens of sensors will soon 

be installed in Zeeland to measure trends in the salinization of the underground. 

Waterschap Scheldestromen, as the builder of the measuring system, is trying to find a 

sufficient design for the measuring system. 

The measuring system, which is called salt watcher, contains 3 different parts: a measuring 

device, a measuring cable and a switch system which helps to connect between the 

electrodes on the measuring device and the measuring cable. The aim of this project is to 

design the electrode switch system of the salt watcher. The project began from February 

1st ,2021 and ends on July 1st,2021. 

1.2 PROBLEM ANALYSIS 

Based on the background information, a complete description of the problem will be given 

in this chapter. 

This project is part of the salt watcher project processed by Waterschap Scheldestromen and 

the Zeeland government, due to the concern about the soil salinity problem in Zeeland. The 

salt watcher is based on the Wenner method, which is commonly used when measuring soil 

salinity. In this 4-electrodes set, which is also called a Wenner set, 4 electrodes will be set 

with the same distance between each other. As Fig 1.2 shows, 2 of the electrodes outside 

will inject a current (the S symbol indicates the current source) and the 2 electrodes inside 

will measure the potential. With the value of the voltage, the current and the distance, the 

conductivity of the soil can be calculated (Frank, 1915). 

 

Figure 1.2 Principle of the salinity measuring electrode set (WATERSCHAPPEN, 2021) 
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The salt watcher contains 3 different parts: the measuring device, the electrode cable and 

the switch system connecting the other two parts. This project is a part of the salt watcher 

project, aiming to design the switch system for the salt watcher. 

The measuring device will be designed and built as a replacement to a commercial soil 

salinity measuring device Chauvin-Arnoux-C. A-6460, as Fig 1.3 shows, which has 4 

measuring terminals and uses Wenner method to measure the earth conductivity. 

 

Figure 1.3 Chauvin-Arnoux-C. A-6460 

In the salt watcher project, Wenner method will be used in a different way that all the 

electrodes to be measured will be set vertically underground. Fig 1.4 demonstrates an EC 

probe for soil conductivity measurements which is designed for the Chauvin-Arnoux-C. A-

6460. As the manual (Eijkelkamp Soil & Water, 2018) said, the plugs ⑫ can be plugged into 

the terminals on Chauvin-Arnoux-C. A-6460, and four electrodes ⑥⑦⑧⑨ use Wenner 

method vertically. The two outside electrodes ⑥ and ⑨ are the current injection 

electrodes and the two inside electrodes ⑦ and ⑧ are voltage measuring 

electrodes(Other components on the figure are not related to the project so will not be 

introduced). By plugging this probe into different depths underground, the soil salinity of the 

depth between the four electrodes can be measured.  
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Figure 1.4 EC probe for soil conductivity measurements (Eijkelkamp Soil & Water, 2018) 

In the salt watcher project, the manual process of digging this probe underground and 

changing the depth needs to be replaced. The electrode cable which contains the electrodes 

will be installed with a steel cone digging into the soil. The diameter of the cone is 36mm, 

and it limits the diameter of the electrode cable. Based on the diameter of the electrode 

cable and the diameter of the leads which connect each underground electrode to the 

terminal on the ground, it is estimated that the electrode cable can contain at most 26 

electrodes. These electrodes will be permanently arranged underground at the same 

distance vertically. Fig 1.5 below shows a draft image of the electrode cable. 



Automatic Electrode Switch | Proposal 

- 5 - 

 

 

Figure 1.5 A draft image of the electrode cable 

Within the 26 electrodes, every combination of 4 electrodes at the same distance can be 

connected to the measuring device and used to measure the soil salinity of the depth 

between them as the EC probe works. 

By using the electrode cable, instead of digging into different depths with only four 

electrodes, the measuring device can be connected to any 4-terminal combination and to 

measure soil salinity of different depths easily. Fig 1.6 shows the situations using different 

electrode sets with the shortest distance to measure soil salinity on different depths. By 

switching between different 4-electrode sets on different depths and taking measurements 

periodically, a clear image of soil salinity changes on different depth in time can be given. 
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Figure 1.6 The different connecting possibilities of Wenner sets at the shortest distance 

Traditionally, the measurement will be taken manually. But for the salt watcher, it means 

the operator is required to connect the 4 terminals of the measuring device to each possible 

Wenner set within the 26 underground measured electrodes and switch from one set to 

another by hand. This manual process is extremely time-consuming and needs to be taken 

on dozens of monitoring points all over Zeeland. It shows a necessity to replace the manual 

connecting and switching process with an automatic method. Therefore an automatic switch 

system is required. Fig 1.7 below shows the expected structure of the whole salt watcher 

system. The switch system will connect the 4 leads from the terminals on the measuring 

device to 4 chosen leads connecting to the underground electrodes and switch between 

different 4-electrode combinations. 

 

Figure 1.7 the expected structure of the salt watcher 
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The aim of this project is to design an automatic switch system for the salt watcher. The 

measuring device will be designed by a project taken by Pinqi Guo and the electrode cable 

will be designed by the electrode cable project team. The final products of 3 projects are 

supposed to be integrated into a complete salt watcher. 

Problems: 

1. Despite that the Wenner method (or any other 4-electrode salinity measuring method) 

is used in the salt watcher, it is also required to keep the flexibility for other kinds of 4-

electrode salinity measuring method. So the switch possibility will not be restricted to 

only the possible Wenner sets within 26 adjacent underground electrodes but also to all 

the other 4-electrode combinations. It requires the capability of the switch system to 

connect each of the 4 terminals of the measuring device to any chosen underground 

electrode. 

2. The measuring process requires the analog potential and current signals passing through 

the measuring system and the electrode cable. So the switch system should be also able 

to transfer analog signals between the 4 terminals on the measuring device and the 

chosen 4 underground electrodes. 

3. The measuring device is supposed to be built on a programmable microcontroller, which 

means the control of the switching process will be taken by the measuring device. So 

control signals will come from the measuring device to the switch system and the 

switching process should be designed to follow control signals from a microcontroller. 

4. Eventually, the switch system will be integrated into the salt watcher system, which 

makes the integration between separate projects also a problem. A clear integration 

plan before designing is necessary to ensure the final integration to the measuring 

system and electrode cable. 

As a conclusion of all these problems, the main problem of this project can be derived: What 

is the design for an automatic analog switch system which can connect 4 terminals from the 

measuring device to any possible combination of 4 electrodes within 26 underground 

measured electrodes, switch between different 4-electrode sets following control signals 

from a microcontroller and can be intergrated into the salt watcher? 

 

1.3 RESEARCH QUESTIONS 

In this chapter, the main question and sub questions are defined. 
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1.3.1 MAIN QUESTION 

The main question is derived from the problem analysis: 

What is the design for an automatic analog switch system which can connect 4 terminals 

from the measuring device to any possible combination of 4 electrodes within 26 

underground measured electrodes, switch between different 4-electrode sets following 

control signals from a microcontroller and can be intergrated into the salt watcher? 

1.3.2 SUB QUESTIONS  

The 5 sub questions are derived from the main question and problem analysis: 

1) What kind of system design is capable to connect 4 terminals from the measuring 

device to any possible combination of 4 electrodes within 26 measured electrodes 

and switch between different 4-electrode sets following control signals from a 

microcontroller? 

2) What kind of system design can be intergrated into the salt watcher? 

3) What sub systems design is needed for the system design? 

4) What components is needed to build the designed subsystems? 

5) What tests can confirm the components choice? 

6) What assembly plan and tests can confirm the subsystem design? 

7) What assembly plan and tests can confirm the system design? 

1.4 OBJECTIVES&DELIVERABLES 

The objectives of this project are: 

1) An automatic electrode swtich system design which can be used in the salt watcher 

connecting the measuring device and the electrode cable. 

2) Discussion and suggestion on the realizibility of the designed system and further 

possible improvements of the design. 

To achieve the objectives, these are the deliverables of this project 

1) The whole design of the automatic electrode switch system 

2) A score matrix of the chosen components 

3) A prototype of the designed switch system 

4) A test plan designed for the system and the components 

5) The report of the test results 
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6) Discussion and recommendation based on the test results 

7) The final report of the project 
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2 THEORETICAL FRAMEWORK  

In this chapter, basic theories and research that is related to this project will be described. 

2.1 WENNER METHOD 

Wenner method is a measuring method which is used to measure earth resistivity. 

For the situations that the resistivity is needed of a considerable part of the earth to extend 

to a considerable depth, or the part of the earth to be measured should not be interfered, 

the Wenner method is suitable (Frank, 1915). In this project, it will be the measuring method 

for soil salinity. 

According to the method (Frank, 1915), four holes with 4 electrodes at the end terminals are 

evenly distributed in a straight line. The diameter of the electrodes does not exceed 10% of 

the distance between the electrodes, and they all extend to approximately the same depth, 

which is usually the depth where the resistivity is going to be measured. One electrode is 

placed in each hole, so the electrode is in electrical contact with the earth only near the 

bottom, as shown in figure 2.1. This figure does not represent how this method is used in 

this project, as explained in Chapter1.2. In the salt watcher, the electrodes will be set 

vertically underground, but the principal of the method remains the same, so it will not be 

explained again in this chapter. 

 

Figure 2.1 Wenner method electrode set (Frank, 1915) 
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Therefore, if the depth of the hole, the distance between the holes and the resistance are 

measured (using 1 and 4 as the current injection terminals, 2 and 3 as the potential 

measuring terminals, normally the two input electrodes are both outside, and the output 

electrodes inside), the data is available to calculate the effective resistivity nearby. 

Assuming a is the distance between the holes, b is the depth of the holes, p is the resistivity, 

n is the ratio of b to a, and R is the measured resistance (measured potential V divided by 

current I), then 

 

where the denominator has a value between 1 and 2 depending on the value of a and b. So 

in case b is much large in comparison with a, 

ρ = 4𝜋aR [Ω.m] 

and in case b is much smaller in comparison with a, 

ρ = 2𝜋aR [Ω.m] 

2.2 MULTIPLEXER/DEMULTIPLEXER 

To realize the required switch function, the system should be able to transmit analog signals 

between 4 terminals to 4 chosen electrodes within 32 electrodes. Which leads to a question: 

Is there any existing switch system that is capable to switch between different analog signal 

channels?  

Multiplexer and demultiplexer are commonly used 

electronic components, which are capable to select 

analog or digital signals (ElectronicsTutorials). A 

multiplexer is capable to select one signal form 

several input signal channels (normally 2n) and 

output that signal to the single output channel. A 

demultiplexer, which is opposite to multiplexer, is 

capable to select one output channel to output the 

single input signal. Fig 2.2 demonstrates the function of a multiplexer. 

Figure 2.2 Function diagram of a multiplexer (ElectronicsTutorials) 
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The principle of multiplexer and demultiplexer is a logic circuit combination with n logic 

input to control 2n signal channels. It translates the n-digit binary input signal to a particular 

connection between the one chosen input/output channel and a single output/input (David 

Harris, 2010). Fig 2.3 shows a typical logic circuit diagram of a 4:1 digital multiplexer. The 

circuit is designed based on the Boolean truth table. 

 

Figure 2.3 A typical logic circuit diagram of a 4:1 digital multiplexer 

For an analog multiplexer, instead of directly using a logic output as the output channel, the 

translated digital signals will be used to control analog switches to choose the connected 

signal channel, as Fig 2.4 shows.  

The commonly used multiplexers and demultiplexers 

types are 2:1, 4:1, 8:1 and 16:1 (Rhodes & Levy, 1979). 

In this project, 4 measuring terminals are connected to 

26 electrodes, which means each measuring terminal 

need to be connected to 26 electrodes and choose 

one of the electrodes for signal transmission. To 

realize the function, a 32:1 analog multiplexer is 

necessary. There is no 32:1 multiplexer in the market, 

which means a combination of multiplexers is 

necessary to make a 32:1 multiplexer, or a logic circuit 

design based on the principle of multiplexers. 

To make a 32:1 multiplexer, a combination of two 16:1 

multiplexers and one 2:1 multiplexer is needed 

(Charles H. Roth, 2013). Fig 2.5 demonstrates the 

basic structure of the 32:1 multiplexer design. 

 

Figure 2.4 A typical circuit diagram of a 4:1 

analog multiplexer 
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Figure 2.5 The basic structure of a 32:1 multiplexer (Charles H. Roth, 2013) 

2.3 SWITCH 

The switch system will be an automatic system, which means any type of manual switches is 

not suitable for the system. The salt watcher requires the switch system to transfer analog 

signals between the measuring device and the electrode cable, so the normally used 

automatic analog switch type will be introduced below. Further comparison on the detailed 

characteristics of each kind of switch will be made in the project. 
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2.3.1 ELECTROMAGNETIC RELAY 

A relay is an electric switch. The current flowing through the relay coil creates a magnetic 

field, attracting the lever and changing the switch contacts. The coil current can be turned 

on or off, so the relay has two switch positions, most of which have double-throw switch 

contacts, as shown in fig 2.6 (Hewes, 2013). 

 

Figure 2.6 The electric symbol of a relay (Hewes, 2013) 

Electromagnetic relay, which is also called reed relay, is a type of relay that use an 

electromagnet to control reed switches (Hewes, 2013). The contacts are made of magnetic 

materials, and the electromagnets act directly on the contacts without the need for an 

armature to move them. Compared with armature-based relays, reed relays have a much 

faster switching speed because the moving parts are small and light, although the switch 

bounce still exists. They are mechanically simple, so they have more reliability and longer life 

(Webster, 1999). Fig 2.7 shows the typical structure of a reed relay. 

 

Figure 2.7 The typical structure of a reed relay (Polee) 

2.3.2 SOLID-STATE RELAY 

A solid-state relay is a non-contact relay in which a semiconductor control load flows 

through a solid-state switch. The silicon-controlled rectifier (SCR) or bidirectional silicon-

controlled rectifier (TRIAC) that triggers the output terminal then conducts the load current, 

so it can accept low-voltage DC or AC signal input, and then conduct high-voltage, high-
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power output current. The function of the solid-state relay are isolating input and output, 

and controlling high-power output current (Chen N. , 2008). 

Solid state relays have the advantages of high strength, impact resistance, strong vibration 

resistance, low input drive current, and can be easily installed on computers and digital 

control circuits. They are widely used in computer external link control devices, high-power 

thyristor triggers and industrial automation devices. Solid-state relay is also widely used in 

petrochemical industry, instrument equipment, various machinery, solenoid valve control, 

CNC machine tools, entertainment facilities and other automation equipment, especially 

suitable for harsh environments such as humidity and corrosion, and frequent switching 

(Chen M. , 2003). Fig 2.8 shows the structure of a solid-state relay. 

 

Figure 2.8 The typical structure of a solid-state relay (Arar, 2017) 

2.3.3 ANALOG SWITCH 

An analog switch is mainly used to complete the signal switching function in the signal link. 

The switch mode of the MOS tube is used to realize the signal link as turned off or on. 

Because its function is similar to a switch, it is realized with the characteristics of an analog 

device to become an analog switch (Horn, 1990). Fig 2.9 shows the typical structure of an 

analog switch. 
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Figure 2.9 The typical structure of an analog switch (Munir, 2013) 

Due to the switching performance of the MOS tube, the analog switch circuit can achieve a 

high turn-off impedance, generally a turn-off resistance of more than megaohm; and a very 

low on-resistance, generally several ohms, which can realize good signal link switching and 

disconnection isolation. According to different application requirements, analog switches 

can be divided into audio analog switches, video analog switches, digital switches, general 

analog switches, and so on (yangzh, 2017). The analog switch has the characteristics of low 

power consumption, fast switch speed, no mechanical contacts, small size and long service 

life (Horn, 1990). 

2.4 MICROCONTROLLER 

In the salt watcher a microcontroller Arduino will be used as the controlling device of the 

system. The switching system will be driven by the control signals from the microcontroller. 

The information of the microcontroller is introduced: 

⚫ Arduino 

The Arduino is a commonly used open-source microcomputer, “the Arduino is an open 

hardware development board that can be used by tinkerers, hobbyists, and makers to design 

and build devices that interact with the real world” (Opensource.Com, 2020). It offers a large 

scale of modules and extensions that can be added to the main board to add required 

functions. Fig 2.10 shows an Arduino. 

The digital pins of Arduino can be set to output mode, which allows them to provide a 

current for other electronic components. The maximum value of the provided current is 

around 40mA, which is enough to drive sensors, some kinds of LED lights and logic circuit, 

but is not enough for driving most relays, solenoids, or motors (Microchip Technology Inc., 

2018). 
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Figure 2.10 An Arduino (Opensource.com, 2020) 

 

  An Arduino (Arduino-Uno, n.d.) 

An Omron PLC (Omron, n.d.) 
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3 METHOD 

In this chapter, the design method and why it is chosen of the project will be introduced. The 

activities following the method will also be described. 

3.1 DESIGN METHOD 

V-model is occasioned in a thesis published in 1986 by Paul Rook (Using V Models for 

Testing., 2013). He used this method to design software by breaking it down into small 

pieces, programming individually to achieve the final product. Since its effectiveness, V-

model remains to be one of the most efficient approaches for developing software. 

As Fig 3.1 shows, V model has a characteristic structure that looks like “V”. It is a type of 

SDLC (System Development Life Cycle) model that works sequentially by the arrow. Each 

circle on the left of the arrow corresponds to the ones on the right. The process will go down 

into the next phase by passing the staged test. It implies if the designed results cannot pass 

the corresponding test, the projecting process should go back to the related design stage on 

the left side instantly and resume with the original direction until it is qualified so far.  

 

Figure 3.1 V-MODEL STRUCTURE (Haak, 2020) 

By the iterative verification and validation, this method can ensure the final system launch 

will follow the customer needs. 
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3.2 JUSTIFICATION 

The aim of the project is to find a feasible design for the automatic electrode switch system 

for the salt watcher. The ‘design-integration-design (if tests failed)’cycle of V model ensures 

that the final product of the project will meet the desired requirements from the beginning.  

V model checks whether the system the subsystem and the components meet their 

requirements by testing during the entire project. First the requirements of the switch 

system will be determined and discussed with the client then these requirements will be 

translated to system requirements for the switch system. The subsystems and components 

will also be tested according to a test plan that is written based on the requirements of the 

system. After each test is passed, the integration will come to the next step so the 

components, the subsystems and the system will be tested gradually to make sure the 

feasibility and requirements can all be confirmed after the whole process of V model 

method. 

3.3 ACTIVITIES & DELIVERABLES 

In this chapter, the activities that will be taken in each phase and the deliverables of each 

activity will be described phase by phase. At which point the sub-questions will be answered 

will also be introduced. 

3.3.1 PREPARATION PHASE 

In this phase, the overview and based information about the project would be clear. The 

research proposal and project plan are completed during this phase. The main and sub- 

questions would be discussed in this phase. The table 3-1 below shows the activities and 

deliverables in this phase. 

Table 3-1 Preparation Phase 

Activities Deliverables 

Analyze the problem Problem analysis of the switch system; 

Requirement list of the project; Validation plan 

Research on the background information Introduction Chapter of research proposal 

Research on related theories and articles Theoretical framework Chapter 

Make the integration plan The integration plan between different projects 

Make the project plan the project plan 

The sub questions ‘What kind of system design can be intergrated into the salt watcher?’ is 

related to this phase. 
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3.3.2 DESIGN PHASE 

System design Phase: 

In this phase, the design of the main system will be completed, and the main functions will 

be explained. The main system is divided into several subsystems. The system test plan will 

be made. The table 3-2 below shows the activities and deliverables in this phase. 

Table 3-2 System Design Phase 

Activities Deliverables 

Make the input and output for the system The function tree and diagram of the input 

and output of the whole system  

Divide the system into several subsystems The overview of the subsystems 

Complete the system test plan Test plan of the main system 

The sub questions ‘What kind of system design is capable to connect 4 terminals from the 

measuring device to any possible combination of 4 electrodes within 26 measured 

electrodes and switch between different 4-electrode sets following control signals from a 

microcontroller?’ is related to this phase. 

Subsystem design phase: 

In this phase, the design of the subsystems will be completed, and the functions of the 

subsystem will be explained. The subsystems are divided into component phases. The table 

3-3 below shows the activities and deliverables in this phase. 

Table 3-3 Subsystem Design Phase 

Activities Deliverables 

Make the input and output for the 

subsystems 

The function tree and diagram about the 

input and output of subsystems 

Divide the subsystems into component 

phases 

The overview of the component phases 

Write the subsystems test plan Test plan of the subsystems 

The sub questions ‘What subsystems design is needed for the system design?’ is related to 

this phase. 

Component design phase: 

In this phase, the design of the component will be completed. The table 3-4 below shows the 

activities and deliverables in this phase. 
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Table 3-4 Component Design Phase 

Activities Deliverables 

Describe the components List of components, components description 

Write the component test plan Test plan of the components 

The sub questions ‘What components is needed to build the designed subsystems?’ is 

related to this phase. 

3.3.3 EXECUTION PHASE 

Component integration phase: 

In this phase, the components will be ordered and tested. The table 3-5 below shows the 

activities and deliverables in this phase. 

Table 3-5 Component integration phase 

Activities Deliverables 

Order the components The components 

Test the components The test data of the components 

The sub questions ‘What tests can confirm the components choice?’ is related to this phase. 

Subsystem integration phase: 

In this phase, all parts of the component will make up each subsystem. The subsystems are 

tested with the test plans. The table 3-6 below shows the activities and deliverables in this 

phase. 

Table 3-6 Subsystem integration phase 

Activities Deliverables 

Assembly the components into subsystems The assembled subsystems 

Test the subsystem based on the test plan The test data of each subsystem 

Activities Deliverables 

The modification of the subsystems The adjusted subsystems 

The sub questions ‘What assembly plan and tests can confirm the subsystem design?’ is 

related to this phase 

 

 



Automatic Electrode Switch | Proposal 

- 22 - 

 

System integration phase: 

In this phase, all parts of the subsystems will be integrated into the main system. The main 

system is tested with the test plan. The table 3-7 below shows the activities and deliverables 

in this phase. 

Table 3-7 System integration phase 

Activities Deliverables 

Assembly the sub-system into the main 

system 

The assemble main system 

Test the main system based on the test plan The test data of the main system 

The sub questions ‘What assembly plan and tests can confirm the system design?’ is related 

to this phase. 

3.3.4 CONCLUSION PHASE 

In this phase the test data of the whole system will be analyzed, and a conclusion will be 

given. Table 3-8 below shows the activities and deliverable of this phase. 

Table 3-8 Conclusion Phase 

Activities Deliverables 

Analyze the test data of the designed system The result analysis of the tests; the 

conclusion of the designed system 

Discuss on the conclusion Discussion of the results; Recommendation 

for further improvements 

The sub question ‘What tests and results can confirm the components choice, the sub 

system design the system design and the final prototype?’ is related ot this phase. 
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4 RESULTS 

In this chapter, the results of each activity will be demonstrated step by step. 

4.1 PREPARATION 

In this phase, the requirement list of the project is given. Based on the problem analysis and 

the research questions, the requirement list of this project is defined, as table 4-1 shows.  

Table 4-1 Requirement list 

No. Requirements 

1. The electrode switch will connect between a measuring device with 4 terminals and 

an electrode cable with 26 electrodes. 

2. The electrode switch can receive a control signal of information of the chosen terminal 

and the chosen electrode that will be connected to the terminal. 

3. The electrode switch should send an error signal to the user if the chosen electrodes 

or terminal does not exist. 

4. The electrode switch should connect each of the 4 terminals on the measuring device 

to each chosen electrode. 

5. The electrode switch should disconnect the measuring device and the electrode cable 

when it is switching from one 4-electrode combination to another. 

6. The electrode switch should send a signal to the measuring system when the switching 

process is finished. 

7. The unchosen electrodes should not be connected to the terminals of the measuring 

device. 

8. The switch system should ensure the salinity measurement can be taken via the 

connection to the chosen electrodes. 

9. The electrode switch is compliable with the measuring system designed by another 

project which is supposed to work as the same way as chauvin-arnoux-c-a-6460-earth-

resistance-tester. 

10. The electrode switch is compliable with the measuring cable designed by the 

electrode cable project group. 

The requirements are derived from the research questions and discussed with the client. 

The focus of the requirements is to find a working concept design for the switch system. 

Therefore, the specific performance of the system is not taken as requirements but will be 

tested and discussed for further improvements. The requirement list gives a clear image of 

what are the expected functions of the final product of the project. This leads to a function 

overview of the system, as Fig 4.1 below shows. 
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Figure 4.1 The function overview of the system 

The function overview has been discussed with the other 2 project teams. It is determined 

that the main control system of the salt watcher, which will be built on a microcontroller, 

will not be designed in this project but in the measuring device project. Despite of the whole 

control software of the salt watcher, an external software design is still required for the 

switch system. This external software is required to test the performance of the switch 

system and integration with the measuring device. It will work as a function in 

microcontroller and can be integrated into the main controlling program of the salt watcher. 

Based on the requirement list and function overview, a validation plan of the system is 

defined, which is given in Appendix 1. 

Because this project is one of the 3 parts of the salt watcher project, to ensure the 

integration between different projects, an integration plan is discussed with the other 2 

project teams and the client. In the salt watcher project, the 3 different projects including 

this project, combines like different subsystems. So the integration plan is designed 

following the instructions of the system design phase of V-model. The determined 

integration plan is given in Appendix 2. 

By taking the integration plan, following the system design and integration phase in V-

model, the possibility of integration can be improved.  
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4.2 SYSTEM DESIGN 

Based on the problem analysis and function overview, a system description is given, as Fig 

4.2 shows. 

 

Figure 4.2 The system description of the switch system 

The automatic switch system is the main system of this project. Fig 4.3 below shows the 

signal flowchart of the switch system. 

 

Figure 4.3 The signal flowchart of the switch system 

There are only 2 measuring signals because 2 measuring terminals are used to inject current 

and the other to measure voltage. Table 4-2 below gives the variable list of the system. 

Table 4-2 Variable list of system description 

from to variables symbol value 

Power supply Switch system Supply voltage XA0 5V DC (For Arduino) 

Switch system Chosen electrode signal XD1 0V/5V 
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As described in chapter 4.1, the main controlling system will be put in the measuring system. 

So the signals from and to the users are passing through the measuring system via the 

external software function designed in this project. Therefore, the final product of the 

switch system will not have a direct connection to the user but only to the measuring device 

and the electrodes. Fig 4.4 demonstrates how the external software designed by this project 

is integrated into the salt watcher. 

 

Figure -.4.4 Control signal flowchart 

A detailed system test plan is made following the function overview and the system 

description. The system test plan is given in Appendix 3. 

4.3 SUBSYSTEM DESIGN 

After the function overview is defined, the functions are divided into different subsystems 

following the different requirement on the functions. The system is divided into 3 

subsystems: the external control function, the master switch and the switch circuit, as Fig 

4.5 below shows.  

Measuring 

system 

Start-up signal XD0 5V 

Injected current signal XA1 Determined by measuring device project 

Switch system Electrode Cable Injected current signal XA1 Determined by measuring device project 

Electrode Cable Switch system Measured voltage signal XA2 To be measured 

Switch system 

Measuring 

system Measured voltage signal XA2 
To be measured 
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Figure 4.5 The system division 

After the functions are divided, detailed subsystem descriptions are defined, as Fig 4.6 

shows. 

 

Figure 4.6 The subsystem description 
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Table 4-3 shows the variable list of the subsystems. 

Table 4-3 Variable list of subsystem description 

The design of the subsystems will be introduced below. In the 3 subsystems, the external 

control function design can only be defined after the master switch and switch circuit design 

is defined. 

4.3.1 SWITCH CIRCUIT SUBSYSTEMS 

The master switch function is based on the switch circuit design, so the focus is to define an 

appropriate design for the switch circuit. The aim is to connect the 4 measuring terminals to 

each combination of 4 electrodes within 26 electrodes. Instead of a switch circuit that can 

connect 4 terminals to 4 electrodes, the system can be simplified: to separately connect 

each terminal to a chosen electrode of 26 electrodes. As Fig 4.7 shows, the 4 separate switch 

circuits connect each terminal to 26 electrodes. Then the problem turns to: what switch 

circuit design is capable to connect one terminal to the chosen electrode within 26 

electrodes. 

from to variables symbol value 

Power supply Switch system voltage XA0 5V DC (For Arduino) 

User 
External control 

function 

Chosen electrode signal XD1 0V/5V 

Start-up signal XD0 5V DC 

External control 

function Switch circuit 

Electrode connection 

control signal XD4 Determined by the switch circuit design 

External control 

function Master switch 

Master switch control 

signal XD2 0V/5V DC 

Master switch Switch circuit Switch on/off signal XD3 0V/5V DC 

Switch circuit 
Electrode Cable 

Injected current signal XA1 Determined by measuring device project 

Measured voltage signal XA2 To be measured 

Measuring 

device Switch circuit 

Injected current signal XA1 Determined by measuring device project 

Measured voltage signal XA2 To be measured 
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Figure 4.7 Simplified switch circuit subsystem 

To realize the functions of the switch circuit design, 2 different design is given as options. 

The first design is called ‘pyramid’. This design is based on SPDT (Single Pole Double Throw) 

switches. As shown in Fig 4.8, this kind of switch has a COM (Common connection) 

terminal(1) and whether the NC (Normally closed) terminal(2) or the NO (Normally open) 

terminal(8) is on is determined by the logic input of the control signal(6). 

 

Figure 4.8 An SPDT switch 

In this design, the switch on the higher layer from the left connects the NC and NO terminals 

to the COM terminal of the switches on the lower layer, which makes the design looks like a 

pyramid. The principal schematic of this design is shown below in Fig 4.9. 
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Figure 4.9 Principal schematic of ‘pyramid’ design 

Switches on the same layer share one control signal. The schematic demonstrates that this 

design is capable to connect 1 measuring terminal to 2n electrodes with n-layer pyramid. In a 

3-layer pyramid, by changing the logic input on the three control signals, the switch circuit 

can connect 1 measuring terminal to the chosen electrode within 8 electrodes. Table 4-4 

shows the truth table when the control signal input changes. 

Table 4-4 Truth table of the 3-layer pyramid design 

Input Output 

Control signal 1 Control signal 2 Control signal 3 Connected electrode No. 

0 0 0 0 

0 0 1 1 

0 1 0 2 

0 1 1 3 

1 0 0 4 

1 0 1 5 

1 1 0 6 

1 1 1 7 

In this design, each measuring terminal is connected to all the electrodes individually, so for 

the 4 measuring terminals in salt watcher, 4 such pyramid is needed to make every possible 

connection. For each pyramid, when a new layer is added, the capable electrode amount will 

be doubled. To connect one terminal to 26 electrodes, a 5-layer pyramid is required, which 
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can connect at most 32 electrodes. This pyramid requires at least 1+2+4+7+13=27 SPDT 

SPDT switches and 5 control signals for each measuring terminal. The whole switch circuit 

will contain 27*4=108 SPDT switches and 5*4=20 control signals. 

The second design is called ‘bungalow’. This design uses SPST (Single Pole Double Throw) 

switches. As shown in Fig 4.10, an SPST-NO switch contains a COM terminal(2), an NO 

terminal(3) and a logic input(1) to control if the switch is closed or open. 

 

Figure 4.10 SPST-NO swtich 

In this bungalow design, SPST-NO switches are used. The COM terminals (2) of the SPST 

switches are all connected to the measuring terminal and the NO terminals (3) of the 

switches are connected to different electrodes.

 

Figure 4.11 Principal schematic of ‘bungalow’ design 

The input control signals will be translated as a 2-digit number to a specific position by the 

logic circuit. Fig 4.11 and 4.12 shows the principal schematic of the bungalow design with 2, 

4 and 8 electrodes.The ‘bungalow’ design always contains only one layer of switches. The 

amount of switches is the same as the amount of electrodes, also the same as the AND 

gates. With every added control signal, the electrode amount that can be connected will be 

doubled. 
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The logic circuit in this design works as the same way as a decorder, despite of the master 

control signal which works as the master switch subsystem, which control the switch on/off 

of the whole circuit. This is the reason why a integrated chip decoder is not used in this 

design. 

 

Figure 4.12 Principal schematic of 8-electrode ‘bungalow’ design 
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Control signal 0 is the master switch of all the digital input. In the 8 electrodes design, the 

control signals 1, 2 and 3 are transferred through a logic circuit and are translated from a 3-

bit binary number (0002-1112) to a decimal number (0-7), which will close the switch of the 

chosen number of the electrode. Table 4-5 shows the truth table of the bungalow design. 

Table 4-5 Truth table of the bungalow design with 8 electrodes 

Input Output 

Control signal 0 Control signal 1 Control signal 2 Control signal 3 Connected electrode No. 

0 x x x x 

1 0 0 0 0 

1 0 0 1 1 

1 0 1 0 2 

1 0 1 1 3 

1 1 0 0 4 

1 1 0 1 5 

1 1 1 0 6 

1 1 1 1 7 

Like the pyramid design, in the bungalow design each measuring terminal is connected to all 

the electrodes individually, so for the 4 measuring terminals in salt watcher, 4 such 

bungalows are needed to make every possible connection. To connect one terminal to 26 

electrodes, 5 control signals are required, which can connect at most 32 electrodes. This 

bungalow requires 26 SPST switches, 26 AND6 gate, 5 control signals and 5 Not gate. The 

whole switch circuit will contain 26*4=104 SPST switches and 5*4=20 control signals. 

After the 2 subsystem designs are given, a comparison between the 2 design is needed. The 

characteristics that are concerned for a switch system are decided based on Chapter 2.2 and 

discussion with experts from Waterschap. A comparison list is made to decide which design 

is more suitable for the switch system. Table 4-6 shows the comparison list of the 2 switch 

circuit designs. 

Table 4-6 Comparison between two designs 

Characteristics Pyramid design Bungalow design 

Signal fidelity Worse: The resistance of the serial 

connected switches will be 

summed and have higher 

influences on the signal.  

 

Better: The signal will only pass 

through 1 switch, making a lower 

impact on the signal.  
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Characteristics Pyramid design Bungalow design 

Robust Worse: Serial connection means 

one broken switch can cause the 

whole system broken.  

Better: the logic control circuit and 

the analog signal transferring circuit 

are separated. Higher robust. 

System scale Similar: similar component 

amount required for both design 

Similar: similar component amount 

required for both design 

 

Switching 

process control 

Worse: have no master switch for 

disconnection when changing the 

control signal value 

Better: The master switch can 

disconnect all the electrodes to make 

sure the changing control signal will 

not cause unexpected connections. 

Based on the comparison, the bungalow design is chosen as the subsystem design for the 

switch circuit. And the master switch subsystem is integrated into the switch circuit. Because 

the Bungalow design is using the same principle of multiplexer, there is also an option to use 

multiplexers instead of the logic circuit. This option will be discussed in the component 

choice chapter. 

Because of the complexity of the switch circuit design for a 4-terminals-to-26-electrodes 

system, it is discussed with the client and decided that the prototype of the system will only 

connect 4 terminals to 8 electrodes. Theoretically, for the 

switch circuit design, the electrode amount will not influence 

the switch performance of the whole system. So the 

prototype test results will be taken as a proof of concept for 

this design. The subsystem test plan is given in Appendix 4.1. 

4.3.2 MASTER SWITCH SUBSYSTEM 

The function of the master switch subsystem is simple: 

Enable and disable all the electrodes following a control 

signal.  

As described in previous design, an external input terminal of 

each AND gate works as the master switch, as Fig 4.13 shows. 

When a low logic signal is input in ControlSignal0, all the AND 

gate will output low logic signal, disabling all the switches and 

electrodes. When a high logic signal is input in 

ControlSignal0, all the switches and electrodes will be 

enabled. 

The test plan of master switch subsystem is given in Appendix 4.2. 

Figure 4.13 The design of master switch 
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4.3.3 EXTERNAL CONTROL FUNCTION SUBSYSTEM  

Based on the requirement of the switch circuit design, the specific input and output 

variables of the control software system can be determined, as shown in Fig 4.14. 

 

Figure 4.14 The control software subsystem description 

The variable list of the external control function is given in table 4-7. 

Table 4-7 Variable list of external control function 

Following the subsystem description and the required signal value defined by the switch 

subsystem design, a software diagram can be designed, as shown in Fig 4.14. This function is 

designed for a 4-terminals-8-electrode system, so it will be used to test the final prototype 

of this project. The test plan for the control function subsystem is listed in Appendix 4.3. 

It is determined by the measuring device project that Arduino is used to build the salt 

watcher control system. So the external control function is built on an Arduino board. 

from to variables symbol value 

User 
External control 

function 

Electrode number signal XD1 10-digit numbers 

Start-up signal XD0 5V DC 

External control 

function 
Automatic 

switch system 

2-digit control signal XD4 Logic signal translated from electrode number 

Master switch control 

signal XD2 0V/5V DC 
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Based on the subsystem description, the functions 

of the control systems are: 

1. Receive the electrode number signals. 

2. Disable all the electrodes when switching. 

3. Calculate and output the required 2-digit 

control signal. 

4. Enable all the electrodes after the control 

signals are output correctly. 

A program flowchart of the system can be defined 

based on the functions, as Fig 4.15 shows. 

Based on the flowchart, a software diagram can be 

made as Fig 4.16 shows. The detailed software code 

is demonstrated in Appendix 5. 

 

Figure 4.16 The control software diagram 

Figure 4.15 Program flowchart of an 8-electrode switch system 
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4.4 COMPONENT DESIGN & TEST 

In Chapter2.2 and 2.3, different types of switches that can transfer analog signal are 

introduced. But there is still a challenge to choose appropriate components for the specific 

design. In this chapter, the specific characteristics to be tested will be determined to choose 

the suitable components for the designed system. 

The tested characteristics are chosen based on an instruction document (Analog Devices, 

2011) and the specific requirements on this system from the previous design. The chosen 

characteristics and the reason why they are chosen are listed in table 4-8 below. 

Table 4-8 Determination of the tested characteristics 

Tested characteristics Explanation of the characteristics and why it is chosen 

Ron average The average value of the on resistance. This value demonstrates 

at what extent the switch will influence the measuring result. 

Ron flatness The changing range of the on resistance value. This value 

demonstrates how unstable is the influences of the switch on 

the measuring result. 

Signal distortion The wave changes between the input signal and output signal. 

This value demonstrates the influence of the switch on the AC 

analog signal waveform which will be used in the measuring 

device. 

Cost The cost of the component. Considering the large amount 

requirement, cost can be an important characteristic of the 

switch. 

Switching lifetime Value of how many times of switching the component can 

process. This value demonstrates the limitation for the 

component switching times. 

Storage lifetime Value of how long the component can be stored and keep 

workable. This value demonstrates if the component is possible 

to be left in the system not used for a long period between two 

measurements. 

Power consumption The driving power of the switch. This value demonstrates how 

much power will the switch taken during measuring. 

Switch time The value of how long the component needs to take one 

switching process. It demonstrates how rapid the switch process 

can be. 

3 types of switches are chosen to be tested: reed relay, soli-state relay and analog switch. 

However, among the 3 chosen types of switches that is capable for analog signal transfer, 
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there are still thousands of choices on the market. The components that are chosen to 

represent each switch type to be tested are based on these requirements: 

1. DIP packaged: The building of the test platform requires high flexibility, DIP packaged 

products can be easily plugged in and out and also easily soldered, which gives the most 

flexibility when testing. 

2. Best seller on online component suppliers: Considering the possible large number of 

components for the final product, it is important to have a stable and high-quality 

supplier for the components. Choosing the best seller on online component suppliers 

can ensure the enough supply of the chosen components in the future. 

3. Low on resistance: On resistance is one of the most important characteristics of a switch 

that influences the transferred analog signal. 

4. Reasonable supply voltage: The final product will not contain a huge power supply, so 

the supply voltage range is restricted to +-15V. 

Based on these requirements, 3 different components that represent each type of the 

switch are chosen. TQ2-L2-5VDC is the chosen signal relay. LCC120 is the chosen solid-state 

relay. MAX319CPA is the chosen analog switch. Official datasheets of the three chosen 

components are given in appendix 6. 

It is discussed in Chapter 2.2 that multiplexer is also 

an optional solution for this switch system. There 

are two options: logic and analog multiplexer.  

Logic multiplexers can be used to replace the logic 

switch circuit design. Theoretically, it works as 

same as the switch circuit subsystem. Fig 4.17 

shows a structure of 32:1 multiplexer. However, 

there is no available DIP-packaged logic multiplexer 

on the market. So it is not chosen to build the 

designed system, but as an option for further 

product that may be designed on a PCB board and 

capable for other types like SOIC packaged 

components. 

The principle of an analog multiplexer is an 

integrated logic multiplexer with a set of analog 

switches, so the working principle is basically the 

same with the bungalow design. On the market, the 

Figure 4.17 The basic structure of a 32:1 multiplexer 

(Charles H. Roth, 2013) 
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lowest on resistance of available DIP-packaged analog multiplexers is 200Ω, which is much 

higher than the chosen switches. So analog multiplexer is not chosen to build the prototype. 

After the components are chosen and the 

characteristics to be tested are determined, a test 

plan is given for the components. Appendix 7 gives 

detailed test plan for the components. 

The components are tested on a soldered platform. 

Therefore, the influence of the resistance of the 

connecting circuit is minimized. Fig 4.18 

demonstrates the test platform of the components. 

Following the test plan, a thorough data of all the 

tested characteristics of each component is given. 

Based on the test results, a scoring list for the 

components is made, as table 4-9 below shows. 

*Higher score indicates better performance. 

*The specific test result of each characteristic is given in the brackets. 

*Cost is estimated based on SOIC packaged components, due to its significant lower price and better 

performance compared with the DIP packaged components. 

Table 4-9 Scoring list of the chosen components 

Characteristics Signal Relay(TQ2-L2) Solid Relay(LCC120) Analog 

Switch(MAX319) 

Ron average 3  (nearly 0Ω) 2  (12Ω) 2  (23Ω) 

Ron flatness 3  (nearly 0Ω) 2  (2.4Ω) 3  (0.8Ω) 

Signal distortion 3  (no distortion) 2  (stable distortion) 2  (stable distortion) 

Cost 1  (2euro/channel) 1  (2.5euro/channel) 3  (0.4euro/channel) 

Switching lifetime 2  (105) 3  (no limit) 3  (no limit) 

Storage lifetime Not clear Not clear Not clear 

Power consumption 2  (200mW) 3  (100mW) 2  (200mW) 

Switch time 1  (5ms) 2  (1ms) 3  (70ns) 

Total score 16 15 18 

Detailed test results of the components and calculation can be found in appendix 8. The Ron 

average is calculated based on the changing injected DC current and voltage measured on 

the switch. Ron flatness is the difference between the maximum measured Ron value and the 

minimum value. Power supply is calculated based on the supply voltage and current. 

Figure 4.18 The testing platform for the conponents 
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According to the scoring list of the chosen components, the signal relay has a high 

performance on transferring analog signal, The Solid relay performed the worst because of 

the noticeable on resistance and the worst Ron flatness. The analog switch also has a 

noticeable on resistance, but it barely changes with the changing input voltage and current, 

so it should be much easier to eliminate that stable influence in the measurement. Fig 4.13 

shows the Ron change of the 3 components. 

 

Figure 4.19 The Ron change with different injected current 

The analog switch also cost much less than the other two types, which is quite important for 

the salt watcher system that may contain hundreds of switches.  

As a conclusion, based on the test result and discussion, analog switch shows a better 

performance considering all the tested characteristics. So it is considered as the most 

suitable component for the switch system and is chosen to build the final prototype. 

For the external control function, Arduino is used as the hardware component, which is 

determined by the measuring device project. 

4.5 SUBSYSTEM TEST & SYSTEM TEST 

After the components are chosen, the subsystems are built and tested following the 

subsystem design and test plans. Fig 4.14 shows the built subsystems. The logic circuit is 

built on bread boards considering that the logic signal will not be influenced by the 

connecting resistance of bread boards. The parts that transfer analog signal are soldered to 

avoid this influence. An assembly plan is made based on the system design and the chosen 

components. Appendix 9 gives the detailed assembly plan of the system. 
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Figure 4.20 The built subsystems 

The control function subsystem is tested. The test result shows it works as expected. Since 

there is no difference to test the switch circuit subsystem with an external logic supply or 

the control function subsystem, it is decided that the subsystems is directly integrated to the 

prototype and tested following the system test plan in Appendix 3. Fig 4.15 shows the 

prototype test platform. 

 

Figure 4.21 Test on the prototype 

The prototype, as designed, is capable to connect 4 measuring terminals to the chosen 4 

electrodes within 8 electrodes. The switch process is controlled by the input electrode 

numbers in the Arduino function.  
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It is tested separately on both the performance of the 2 current injection terminals and the 

performance of the 2 voltage measuring terminals. The separate tests give a clear view of 

the influences of the designed switch system on the measurement. 

For the current injection test, it is important how the Ron change with different injected 

current. The lower and more stable Ron is, the easier the salt watcher can eliminate the 

influence of Ron on the measured soil resistance. 

The Ron change of the prototype with different injected current is shown in Fig 4.16. 

 

Figure 4.22 Ron change of prototype with different injected current 

For the voltage measuring test, the focus is on the accuracy of measurement. The prototype 

is injected a stable current and the measuring terminals are switched between different 

electrodes to test the influence on accuracy of measurement using the prototype. 

The tested characteristic of the prototype is shown in table 4-10. 

Table 4-10 The test result of the prototype 

Characteristics Result on current injection 

terminals 

Result on voltage measuring 

terminals 

Ron average 11.67Ω / 

Ron flatness 0.60Ω / 

Signal distortion Low Low (High frequency noise) 

Measurement error / Average 1.09% 

Maximum 3.6% 

Cost 3 euro/channel 

Switch time Less than 1ms 

The detailed test result of the prototype can be found in Appendix 12. 
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Based on the test results of the prototype, a checklist of the requirements is made to check 

whether the requirements are meet or not, as table 4-11 shows. 

Table 4-11 Checklist of the requirements 

No. Requirements Results Checklist 

1. The electrode switch will connect between a 

measuring device with 4 terminals and an 

electrode cable with 26 electrodes. 

The prototype can connect between 4 measuring 

terminals and 8 electrodes. Theoretically, the design 

also works with 26 electrodes. 

✔ 

2. The electrode switch can receive a control signal of 

information of the chosen terminal and the chosen 

electrode that will be connected to the terminal. 

The external control function can receive a control 

signal of information of the chosen terminal and 

electrode to be connected. 

✔ 

3. The electrode switch should send an error signal to 

the user if the chosen electrodes or terminal does 

not exist. 

The software design of the external control function 

can send an error signal of wrong input. 

✔ 

4. The electrode switch should connect each of the 4 

terminals on the measuring device to each chosen 

electrode. 

The prototype can connect each of the 4 terminals on 

the measuring device to each chosen electrode. 

✔ 

5. The electrode switch should disconnect the 

measuring device and the electrode cable when it 

is switching from one 4-electrode combination to 

another. 

 

The prototype will disconnect the measuring device 

and the electrode cable when it is switching from one 

4-electrode combination to another. 

✔ 

6. The electrode switch should send a signal to the 

measuring system when the switching process is 

finished. 

The external control function will send a signal to the 

measuring system when the switching process is 

finished. 

✔ 

7. The unchosen electrodes should not be connected 

to the terminals of the measuring device. 

The unchosen electrodes are not connected to the 

terminals of the measuring device. 

✔ 

8. The switch system should ensure the salinity 

measurement can be taken via the connection to 

the chosen electrodes. 

The test result shows no problem in current injection. 

The accuracy of measuring is also within a reasonable 

extent. 

✔ 

9. The electrode switch is compliable with the 

measuring system designed by another project 

which is supposed to work as the same way as 

chauvin-arnoux-c-a-6460-earth-resistance-tester. 

The external control function is the software 

integrated into the measuring system. The test on the 

system shows that it works well with the required 

output and input signals from the measuring device 

project. The integration is theoretically confirmed. 

✔ 

10. The electrode switch is compliable with the 

measuring cable designed by the electrode cable 

project group. 

The electrodes with resistance between each other 

simulate the real electrode cable. The resistance 

tested in within the range of the earth resistance 

estimated by the electrode cable team. The switch 

system is compliable with the electrode cable. 

✔ 
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5 DISCUSSION 

The results of the project and the method that is used are discussed in this chapter. 

5.1 RESULTS DISCUSSION 

Components: The comparison list of different types of switches gives a clear image of the 

performance and why the component is chosen. There is a concern on the switching and 

storage lifetime of the 3 components. However, there is not enough time for this project to 

test the lifetime of the components, so the data is directly taken from the datasheet. For the 

storage lifetime, there is little existing research on the influence of long-time storage on the 

switch performance, and it is also not possible to be tested during this project.  

Another consideration is that there is a high chance that the eventual built switch system of 

the salt watcher will use SOIC packaged components which have much better performance 

and cheaper than the DIP packaged ones. There is a chance of It will eliminate the difference 

on the on resistance of the 3 types and make the analog switch even standing out. 

Subsystems: Based on the test result of the control software and the switch circuit, they 

both work as expected in the test plan. 

System (Prototype): Although the salt watcher contains 26 electrodes, considering the time 

limitation of this project, the prototype only contains 8 electrodes. Which should not be a 

problem for confirming the concept of the design. Because the chosen design has a flat 

structure and theoretically will not show any performance difference when changing the 

electrode number. 

When the prototype is tested on the measuring performance, the test result shows that it 

works as expected both in current injection and voltage measurement. When used to inject 

current, the signal distortion caused by on resistance is quite low and stable and can be 

easily eliminated by calculation. When used to measure voltage, the measuring accuracy is 

quite high and stable.  

Although multiplexer is not chosen as a component in this project, there is a choice that for 

the final product of the automatic switch to use logic multiplexers to replace the present 

logic circuit (which has the same function). There is SOIC packaged logic multiplexer on the 

market that is suitable for PCB soldering. For the 32 electrodes system, using multiplexer can 

significantly reduce the scale of the system and reduce the cost. 

The test result shows that the prototype is compliable with the measuring device and 

electrode cable based on the simulated test platform. By the end of the project, the 
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prototype of the electrode cable is not finished so the integration can not be tested in real 

yet. 

Based on the test results, the tested prototype meets all the requirement. 

5.2 METHOD DISCUSSION 

V-model, as the chosen design method for the project, has played its own role successfully 

during the whole project. The convincing result of the final prototype gives a strong 

evidence that V-model is sufficient in delivering feasible system design based on a structured 

V circle. The requirements of the system are well analyzed and following the whole design 

process. The well-designed test plans ensured that the final products would meet all the 

requirements if the tests passed. The whole design process is systematical, logical and 

efficient. 
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6 CONCLUSSION & RECOMMENDATIONS 

The conclusion of the project and recommendation for further research is given in this 

chapter. 

6.1 CONCLUSION 

The aim of the project is a feasible design for the automatic switch system of salt watcher 

which can connect 4 terminals from the measuring device to any possible combination of 4 

electrodes within 26 underground measured electrodes, switch between different 4-

electrode sets following control signals from a microcontroller and can be intergrated into 

the salt watcher. The ‘bungalow’ design, which is a switch system with logic control circuit 

and a flat layer of SPST-NO switches, is chosen as the basement of the switch system. The 

prototype built on the ‘bungalow’ design is tested and the results indicates that the 

designed system meet the requirements: 

The system is capable to connect 4 terminals to 4 chosen electrodes within 26 electrodes 

following the control signals from Arduino, works well in current injection and voltage 

measurement and compliable with the measuring device and electrode cable systems. 

6.2 RECOMMENDATIONS 

⚫ The storage lifetime of the components are not tested in this project due to the fact 

that not much research has been made of the storage influence on the switch 

performance. It can be a research during the real usage of the automatic switch system. 

⚫ Further test on the same type of components with different package is recommended. 

A designed PCB board with SOIC packaged switch can significantly reduce the cost and 

improve the switch performance. 

⚫ The caculation shows the final switch system still contains hundreds of components, 

which can make the system quite complicated. If the final product is built on PCB board, 

logic multiplexer is an option to replace the present logic circuit and reduce the scale of 

the system. 

⚫ The prototype only contains 8 electrodes. As mentioned in Chapter 4.3.3, theoretically 

the change of electrode amount will not influence the performance of the switch 

system. Further research on the performance with a complete product with 26 

electrodes is still recommended. 
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⚫ Although the measuring ability is confirmed, there is still a stable high frequency noise 

existing when measuring voltage. Further research on the reason of the noise is 

recommended. A possible solution to the noise is adding a low-path filter since the 

noise’s frequency is much higher than the injected current signal. 

⚫ Although the integration of the 3 projects is theoretically confirmed, it is still not tested 

due to the process of the 3 projects is not syhchronous. Further test on the integration 

of 3 projects after the prototype are all finished is recommended. 
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APPENDIX 

APPENDIX 1 VALIDATION PLAN 

Validation plan for automatic switch 

Aims 

The aim is to confirm the system is capable to connect 4 terminals from the 

measuring device to any possible combination of 4 electrodes within 26 

measured electrodes and switch between different 4-electrode sets following 

control signals from a microcontroller. 

Variables 

Property Vary and/or measure? 

Start-up signal Vary 

Injected current signal Vary 

Chosen electrodes Vary 

Output digital signal Measure 

Error signal Measure 

Ready signal Measure 

Total control signal Measure 

Measured voltage signal Measure 

 

Testing tools 

Platform: Arduino, oscilloscope 

Software: Arduino IDE, Smart Scope 

Methods 

The steps are performed by the following contents: 

1. Connect the switch system with the measuring device and measured 

electrodes. 

2. If the switch function is called with 4 electrode number in Arduino, 

the system will start running. 

3. If one of the 4 electrode numbers is out of range, stop the system and 

send back an error signal. 
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4. If the 4 numbers are all within range, calculate the binary number for 

each number. 

5. If the binary numbers are being output, disconnect all the electrodes 

and terminals. 

6. If the switch is finished, connect the electrodes. 

7. If the electrodes are connected, return a ready signal. 

Expected results 

The system should compile with the measuring device and measured 

electrodes. It should stop and send an error signal if wrong numbers are 

input. When write numbers input the all the output should be shut down when 

switching. After the switching only the chosen electrodes should connect to 

the terminals and the system should send back a ready signal. 
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APPENDIX 2 INTEGRATION PLAN 

Integration Plan: 

1. To schedule periodical meetings between different project teams to keep every project 

informed with the latest update of different projects. 

2. To discuss on the function analysis of each system to make sure no duplicate function in 

different projects and after the integration of the 3 project the final product will meet the 

requirements of the salt watcher. 

3. To discuss on the system description of each project and compare every input and output 

signals and hardware connections between 3 systems. Make sure the inputs and outputs 

from every system match the other systems. 

4. To discuss on the value of the required signals and make sure the signal types and signal 

values all matched each other. 
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APPENDIX 3 SYSTEM TEST PLAN 

System test plan for automatic switch 

Aims 

The aim is to develop system design which is capable to connect 4 terminals 

from the measuring device to any possible combination of 4 electrodes 

within 26 measured electrodes and switch between different 4-electrode sets 

following control signals from a microcontroller. 

1. If the switch function is called with 4 electrode number in Arduino, 

the system will start running. 

2. If one of the 4 electrode numbers is out of range, stop the system and 

send back an error signal. 

3. If the 4 numbers are all within range, calculate the binary number for 

each number. 

4. If the binary numbers are being output, disconnect all the electrodes 

and terminals. 

5. If the switch is finished, connect the electrodes. 

6. If the electrodes are connected, return a ready signal. 

Variables 

Property Vary and/or measure? 

Start-up signal Vary 

Input control signal Vary 

Injected current signal Vary 

Output voltage signal Measure 

Closed switch number Measure 

On resistance Measure 

On resistance flatness Measure 

Signal distortion Measure 

 

Testing tools 

Platform: Arduino, oscilloscope 

Software: Arduino IDE, Smart Scope 

Methods 
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The steps are performed by the following contents: 

1. Connect the platform to the PC and download the software. 

2. Send a start signal with 4 electrode numbers out of range and check if 

the system stops and send back error signal. 

3. Send a start signal with 4 electrode numbers within range and check if 

the system starts running. 

4. Measure Every digital output to check if they are all shutdown when the 

switching is processing. 

5. Measure the calculated digital output to check if the chosen electrode 

is connected. 

6. Measure the other digital outputs to ensure all the other electrodes are 

disconnected. 

7. Check if the system returns a ready signal. 

8. Inject a current to the COM terminals and to measure the voltage on the 

electrodes to measure the current injection ability. 

9. Inject a current to the electrodes and measure the voltage using the 

oscilloscope to observe the signal distortion when used for measuring. 

 

Expected results 

The system should stop and send an error signal if wrong numbers are input. 

When write numbers input the all the output should be shut down when 

switching. After the switching only the chosen electrodes should connect to 

the terminals and the system should send back a ready signal. When used as 

current injection Terminals, the measured voltage should be the same as the 

calculated value based on the on resistance and the electrode resistance 

value. When used as the voltage measuring terminals, the measured result 

should at an accuracy higher than 95% based on the calculated result 

following the electrode resistance value. The signal distortion should 

within 5% compared to the average value. 
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APPENDIX 4 SUBSYSTEM TEST PLAN 

APPENDIX 4.1 SWITCH CIRCUIT TEST PLAN 

Subsystem test plan for switch circuit 

Aims 

The aim is to confirm the switch ability of the designed switch circuit and 

to test the influence of the system to the measurement. The system should 

turn on the chosen switch based on the input digital control signal 

following the truth table. 

Variables 

Property Vary and/or measure? 

Input control signal Vary 

Injected current signal Vary 

Output voltage signal Measure 

Closed switch number Measure 

On resistance Measure 

On resistance flatness Measure 

Signal distortion Measure 

 

Testing tools 

Platform: Logic input supply, oscilloscope, multimeter 

Software: Smart Scope 

Methods 

The steps are performed by the following contents: 

1. Connect a logic signal supply to the circuit. 

2. Set the logic control signal following the truth table. 

3. Measure if the chosen switch is closed and unchosen switches are opened 

based on the truth table. 

4. Inject a current to the COM terminals and to measure the voltage on the 

electrodes to measure the current injection ability. 
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5. Inject a current to the electrodes and measure the voltage using the 

oscilloscope to observe the signal distortion when used for measuring. 

Expected results 

The chosen switch should be closed following control signal and the truth 

table. The unchosen switches should be opened. The injected current should 

be as the same value with measured on the electrodes. The measured voltage 

should follow the proportion of the resistance between the injected 

electrodes and the electrodes COM terminals connect. 

APPENDIX 4.2 MASTER SWITCH TEST PLAN 

Subsystem test plan for master switch 

Aims 

The aim is to confirm the ability of the master switch subsystem to enable 

and disable all the switches and electrodes. 

Variables 

Property Vary and/or measure? 

Master switch control signal Vary 

Digital control signal of each 

switch 

Measure 

Opened switch Measure 

 

Testing tools 

Platform: Logic input supply, multimeter 

Methods 

The steps are performed by the following contents: 

1. Connect a logic signal supply to the circuit. 

2. Set the master switch control signal value to low. 

3. Change control signal of all the switches following the truth table of 

the switch circuit and check if all the switches are disabled. 

4. Set the master switch control signal value to high. 
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5. Change control signal of all the switches following the truth table of 

the switch circuit and check if all the switches are enabled. 

Expected results 

When the master switch control signal is set low, all the switches should 

be disabled and no matter what the other control signals change no 

electrodes will be connected to the terminals. When the master switch 

control signal is set high, all the switches should be enabled and set on 

following the input control signal and the truth table. 

APPENDIX 4.3 EXTERNAL CONTROL SYSTEM TEST PLAN  

Subsystem test plan for external control system 

Aims 

The aim is to confirm the functions of the designed control program for the 

switch system. 

1. The program is called with four electrode numbers. 

2. If the electrode numbers are invalid, the function will return an error 

signal. 

3. If the electrode numbers are valid, the required binary control signal 

will be calculated and output following the truth table. 

4. When the switch is processing, the master switch control signal will 

keep low to disable all the electrodes. 

5. After all the control signals are set to required value, the master 

switch control signal will be set high to enable the chosen electrodes. 

Variables 

Property Vary and/or measure? 

Input electrode numbers Vary 

Error signal Measure 

Master switch control signal Measure 

Output control signal Measure 
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Testing tools 

Platform: Arduino, multimeter 

Software: Arduino IDE 

Methods 

The steps are performed by the following contents: 

1. Run the program on the Arduino board. 

2. Input a set of invalid electrode numbers and check if the program 

stopped and returned error message. 

3. Input a set of valid electrode numbers. 

4. Check if the master switch control signal keeps low when the control 

signal is changing. 

5. Check if the desired control signals are output following the input 

electrode number and the truth table. 

Expected results 

The program should send ‘Invalid electrode numbers’ when invalid numbers 

are input. The master switch control signal will keep low when the 

switching is processing. The control signals should follow the input 

electrode number. 

 

  



Automatic Electrode Switch | Proposal 

- 60 - 

 

APPENDIX 5 CONTROL SYSTEM PROGRAM 

(Platform: Arduino IDE) 

int masterswitch = 2; 

int controlsignalA[] = {3,4,5}; 

int controlsignalB[] = {6,7,8}; 

int controlsignalC[] = {9,10,11}; 

int controlsignalD[] = {12,13,14}; 

 

void setup()  

{ 

  pinMode(2,OUTPUT); 

  pinMode(3,OUTPUT); 

  pinMode(4,OUTPUT); 

  pinMode(5,OUTPUT); 

  pinMode(6,OUTPUT); 

  pinMode(7,OUTPUT); 

  pinMode(8,OUTPUT); 

  pinMode(9,OUTPUT); 

  pinMode(10,OUTPUT); 

  pinMode(11,OUTPUT); 

  pinMode(12,OUTPUT); 

  pinMode(13,OUTPUT); 

  pinMode(14,OUTPUT); 

  digitalWrite(2,LOW); 

} 

 

void Connect_electrodes(int electrodeA,int electrodeB,int electrodeC, int electrodeD) 

{ 

  int i=0; 

  if((0<=electrodeA<8)&(0<=electrodeB<8)&(0<=electrodeC<8)&(0<=electrodeD<8)) 

  { 

    digitalWrite(masterswitch,LOW); 

    for(i=0;i++;i<3) 

    { 

      if((electrodeA%2)==0) 

      { 

        digitalWrite(controlsignalA[2-i],LOW); 

      } 

      else 

      { 

        digitalWrite(controlsignalA[2-i],HIGH); 
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      } 

      electrodeA = electrodeA/2; 

      if((electrodeB%2)==0) 

      { 

        digitalWrite(controlsignalB[2-i],LOW); 

      } 

      else 

      { 

        digitalWrite(controlsignalB[2-i],HIGH); 

      } 

      if((electrodeC%2)==0) 

      { 

        digitalWrite(controlsignalC[2-i],LOW); 

      } 

      else 

      { 

        digitalWrite(controlsignalC[2-i],HIGH); 

      } 

      electrodeC = electrodeC/2; 

      if((electrodeD%2)==0) 

      { 

        digitalWrite(controlsignalD[2-i],LOW); 

      } 

      else 

      { 

        digitalWrite(controlsignalD[2-i],HIGH); 

      } 

      electrodeD = electrodeD/2; 

    } 

    digitalWrite(masterswitch,HIGH); 

  } 

  else 

  { 

    Serial.print("Invalid electrode number!"); 

  } 

} 

 

void loop()  

{ 

  Connect_electrodes(0,1,2,3); 

} 
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APPENDIX 6 DATASHEETS OF THE CHOSEN COMPONENTS 

Analog switch: MAX319CPA 
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signal relay: TQ2-L2-5VDC 
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Solid relay: LCC120 
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APPENDIX 7 COMPONENTS TEST PLAN 

Components test plan for automatic switch 

Aims 

The aim is to find the most suitable component for the switch system design 

Variables 

Property Vary and/or measure? 

Injected voltage Vary 

Injected resistance Vary 

Voltage on switch  Measure 

Injected current Measure 

On resistance Measure 

Switch time Measure 

Signal distortion Measure 

 

Testing tools 

Platform: function generator, oscilloscope 

Software: Smart Scope 

Methods 

The steps are performed by the following contents: 

1. Connect the platform to the PC and to the tested component 

2. Send a 5VDC signal and change the resistance from 100Ω to 2000Ω to 

change the injected current and check voltage on switch to calculate the 

on resistance change. 

3. Send an AC signal with 1.5V 1kHz square wave(determined by the measuring 

device project team), change the resistance from 100Ω to 2000Ω to 

change the injected current and check voltage on switch and observe 

signal distortion. 

4. Set the resistance to 1000Ω and send an AC signal from 1.5V to 10V 1kHz 

square wave to change the injected current and check voltage on switch 

and observe signal distortion. 

5. Record the switch time. 
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Expected results 

The on resistance average value and flatness value, the switch time, the 

power consumption of the component, the signal distortion and the switch 

time. 
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APPENDIX 8 COMPONENTS TEST RESULTS 

Test1 (5VDC change resistance) 

Analog Switch 

 

Ron = (Vcom – Vr)/Iin 

Ron_average = Sum(Ron)/N = 23Ω 

Ron_flatness = Max(Ron) – Min(Ron) = 0.8Ω 

Solid state relay 
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Ron = (Vcom – Vr)/Iin 

Ron_average = Sum(Ron)/N = 10.6Ω 

Ron_flatness = Max(Ron) – Min(Ron) = 1.3Ω 

Signal relay 

On resistance are all 0 

Test2 (1.5V AC change resistance)  

*The purple signal is the difference between input and output signal. 

Analog switch (Stable distortion with the proportion of on resistance and load resistance) 
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signal relay (no distortion) 
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Solid relay (Stable distortion with the proportion of on resistance and load resistance) 
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AC signal load resistance 1kΩ V change 

Analog switch (Stable distortion with the proportion of on resistance and load resistance) 
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signal relay (No distortion) 
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solid relay (Stable distortion with the proportion of on resistance and load resistance) 
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APPENDIX 9 SUBSYSTEMS TEST RESULT 

Test result of the control function subsystem: 

Input Output 

Electrode number Control signal message 

0 000 x 

1 001 x 

2 010 x 

3 011 x 

4 100 x 

5 101 x 

6 110 x 

7 111 x 

8 x “Invalid electrode number” 

Test result of the master switch: 

Input  Output 

Master switch 

control signal 

Switch circuit control signal Connected electrode number 

0 x x 

1 000 0 

1 001 1 

1 010 2 

1 011 3 

1 100 4 

1 101 5 

1 110 6 

1 111 7 

Test on the switch circuit is taken in the prototype test in Appendix 11. 
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APPENDIX 10 ASSEMBLY PLAN 

The assembly plan of one switch system 

The final prototype contains 4 separate switch system each connecting 1 terminal to 8 

electrodes. The arduino board and the 8 electrodes are the common components for 4 

systems. 
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APPENDIX 11 PROTOTYPE TEST RESULT 

The prototype description: 

 

The resistance between each 2 electrodes: 

 

5VDC signal input test on different channel (change injected current to test Ron change) 

 

Ron = (Vcom – Vr)/Iin 

Ron_average = Sum(Ron)/N = 11.67Ω 

Ron_flatness = Max(Ron) – Min(Ron) = 0.60Ω 
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1.5V 1kHz AC signal input test on different channel (change injected current to observe the 

signal distortion) 
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Result: the signal distortion is stable at the proportion of the load resistance and on 

resistance. The influence of on resistance can be eliminated on the current injection 

terminals. 
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Tests on measuring the middle voltage between 4 electrodes (A stable voltage is injected 

to electrode 0-8, which causes a stable injected current) 

The injected voltage: 1.56V 

 

Rtotal = 1870Ω 

Iin = Vin/ Rtotal = 0.834mA 

The measuring probe is connected to COM0 and COM1 and switch between different 

electrode set to observe the signal distortion when measuring. 

Measuring result of adjacent electrodes(01,12,23,34,45,56,67) 

  

Error = 1- (1.56/1870*100)/84*1000*100% = 0.7% 
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Error = 1- (1.56/1870*150)/127*1000*100% = 1.5% 

  

Error = 1- (1.56/1870*220)/184*1000*100% = 0.3% 

  

Error = 1- (1.56/1870*270)/212*1000*100% = 0.6% 
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Error = 1- (1.56/1870*330)/279 *100% = 1.3% 

 

Error = 1- (1.56/1870*370)/317*1000*100% = 3.6% 
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Measuring result of electrodes with interval of 2(02,13,24,35,46,57) 

  

Error = 1- (1.56/1870*250)/211*100% = 1.2% 

  

Error = 1- (1.56/1870*370)/311*100% = 0.7% 

  

Error = 1- (1.56/1870*490)/397*100% = 3.0% 
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Error = 1- (1.56/1870*600)/491*1000*100% = 1.9% 

  

Error = 1- (1.56/1870*700)/595*1000*100% = 1.9% 

  

Error = 1- (1.56/1870*800)/688*1000*100% = 3.0% 
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Measuring result of electrodes with interval of 3(03,14,25,36,47) 

  

Error = 1- (1.56/1870*470)/397*1000*100% = 1.2% 

  

Error = 1- (1.56/1870*640)/524*1000*100% = 1.9% 

  

Error = 1- (1.56/1870*820)/675*1000*100% = 1.3% 
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Error = 1- (1.56/1870*970)/807*1000*100% = 0.3% 

 

Error = 1- (1.56/1870*1130)/958*1000*100% = 1.6% 
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Measuring result of electrodes with interval of 4(04,15,26,37) 

  

Error = 1- (1.56/1870*740)/606*1000*100% = 1.8% 

  

Error = 1- (1.56/1870*970)/803*1000*100% = 0.8% 

  

Error = 1- (1.56/1870*1190)/989*1000*100% = 0.4% 
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Error = 1- (1.56/1870*1400)/1170*1000*100% = 0.2% 

Measuring result of electrodes with interval of 5(05,16,27) 

  

Error = 1- (1.56/1870*1070)/889*1000*100% = 0.4% 

  

Error = 1- (1.56/1870*1340)/1110*1000*100% = 0.7% 
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Error = 1- (1.56/1870*1620)/1350*1000*100% = 0.1% 

Measuring result of electrodes with interval of 6(06,17) 

  

Error = 1- (1.56/1870*1440)/1200*1000*100% = 0.1% 

  

Error = 1- (1.56/1870*1770)/1480*1000*100% = 0.2% 
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Measuring result of electrodes with interval of 7(07) 

 

Error = 1- (1.56/1870*1870)/1560*1000*100% = 0% 

Error_average = 1.09% 

Accuracy_average = 98.91% 

Acuuracy_min = 96.4% 


