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Abstract

Waterschap Scheldestromen is carrying out a particularly innovative project named
Multiflexmeter (MFM), of which the objective is to look for ways to measure the water level
digitally. This means some properties and characteristics of water needs to be researched on,
such as the salinity and the corresponding conductivity. At the request of Waterschap
Scheldestromen and Province of Zeeland, in the Netherlands, an automated soil resistance meter
(watcher) with switchable electrode set is required to be designed based on previous related
research. The working principle of an existing commercial handheld measuring device (Chauvin
Arnoux C.A 6460) is regarded as the designing reference. The aim of this project is to develop an
open-source measuring system that can automatically measure the resistance of all possible 4-
electrode combinations using Wenner method.

The entire project moved forward under the guide of V-model method. The V-model was not
applied in this project rigidly, instead, several flexible adjustments had been implemented in
order to reasonably adapt this methodology to the actual condition of this project. Following the
V-model, the design phase was divided into system design, sub-system design and component
design. In addition, main question and sub-questions were raised appropriately.

The core part of the ultimate product of this project is mainly one Printed Circuit Board with 23
optocouplers and a measuring chip on it. Besides that, there are Arduino microcontroller and
signal generation circuit externally. The cost of designing, purchasing components and assembly
is under 100€, which is within the budget. This system prototype fulfills the task of switching
automatically and measuring accurately (errors under 6%) in lab conditions by using 25 ideal
resistors to test whilst the system did not fully achieve the expected performance in the field test.
The on-site test results were fairly unstable and it was noted that with the test continuing, the
accuracy and stability of the system were declining gradually.

There are some possible reasons causing the different performance of this same system under
the in-lab conditions and on-site conditions respectively. The corresponding discussion of this
part is in Chapter 5 and Chapter 6.

On the whole, further research related to this project is required to find out the exact reasons
that lead to poor performance of the system prototype in the field test and the corresponding
solutions. Additionally, there is still much room for improvement the system designed in this
project. For instance, considering adding intermediate relays is one of the possibilities to
optimize it. Also, there will be opportunity for this system to be integrated into the huge-scale
Multiflexmeter project system in the future.
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Abbreviations

A Ampere

AC Alternating current
ADC Analog-to-digital converter
C.A Chauvine Amoux

DC Direct current

EC Electrical Conductivity

| Current

V/U Voltage

RMS Root mean square
Vrms Root mean square of Voltage
LED Light-emitting diode
VCC Volt Current Condenser
GND Ground

SCL Serial clock line

SDA Serial data line

SSR Solid state relay

SMD Surface mounted device
THD Through hole device
mS Milli siemens

PCB Printed circuit board

C Celsius

uUsB Universal serial bus

AO0/A1/A2/A3/AINO/AIN1/AIN2/AIN3

Analog input port

Q

Ohm

€

Euro(s)




Contents

(@ o o) =T ol I 1 d e o [F ot o o PP
1.1 Background information ........coovciiiiiiiiiie e 1
00 0 A @0 0 oY o F= [ AV o =T =4 o 10 o R
1.1.2 Assignment background ..........oeiiiiiii i
1.2 AsSIZNMENT AESCIIPLION..ciiiiiiie ittt e e s ae e e s ssae e e ssanreeessnreees 3
1.3 Objective & DeliVerables.........oo i e 5
131 (0] o [=Tot 41V PP
1.3.2 DElIVEIADIES ... e e s
1.4 RESEAICH QUESTIONS .....uviieieiiiie ettt ettt e et e e e et e e e e st ae e e seanaeeesanaseeesannaeeenn 6
14.1 IMAIN QUESTION. ceei ittt ettt e e e s et e e e e e e s s s bbbee e e e e e s s ssassraaaaeesssnnas
1.4.2 SUD-QUESTIONS ...ttt et e et e e e et e e e eate e e e sateeeeentaeeesntaeeesnnes
T oY1=t o Yo YU Vo - o =S 6
Chapter 2: Theoretical frameWOorK ........occuiei i e e
2.1 Measuring system of Previous Project..........ccieeeieciiee et 7
2.2 Switch system of previous Project .......uceieeeiicieee e 8
2.3 SWItCh SEIECHION e 8
2.4 SOIl CONAITION..cciiiiiiiiieiie ettt et et s e sbe e e sabe e sbeeesateesbeeesareenns 9
2.5  Measuring Method & AeVICe.....iuuiiiiiiciee e 9
25.1 WeENNEE MELNO ...t
2.5.2 MEASUIING GEVICE ...ttt e e e e e e e s et e e e e e e e e seannranneeaeeeas
2.6 Practical testing/experimental iSSUES .......ccvevueeiiiieeiiieieere et eree e 10
2.7 Arduino MiICroCONTrOIIEN .....cocueiieiiieee ettt 11
2.8 Price & COSt..uuiiiiiiiiiiiiiiiiic e s 12
2.8.1 PCB PriCe. i,
2.8.2 HOUSING PriCe .,
283 1] o To ] oo 1) APPSR PSP UPRO PP
(@ T o1 =T B |V =Y i T Yo L PP
3.1 V-model METhOd ... .o e 13
3.2  Reason for applying V-model method ...........cccoooiiiiiiciiiiiccee e 13
S TG TN \V/ 1=l o Vo T 7Y o] o] o= [ o U 14
3.4  Activities & deliverables during each phase ........ccccccovciveiiiciiee e 14
L0 0P o =Y g S 2T U] USSR
4.1 Requirements & QUAlitY Criteria .....cccveieeiiieieeiee e e 17

41.1 LiSt Of FEQUIFEMENTS ...eiiiiiieee ettt e e et ee e et e e e e abae e e eeabeee e eeares



4.1.2 O TUE | L] VAol | =1 o - [P UPR
VS =T 0 0 W o [=TY = o PR 18
4.2.1 SYSTEIM OVEIVIEW .vvviiiiiiiiiiiiitirtteeteteereeeereeeeeeeereeereeeeeeeeeeeaeeee——.—————.
4.2.2 SYSEEM TEST PIAN . e e e e ra e e e erreeeeeaes
e B U o BV =Yoo W o [Ty F=d o TR 20
43.1 SUD-SYSEEM diVISION ...ttt e e e e e s e e e e snre e e e eaes
4.3.2 SUD-SYSEEM OVEIVIEW......eeeiieiiieeeciiee ettt ettt e e e e tte e e s e eatee e s sntaeeesnraeeeeans
4.4  Sub-system [ : Automatic electrode switch sub-system .........cccccoeveveiiceeniecnennen. 22
44.1 Sub-System desCription ....coccuiiei i e
4.4.2 SUD-SYStEM ST PlaN e
4.5  Sub-system II: Voltage & current measuring sub-system.......cccccevveeveereeeennenneennn. 23
45.1 SUb-SYStemM deSCHIPLION ..eeiiiiieeccee e e et
45.2 SUD-SYStEM ST PlaN e
4.6  Sub-system III: Signal generation sub-SYStEM........ccceevieereeveiierceicereccee e 24
4.6.1 SUb-SYStemM deSCHIPLION ..eeiiiiiecccee e e eare e e enre e e
4.6.2 SUD-SYSEEM TEST PlAN c..ceiiiiceee e e e
4.7  Component desiGN & TEST .....ccuuiiiiiciiie e e e e 25
4.7.1 Component design of switch sub-System..........ccceeeeiiiiiiciiii e,
4.7.2 Components of Measuring sUb-SYStEM ........ccooiiiiiiiiiiie e
4.7.3 Components of signal generation sub-SyStemM ........ccccceiieiiiiecciiee e
4.7.4 CompPOoNENt tESE PlaN....cii i
4.7.5 CompPOoNENt tEST FESUIL....cceeieei e
4.8  Sub-system integration & TEST .......ccueiieciiie e 29
4.8.1 Sub-system [ : Signal generation sub-system integration & test ........c.ccoevveunenne.
4.8.2 Sub-system II: Switch sub-system integration & test........cccevevreevverreeeenreereenenne.
4.8.3 Sub-system III: Measuring sub-system integration & test .........ccccceeveevevreereennenne.
4.9  System integration & teST ......ciiiiiiiiiiiiiiiii e 33
49.1 Interaction between switch sub-system and measuring sub-system....................
49.2 System demo (on breadboard) integration.........cccceeeeciieeieciiee e
49.3 Printed circuit board (PCB) design of system prototype......c.cccoveecveevcveecirveenneenns
(@ T o1 T ol T B 1T ol U 1Y oY o PR PR
5.1 DiSCUSSION fOr FESUILS ..c.uviiiiiiiiitieeiie ettt st st e bbb 38
5.1.1 Discussion about test results in lab conditions ...........cccceviriiniiniencncce
5.1.2 Discussion about test results in real conditions..........ccccceveeriinienseeniencrce

5.2 Discussion for V-model methodology .........ccceeiieiiiiicciieicceee e 39



Chapter 6: Conclusion and Recommendation..........c.c.eeeiiieiiiiiiiie e e 40

6.1 CONCIUSION ..ottt ettt ettt e bt s b e sae e s e s b e e e b e ene 40

6.2 RECOMMENAALION . ..ciiiiiiiiiiieteetee ettt s st s 40
REFEIEINCES ...ttt ettt e s e e s bt e st e esabe e s abeesabeeesabeesabeesaneeesabeeeneeas 42
Appendix I : Search Plan of Theoretical Framework..........cccooevveiiiiiieiiciecie e 45
Appendix II: Component selection -- Common contactless switCh...........ccccccevieveecicieciecreenenne. 46
Appendix III: Soil condition (Salinization & CONAUCEIVITY) .....ccevuieveiiieieieceeie et 49

HI. T SOil SAlINIZATION ....eeviriiitiriisiesieeee ettt b b e 49

II1. II SOil CONAUCTIVITY .veveeerecieerieieetectecteee ettt ettt ettt e sb e et be e be e besaeeaeeaeennas 50
Appendix [V: Introduction of Chauvin-Arnoux-C. A-B460 ..........ccceeeveeereerreeieeeireeireenreenreesseeseeennns 52
Appendix V: Comparison between Arduino Uno & Arduino Mega 2560...........cccceeveereeereennnenen. 54
Appendix VI: Printed Circuit Board (PCB) assembly type and cost influencing factors................. 56
APPENAIX Vi LabOr ISSUB....eiiueieeeecteeete ettt ettt ettt e e e e e eveeeteesteesteeereeenaeenteebeenseenseesaens 58

VI. I Labor costs (in the Netherlands) ........c.ccceeveeieieiieieeeececeeere ettt e 58

VI. II Measures to reduce [abor ........ccucveieieiiisiesesieeee e 59
Appendix VII: COMPONENT IS ...ceciuiirieieirecteecteete ettt ettt ettt et et sbe s te s beeaeereebeenneeras 60
Appendix VIlI: Schematics and properties of core COmponNents...........coceeervererererereeereereeennene 62

Analog-to-digital converter --- ADST115 ..ot 62

Optocoupler --- TLPS5Z2T-4 ... ittt st st st st 63
Appendix X : Switch sequence determination and truth table...........cccoevvveeeenieceeneceenrecreenee, 64

Appendix XI: Printed Circuit Board (PCB) document file and corresponding circuit schematic

........................................................................................................................................................ 66
Appendix XI[: Test plans and teSt r@SUILS .......cceiieiiiiieietice ettt raeae s 68
DemONSEration tEST Plan: ..o e e e e e 68
Automated electrode-switch salt watcher system test plan (at HZ SEA Lab):.................... 70
TEST FESUILS ..ttt ettt b e s at e st et e b e b e e sbe e sbe e et e e beenbeesheesaeesanenane 72
Automated electrode-switch salt watcher system test plan (in lab conditions): ............... 74
TEST FESUILS ..ttt ettt h e sa e st e e e bt e bt e s bt e sbe e et e et e e nbeesbeesaeesanenane 75
Automated electrode-switch salt watcher system (demo) test plan:.........cccoceeeeevieeennneen. 87
TEST FESUILS ..ottt ettt sbe e st st s bt e bt e b e sbe e st e e e e e b e e sbeesanesanenane 88
Automatic electrode-switch sub-system test plan:.......ccccviiiieiii e, 99
TEST FESUILS ettt sttt et e s bt e s bt e st st e s bt e bt e b e e s meesseeeaeeeeeereens 100
Signal generation sub-system test Plan: .......coooiii e 104
TESE FESUILS ..ttt ettt e st e e sat e s re e s be e e sabe e e beeesnreesnenesnneenas 106

Voltage & Current measuring sub-system test plan: .......cccoceeeiiei i, 111



TOSE FRSUILS vttt s sasssssssassssssssssssssssssssnnsnnnnnnn 112

F AN R I B 3 (T o o] =Y SRR 116
B =T UL PSR 116
LR Y A B Yy o] = o SRR 121



Index of Figures

Figure 1 Official website of Waterschap Scheldestromen

Figure 2 Groundwater distribution in Zeeland, colors represent different areas (Pauw, 2020)

N

Figure 3 Prototype salt watcher cable (shot in the Dockwise laboratory)
Figure 4 Wenner method (Goossen, 2021)

Figure 5 Experimental setup at HZ SEA Lab

A AN WW

Figure 6 Excerpt from Mick’s report (Eerd, 2021)

Figure 7 Expected structure of the automated salt watcher based on the problem analysis

%]

Figure 8 System prototype designed by Pinqgi Guo (Guo, 2021)

Figure 9 ADS1115 block diagram (ADS1115 Datasheet, 2018)
Figure 10 Partial schematics of the designed switch system (Tian, 2021)

Figure 11 The price of MAX313CPE from Farnell (Farnell Store, 2022)

Figure 12 Wenner Four Point method (Soil Resistivity Testing -- SUMO Services, 2020)

© 0 ®© N N

Figure 13 Inducement of polarization (Tilley, 2013)

Figure 14 Saltwatcher set-up tank at HZ SEA Lab
Figure 15 Arduino Mega2560 (ArduinoStore, 2021)

Figure 16 Through-hole Technology PCB (DigiSource, 2021)
Figure 17 Surface Mount Technology PCB (DigiSource, 2021)

Figure 18 Some components printed of housing

Figure 19 V-model method (Kwekkeboom, 2019)
Figure 20 The applied V-model

Figure 21 Input & Output diagram of system
Figure 22 System overview

Figure 23 The basic structure diagram of system

Figure 24 Function tree of automated salt watcher system
Figure 25 Subsystem flow chart

Figure 26 Sub-system overview—interaction and relation between sub-systems

Figure 27 Automatic electrode switch sub-system
Figure 28 Voltage & current measuring sub-system description

Figure 29 Signal generation sub-system description
Figure 30 Data flow diagram of components in each subsystem

Figure 31 Component description of automatic electrode switch sub-system

Figure 32 Component description of voltage & current measuring sub-system
Figure 33 Component description of signal generation sub-system

Figure 34 Test set-up of ADS1115
Figure 35 Bar chart analysis of ADS1115 test

Figure 36 Test record of TLP521-4 test

Figure 37 The soft simulation of signal generation circuit (Eerd, 2021)
Figure 38 Signal generator SDG 1062X

Figure 39 Test result of ICL8038

Figure 40 Signal generation circuit of 2.4V output
Figure 41 Signal generation circuit of 1.0V output

Figure 42 Test set-up and display of oscilloscope DSO5202P for 2.4V output
Figure 43 Test set-up and display of oscilloscope DSO5202P for 1.0V output

Figure 44 Core module of switch sub-system

Figure 45 Integration process of switch sub-system on breadboard
Figure 46 test results demonstration

Figure 47 Measuring sub-system circuit schematic
Figure 48 Set-up of measuring sub-system test

Figure 49 Schematic of interaction between switch sub-system and measuring sub-system

Figure 50 Set-up of Automated Salt Watcher System demo test

10
11
11
12
12
12
13
14
18
19
20
21
21
22
23
24
25
25
26
27
27
28
28
28
29
29
29
30
30
30
30
31
31
32
32
33
34
34


file:///C:/Users/94998/Desktop/项目文书文件/毕业论文相关/Thesis%20report_Xuesong%20Zhang%20_2022-06-30.docx%23_Toc107906843
file:///C:/Users/94998/Desktop/项目文书文件/毕业论文相关/Thesis%20report_Xuesong%20Zhang%20_2022-06-30.docx%23_Toc107906844
file:///C:/Users/94998/Desktop/项目文书文件/毕业论文相关/Thesis%20report_Xuesong%20Zhang%20_2022-06-30.docx%23_Toc107906845
file:///C:/Users/94998/Desktop/项目文书文件/毕业论文相关/Thesis%20report_Xuesong%20Zhang%20_2022-06-30.docx%23_Toc107906847
file:///C:/Users/94998/Desktop/项目文书文件/毕业论文相关/Thesis%20report_Xuesong%20Zhang%20_2022-06-30.docx%23_Toc107906848
file:///C:/Users/94998/Desktop/项目文书文件/毕业论文相关/Thesis%20report_Xuesong%20Zhang%20_2022-06-30.docx%23_Toc107906849
file:///C:/Users/94998/Desktop/项目文书文件/毕业论文相关/Thesis%20report_Xuesong%20Zhang%20_2022-06-30.docx%23_Toc107906850
file:///C:/Users/94998/Desktop/项目文书文件/毕业论文相关/Thesis%20report_Xuesong%20Zhang%20_2022-06-30.docx%23_Toc107906851
file:///C:/Users/94998/Desktop/项目文书文件/毕业论文相关/Thesis%20report_Xuesong%20Zhang%20_2022-06-30.docx%23_Toc107906852
file:///C:/Users/94998/Desktop/项目文书文件/毕业论文相关/Thesis%20report_Xuesong%20Zhang%20_2022-06-30.docx%23_Toc107906853
file:///C:/Users/94998/Desktop/项目文书文件/毕业论文相关/Thesis%20report_Xuesong%20Zhang%20_2022-06-30.docx%23_Toc107906854
file:///C:/Users/94998/Desktop/项目文书文件/毕业论文相关/Thesis%20report_Xuesong%20Zhang%20_2022-06-30.docx%23_Toc107906855
file:///C:/Users/94998/Desktop/项目文书文件/毕业论文相关/Thesis%20report_Xuesong%20Zhang%20_2022-06-30.docx%23_Toc107906856
file:///C:/Users/94998/Desktop/项目文书文件/毕业论文相关/Thesis%20report_Xuesong%20Zhang%20_2022-06-30.docx%23_Toc107906857
file:///C:/Users/94998/Desktop/项目文书文件/毕业论文相关/Thesis%20report_Xuesong%20Zhang%20_2022-06-30.docx%23_Toc107906858
file:///C:/Users/94998/Desktop/项目文书文件/毕业论文相关/Thesis%20report_Xuesong%20Zhang%20_2022-06-30.docx%23_Toc107906859
file:///C:/Users/94998/Desktop/项目文书文件/毕业论文相关/Thesis%20report_Xuesong%20Zhang%20_2022-06-30.docx%23_Toc107906860
file:///C:/Users/94998/Desktop/项目文书文件/毕业论文相关/Thesis%20report_Xuesong%20Zhang%20_2022-06-30.docx%23_Toc107906862
file:///C:/Users/94998/Desktop/项目文书文件/毕业论文相关/Thesis%20report_Xuesong%20Zhang%20_2022-06-30.docx%23_Toc107906864
file:///C:/Users/94998/Desktop/项目文书文件/毕业论文相关/Thesis%20report_Xuesong%20Zhang%20_2022-06-30.docx%23_Toc107906865
file:///C:/Users/94998/Desktop/项目文书文件/毕业论文相关/Thesis%20report_Xuesong%20Zhang%20_2022-06-30.docx%23_Toc107906867
file:///C:/Users/94998/Desktop/项目文书文件/毕业论文相关/Thesis%20report_Xuesong%20Zhang%20_2022-06-30.docx%23_Toc107906868
file:///C:/Users/94998/Desktop/项目文书文件/毕业论文相关/Thesis%20report_Xuesong%20Zhang%20_2022-06-30.docx%23_Toc107906869
file:///C:/Users/94998/Desktop/项目文书文件/毕业论文相关/Thesis%20report_Xuesong%20Zhang%20_2022-06-30.docx%23_Toc107906870
file:///C:/Users/94998/Desktop/项目文书文件/毕业论文相关/Thesis%20report_Xuesong%20Zhang%20_2022-06-30.docx%23_Toc107906871
file:///C:/Users/94998/Desktop/项目文书文件/毕业论文相关/Thesis%20report_Xuesong%20Zhang%20_2022-06-30.docx%23_Toc107906872
file:///C:/Users/94998/Desktop/项目文书文件/毕业论文相关/Thesis%20report_Xuesong%20Zhang%20_2022-06-30.docx%23_Toc107906873
file:///C:/Users/94998/Desktop/项目文书文件/毕业论文相关/Thesis%20report_Xuesong%20Zhang%20_2022-06-30.docx%23_Toc107906874
file:///C:/Users/94998/Desktop/项目文书文件/毕业论文相关/Thesis%20report_Xuesong%20Zhang%20_2022-06-30.docx%23_Toc107906875
file:///C:/Users/94998/Desktop/项目文书文件/毕业论文相关/Thesis%20report_Xuesong%20Zhang%20_2022-06-30.docx%23_Toc107906876
file:///C:/Users/94998/Desktop/项目文书文件/毕业论文相关/Thesis%20report_Xuesong%20Zhang%20_2022-06-30.docx%23_Toc107906877
file:///C:/Users/94998/Desktop/项目文书文件/毕业论文相关/Thesis%20report_Xuesong%20Zhang%20_2022-06-30.docx%23_Toc107906878
file:///C:/Users/94998/Desktop/项目文书文件/毕业论文相关/Thesis%20report_Xuesong%20Zhang%20_2022-06-30.docx%23_Toc107906879
file:///C:/Users/94998/Desktop/项目文书文件/毕业论文相关/Thesis%20report_Xuesong%20Zhang%20_2022-06-30.docx%23_Toc107906880
file:///C:/Users/94998/Desktop/项目文书文件/毕业论文相关/Thesis%20report_Xuesong%20Zhang%20_2022-06-30.docx%23_Toc107906881
file:///C:/Users/94998/Desktop/项目文书文件/毕业论文相关/Thesis%20report_Xuesong%20Zhang%20_2022-06-30.docx%23_Toc107906882
file:///C:/Users/94998/Desktop/项目文书文件/毕业论文相关/Thesis%20report_Xuesong%20Zhang%20_2022-06-30.docx%23_Toc107906883
file:///C:/Users/94998/Desktop/项目文书文件/毕业论文相关/Thesis%20report_Xuesong%20Zhang%20_2022-06-30.docx%23_Toc107906884
file:///C:/Users/94998/Desktop/项目文书文件/毕业论文相关/Thesis%20report_Xuesong%20Zhang%20_2022-06-30.docx%23_Toc107906886
file:///C:/Users/94998/Desktop/项目文书文件/毕业论文相关/Thesis%20report_Xuesong%20Zhang%20_2022-06-30.docx%23_Toc107906887
file:///C:/Users/94998/Desktop/项目文书文件/毕业论文相关/Thesis%20report_Xuesong%20Zhang%20_2022-06-30.docx%23_Toc107906888
file:///C:/Users/94998/Desktop/项目文书文件/毕业论文相关/Thesis%20report_Xuesong%20Zhang%20_2022-06-30.docx%23_Toc107906889
file:///C:/Users/94998/Desktop/项目文书文件/毕业论文相关/Thesis%20report_Xuesong%20Zhang%20_2022-06-30.docx%23_Toc107906890

34

Figure 51 Screenshot of test results in Arduino IDE
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Figure 53 Partial of final prototype circuit schematic (23 optocouplers)
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Figure 55 The soldering process of PCB
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Figure 56 System prototype set-up overview
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Figure 58 (left picture) Set-up of the on-site system test
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Chapter 1: Introduction

In former part of this chapter, the background information of the company, assignment and the
analysis of the assignment will be described. In the latter part of this section, the
objectives/deliverables, research questions (main question and sub-questions) and project
boundaries will be displayed.

1.1 Background information

In this sub-chapter, company background which includes the specialties of company, company size
and so on, will be introduced firstly. The graduation assignment background will also be simply
presented, and further information of the assignment is in next sub-chapter.

1.1.1 Company background

Waterschap Scheldestromen is a company that has responsibilities for strong dikes, safe country
roads, clean surface water and the right amount of water in the ditch in the area of Zeeland
(Waterschap Scheldestromen, 2021). Waterschap Scheldestromen is not a large international
company, but it does not mean lack of freedom and flexibility when working here. Also, working
conditions and atmosphere are friendly and all staff here are attached importance to.

Scheldestromen @ About us Current Regulations Administration Contact Strategy Vacanca

Clean
and sufficient water

Read more >

Drought 2022

On this live blog you can read the
most current situation of the Zeeland
water system in the field of drought.

Water board taxes

% For many Zeelanders, he has fallen
= back on the mat: the assessment of
water board taxes

- Apply for a permit
L @ The permits granted by the water

board and application forms.

Working and doing an
internship

About working and doing an
internship at the water board and
open vacancies

Mow

We start again with our mandatory

mowing work.

Guest lectures and
excursions

Request a free guest lesson for school!

Figure 1 Official website of Waterschap Scheldestromen

Every four years there are water board elections. After that, the new board determines the
ambitions and starting points for the four years that it has been elected. This concerns, for example,
water safety, clean water, sustainability and the maximum increase in taxes. This is laid down in the
water board's strategy paper and is the basis for all other plans and policy documents.

Waterschap Scheldestromen carries out several important projects in various areas such as flood
defenses, water management, road management, etc. In each field, there are also some sub-project
or activities which satisfy many kinds of the conditions in Zeeland.

Among those projects, there is one project corresponding to this internship assignment mostly.
These years Waterschap Scheldestromen has been carrying out a project—Multiflexmeter, which



aims at providing cheap, energy-saving solution for monitoring water systems such as water level or
salt concentration with the internet of thing (I0T). The most two attractive properties of this project
are—a. completely open source. b. developed together with students, volunteers and companies. At
the end of 2017, Multiflexmeter won the Water Innovation Prize.

Website : www.scheldestromen.nl

Company size :201-500 people

Telephone : 088-2461000
Email : info@scheldestromen.nl
Specialties : water management, water barriers, roads

water quality and spatial planning, muskrat control

Visiting address1 : Kanaalweg 1, 4337 PA, Middelburg
Visiting address2 : Kennedylaan 1, 4538 AE Terneuzen
Internship address : Voltwaweg 11C, 4382NW, Vlissingen
In-company mentor : Jos Goossen

1.1.2 Assignment background

With climate changing in the Netherlands, there is less and less rainfall during the summer. Therefore,
the underground soil obtains insufficient fresh rainwater to maintain balance in the salt
concentration, with the impact of groundwater extraction, all of which lead the threat of salinization
of the shallow groundwater. As a result, the role of water quality monitoring of fresh groundwater is
becoming quite more important than before. The picture below displays the groundwater
distribution condition in Zeeland.

Figure 2 Groundwater distribution in Zeeland, colors represent different areas (Pauw, 2020)

In order to avoid salinization to the greatest degree, it is necessary to know the underground salt
concentration of soil in detail. There is relevant research that has been carried out in 2021 by former
students into two aspects-- construction of a measuring instrument and a system for automatic
switching between electrodes.

In 2021, student Pingi Guo was responsible for the thesis project which was aiming at designing 4-
electrodes soil resistance meter. In the end of his project, he found two main problems: The first
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problem is the existing signal generation subsystem cannot be combined with the salt watcher
prototype. The second problem is the values measured by the existing model is not precise enough.
Student Yuyao Tian carried out another thesis project which was aiming at designing an automatic
electrode switch system of salt watcher. He chose to use the “bungalow” design, which is a switch
system with logic control circuit and a flat layer of SPST-NO switches. Due to time limitation, finally
the prototype of his project only contains 8 electrodes but it had proved the concept of his design.
Their designs need improvement and in addition, the useful outcomes of these two projects have not
been combined yet.

In 2022, there is possibility of combining the separate outcomes of two previous projects and make
them integrated to design a complete automated electrode switch salt monitoring/measuring system
based on Wenner method which gave the birth of the thesis project for 2022.

1.2 Assignment description

The basic measuring principal is within the same type of soil, the distribution of salt can influence the
specific electrical resistance. So far, there is a handheld measuring device (Chauvine Amoux C. A 6460)
designed for ground resistance using the Wenner method. There are four terminals to be connected
and an LED screen for displaying data of this instrument. Normally, more manpower and material
resources are needed on account of manual operation of this old kind measurement instrument. To
summarize, the traditional measuring process is based on manual measurement for each 4-electrode
set, using a handheld device C. A 6460 which is also called earth resistivity tester.

Figure 4 Wenner method (Goossen, 2021)

Figure 3 Prototype salt watcher cable (shot in
the Dockwise laboratory)

These years, a test set-up has been built at HZ-Sea-Lab (as shown in Figure 5 below) for testing the
prototype of the salt watcher cable. The main objective of this test is manually carrying out
resistance measurements which were set at different salt concentrations and salt/fresh interface.
When scaling up this experimental setup, Waterschap Scheldestromen wants the measurements to
take place automatically, with the measurement data becoming available via loT.

As mentioned earlier, two former students have implemented some research about this purpose last
year (2021 thesis projects). Pingi Guo was responsible for elaborating on the proof of concept and
making a measuring meter prototype based on the measuring method (Wenner method). Yuyao Tian
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was responsible for the automatic switching of the electrode sets. Due to that these two projects
were carried out separately, the combination between them was left almost blank. But in real
measurement situation, usually both of them need to be implemented, and sometimes, cooperation
of them is necessary.

Figure 5 Experimental setup at HZ SEA Lab

On the basis of previous research and the requirement of this project, the problem of designing an
automated salt watcher system is composed of 3 main parts: automatic switch subsystem design,
measuring subsystem design and the interaction between these two subsystems. The past research
results can be reference design ideas for both subsystems. However, scheme of realizing the
interactive function between these two systems still remains unknown.

In terms of that the design reference of Pingi’s design is the measurement system in the resistivity
tester C.A 6460, it is still requested from the client that the measurement part in this project refers
to the measurement principle and process of the tester C.A 6460. In other words, the measurement
system should simulate the working principle of that instrument C.A 6460 as much as possible. Mick
van Eerd, one colleague at Waterschap, pointed out some properties of C.A 6460 in one report after
testing on it, as shown below. These properties observed will be the design reference in this project.

Observations from the test:
1. The device measures resistance using (discrete) 10mA, 1 mA or 0,1 mA.
2. The device has an accuracy of <1% in lab conditions with fixed resistor testing.
3. The output power is ranging 70 mW to 650 mw.
4. Frequency is not very stable measured by the oscilloscope. Frequency values range
from 400 to 3600 Hz. Most (stable) readings were performed at a frequency of ~800
Hz.

5. Output measurement voltage is low, <600 mV.

Figure 6 Excerpt from Mick’s report (Eerd, 2021)

As for the structure of the system to design, all known until now is the expected complete system
necessarily contains automatic switch subsystem, measuring subsystem and functional collaboration
between subsystems. Both these two subsystems need external power but it is required to supply
the measuring system with AC square wave signal source to avoid the influence of polarization
among the electrodes. There are 26 terminals which are connected the electrodes underground one
by one. The final salt watcher system should have the capability to connect 26 terminals and switch
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among those in a specific order controlled by code. Connection between 4 terminals chosen and the
measuring system exists and then the resistance between electrodes would be measured and
displayed. Based on the Wenner method theory, 4 electrodes are chosen to measure at one time so
there are 4 wires between measuring system and switch system. Finally, the digital signal containing
the measurement data would be transferred to data display system but this step is not necessary.
Another option is to display the values directly in the software monitoring window.

Figure 7 below illustrates the expected system structure based on the problem analysis.

1 . !

, Data display system ,

1 i 1

i (optmnal) <+ - Digital signals = = = "
26 wires between

switch systemand ~ = = = = = — — — = J 1
terminals 1

[ 26 . ) :
ot . Automatic switch system Wby
s terminals . \
26 cables \J 4 terminals
in tetal \

Undergrouny 4 wires between

Lo measuring system

‘ and switch system

system

‘ Power

AC square wave
26 signal
electrodes

Figure 7 Expected structure of the automated salt watcher based on the problem analysis

In conclusion, the main assignment of the 2022 thesis project is to delve into both sub-projects,
optimize them and eventually combine the useful outcomes of two previous projects, developing an
open-source measuring system that can automatically measure all possible 4 (Wenner) electrode
combinations.

1.3 Objective & Deliverables

Objectives and deliverables for a thesis project are quite significant matters that deserve attention.
In general, research objectives describe what we expect to achieve by a project. Deliverables are the
items which need to be submitted at the end of this graduation project.

1.3.1 Objectives

The objective of this research is to integrate existing research results and finally build a prototype
which has the capability to measure the soil resistance underground on the basis of two previous
relative projects. Specifically speaking, the system applied in the prototype uses 4-electrode Wenner
method as measuring theory and can switch between electrodes automatically. Besides, realizing the
educational goal of graduation project is also one objective of this research.

1.3.2 Deliverables

1) The design of the whole measuring system
2) System & sub-system & component design
3) System prototype



4) Prototype description
5) Test plans and corresponding report of test results
6) Final thesis report

1.4 Research questions

The research questions are divided into one main question and 6 sub-questions that relates to
research method.

1.4.1 Main question

What is the design of an open-source measuring system that can measure the electrical resistance of
underground soil using the principle of Wenner method, with several sets of automatically switching
4-electrode (less than 26 electrodes in total) combinations?

1.4.2 Sub-questions

Orientation phase (3 weeks):

1) What is the principle and operation progress of the existing measurement method using the
traditional salt watcher device (Chauvin Arnoux CA 6460)?

System design (8 days) & sub-system design (6 days) phases:
2) What are the descriptions of the entire system and sub-systems?
Component design phase (8 days):

3) What are the necessary components and their corresponding test plans of this open-source
measuring system?

Component integration phase (1 week) & Sub-system integration phase (10 days):

4) What are the test results and actual function of each sub-system and do they accord with the
expected design and expected results?

System integration phase (2 months):

5) What are the test results of the final integrated measuring system?
6) What is the corresponding analysis of those final test results?

1.5 Project boundaries

1) This project is not supposed to start from scratch (based on previous projects).

2) Basis is a commercial instrument with 4 electrodes can be measured.

3) Use Wenner method (4-electrode measuring principle).

4) First solve the switch problem of sequential shortest equidistance switch. If test for that is
successful, move to consider other switch possibilities.

5) There is no need in this project to continue completing both previous sub-projects.

6) The design of the sensor cable is not in the scope of this project.



Chapter 2: Theoretical framework

This chapter will give detailed demonstration of relevant knowledge, theory and research required
for this project. The search plan for this project can be found in Appendix I . To realize the desirable
result of this project, the items listed in the search plan are necessary to research in order to
guarantee the outcomes of the project.

2.1 Measuring system of previous project

One of the reference systems is the measuring system designed and tested by one former student,
Pingi Guo, and the system prototype is shown below. Pingi chose one analog-to-digital converter
(ADC) ADS1115 as the voltage sensor and one amplifier AD8210 as the current detector.

After testing, the accuracy of ADS1115
to measuring the voltage of component
in the circuit had been proved that and
the errors were lower than around 8%.
However, the accuracy of AD8210 did
not meet the design requirement, of
which the error range is 20.7%-39%.

Therefore, ADC ADS1115 will continue
to be used to measure voltage in this
project. The details of ADS1115 can be
found in Appendix VII: Schematics and
properties of core components. The
component AD8210 will be discarded
and new current sensor will be
determined and designed.

It is noteworthy that there are 4 input
channels of ADS1115 and the input
type can be differential or single-ended
(shown in Figure 9). This means with
the assistance of a reference resistor, it

Figure 8 System prototype designed by Pinqi Guo (Guo, 2021)

is possible to use ADS1115 to detect Voo

the current I equivalently. The ADS1115 = Comparator

formula is displayed below: - Ri:lelza; ALERT/RDY

U AINO L S0

Thecurrent [ = - X ADDR
i [T e R e e scL

Where: - BDes DA

U: Voltage drop of the AN {f\o— 1 N s
reference resistor; x"—_‘}/‘:'_j‘l

. GND ight © 2016, T | I ed
R: Resistance of the reference Copyright © 2016, Texas Instruments Incorporat

resistor Figure 9 ADS1115 block diagram (ADS1115 Datasheet, 2018)



2.2 Switch system of previous project

The automatic switch system of electrodes, in charge of former student Yuyao Tian last year, applied
the bungalow design, as Figure 10 shows.

In the bungalow design, SPST switches were used, of
which the specific type is analog switch MAX313CPE. In
z"!”; Measuredtiectioded Yuyao’s final prototype, 8 electrodes instead of 26
= ! D electrodes were connected to the measuring terminals
and the ultimate test results can be regarded as the
proof of concept for this design.

00 MeasuringElectiode

— The whole switch circuit will contain 26*4=104 SPST

D switches and 5*4=20 control signals (Tian, 2021). The
price of MAX313CPE at online shop was more than 10€

for each (as shown in Figure 11). In this case, if continue

to design using MAX313CPE for the entire switch system,

there will cost a lot.

JMeasvreotieciroge?

(5

v [ s

Therefore, the previous switch system is determined to
be discarded and new switch circuit will be designed
according to the requirements. Other switch circuit
design will be researched and decided for the final

[] switch system design of this project.

Measuredliecirode3d

o e o

Figure 10 Partial schematics of the designed switch
system (Tian, 2021)

O | MAX313 | 2518640 Analogue Switch, 4 Channels (] Each 1+ €1566 1
CPE+ Data SPST, 10 ohm, 4.5V to 30V, + 47 10+ €14,39
3 P 4.5V to £ 20V, DIP, 16 Pins Op voorraad 25+ €1379
— MAXIM INTEGRATED / ANALOG 50+ €1297 | Min 1 Mult 1 SPST
©Rotis DEVICES 100+ €12,15

s Date/Lot
""" Code

Figure 11 The price of MAX313CPE from Farnell (Farnell Store, 2022)

2.3 Switch selection

In terms of the high-cost and wiring complexity and so on, previous switch system will not continue
to use. According to the requirement from client, the switch must be automatically operated, which
means manual switches are not in consideration for this project. As for the selection of switch, the
first thing is to determine the type of switch: contact or contactless (non-contact) switch. After
research, the characteristics of contact switch and contactless switch are listed below.

Table 1 Comparison between contact switch and contactless switch

Switch Type Power Response Switching Arc | Lifespan Reliability
 Dissipation | Time |

| Contact Switch | ngh Slow Short Medium |
Contactless Low Fast No Long High
Switch

It is manifest that compared with contact switch, contactless switch boasts more merits. After
comprehensive consideration, contactless switch is chosen to be applied in the switch sub-system
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design in this project. In this section, some contactless switches in the market are researched and
compared. The comparison table containing the characteristics and application of some switches is in

the Appendix II.

2.4 Soil condition

Due to the fact that original aim of designing a type of automated salt watcher is to measure the
conductivity/resistivity of soil which represents the soil salinity, soil condition is an issue that requires
to research about. In summary, the soil condition related to this project is soil salinization and soil
conductivity. The detailed information can be found in Appendix III: Soil condition (Salinization &

Conductivity).
2.5 Measuring method & device

In this section, Wenner method which is the measuring method used in this project will be
demonstrated including figure and formula. After brief introduction of measuring method, the
properties and functions of specific commercial measuring device Chauvin-Arnoux-6460 will also be
displayed. The reason why researching about this device is according to one of requirements of this
project, this specific measuring device plays a role as reference.

2.5.1 Wenner method O O
D)
LS4

Soil resistivity measurement mainly

includes soil sample method, two-point

method, three-point method (three-point
method) and four-point method (four- ‘
point method). The four-point method is [
easy to operate and generally adopts the _
four-point method. Quadrupole method b * e g ST, oy o

can be divided into equidistant method 5 = 5

(or Wenner method) and non-equidistant

method (or Schlumberger method). In Figure 12 Wenner Four Point method (Soil Resistivity Testing -- SUMO
practical work, the Wenner method is Services, 2020)

usually used to measure the soil resistivity at the location of the project. The small electrode is buried
in four small holes arranged in a line in the measured soil. The buried depth is defined as “b” and the
straight-line interval is defined as “a”. The test current | flows into the outer two electrodes, and the
potential difference V between the inner two electrodes can be measured with a potential difference
meter or a high resistance voltmeter. V / | is the resistance R expressed in redundancy.

If ais the distance between two adjacent electrodes, the resistivity p expressed in units of aand b is:

. 41TaR
p - L 2a a
1 T -
va2+4b?2  \a2+b?
Where: p: resistivity of original soil [Q-m]; R: original measured resistance [Q)]; a: distance between
adjacent electrodes [m]; b: electrode buried depth [m]

Additionally, when the test electrode penetration depth (b) is less than 0.2a, factor b can be
regarded to equal to zero, then the formula can be simplified to:

p = 2maR



2.5.2 Measuring device

The Chauvin-Arnoux-C. A-6460 is one ohmmeter equipped with digital displays for earth and
resistivity measurements in the field. It is particularly well-adapted to use in difficult conditions, in
the presence of interference voltages, high earth currents or highly resistive auxiliary connections.
(C.A 6460 & C.A 6462 User's manual, 2018). The detailed introduction of C.A 6460 can be found in
Appendix [V: Introduction of Chauvin-Arnoux-C. A-6460.

2.6 Practical testing/experimental issues

The HZ sealab is built for realizing the practical testing for several projects. When implementing the
practical measuring test or experiments, there are many issues that deserve attention. Additionally,
the practice part in this project needs the experimenter has sufficient basic practical skills which
supports the smooth implementation of the whole test.

Under the action of external
,|,| - \. electric field, there will be
“gﬁg’i’%ﬂ"?ﬁ:::éﬁ electrochemical interaction
owtcting of of comen
@ Switch between metal electrode and soil,

which destroys the original

Positive charge n galvanic layer and forms a galvanic
Flow of current \\ = ‘1 . . .
through the Earth \\ S layer with new potential, that is,
L& ok electrode polarization effect. The
/‘ polarization potential will be

generated on the electrode surface,
and there is a polarization
Induced Polarlsatlon Adapted from: Bleil, D. F., 1953, Induced polarisation: A method potential difference between the

of geophysical prospectina: Geophysics. 18, 636-661

Negative charge

measuring electrodes P1 and P1,
which interferes with the
measurement accuracy. For wet soil with high salt content, the polarization effect of electrode is
obvious, which seriously interferes with the measurement results. Therefore, copper electrode, anti-
polarization electrode or AC power supply should be used to eliminate the influence of polarization
effect to great degrees.

Figure 13 Inducement of polarization (Tilley, 2013)

When using Wenner method to measure soil resistivity, the four electrodes shall be in a straight line,
and the resistivity calculated by this kind of symmetrical quadrupole resistivity calculation is accurate.
When the four electrodes are not on a straight line, there is an error in the calculation result.
Therefore, the general specification stipulates that the deviation of the actual placement direction of
the electrode from the predetermined direction should be less than 5 degrees.

Due to that this project is on the basis of handheld instrument C.A. 6460, it is also necessary to learn
the datasheet of this device and master the usage method of it. The test results of this device can be
regarded as desirable(accurate) reference values to compare with the values measured by the
system designed in this project.

The results, if adequate investigation is not made prior to the test, or the test is not correctly
undertaken, may be incorrect or misleading. To overcome these problems, the following data
gathering and testing standards are recommended (Carelabz, 2021):

e Inthe initial research stage, it is necessary to provide sufficient background, determine the
test plan on this basis, and then explain it according to the test results.
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e The accuracy of the results can be determined by matching the new rainfall data with the
seasonal average, minimum and maximum values of the location.

¢ When selecting the test type, it is necessary to consider the factors of the test method, such
as the maximum probe depth, the required cable length, the efficiency of the measurement
technology, the cost and the ease of data interpretation.

Some practical testing recommendations:

e Eliminate mutual coupling or interference due to leads parallel to power lines.

e Make sure that the instrument, devices and set up is adequate

e Set up the correspondent criteria and check for accuracy

e Decrease contact resistance to a great degree

e Instruct staff to use finer test spacing in areas showing sharp changes

e After finishing tests, plot test results instantly so as to identify specific problem areas
— ik

Also, it can be seen from the Figure 14 that
the saltwatcher tank is more than 2 meters
high which leads danger and

inconvenience to operate on it especially
the weather condition is under expectation,
for instance, there is storm or even strong
wind that day. Therefore, the

experimenter is always supposed to pay
attention to personal safety to avoid any
accidents.

—
———

7 Arduino Microcntroller Figure 14 Saltwatcher set-up tank at HZ SEA Lab
To realize the automatic switching of electrodes, microcontroller board is necessary. There are
several types of Arduino boards designed to meet different use requirements. In this project, mainly
two types of Arduino board are considered to use: Arduino Uno and Arduino Mega. The core
. processor of Arduino Uno is ATmega328p. It has 14
digital input / output pins (6 of which can be used as
PWM output), 6 analog inputs, 16mhz crystal
oscillator clock, USB connection, power jack, ICSP
connector and reset button. Just connect the
computer through USB data cable to power supply,
program download and data communication. In terms
of the existence of switch sub-system, there will be
more than 20 digital pins needed from Arduino board,
which is because those pins are used to control the
switches that relate to 26 electrodes. Therefore,
Figure 15 Arduino Mega2560 (ArduinoStore, 2021) Arduino Uno board probably cannot meet the
requirement. In this case, Arduino Mega required. Arduino Mega is a development board based on
ATmega2560. It is designed for more complex Arduino development projects. It has 54 digital input /
output pins (15 of which can be used for PWM output), 16 analog output pins, 4 USART hardware
serial interfaces, 16 MHz crystal oscillator, 1 USB interface and 1 power interface. It supports online
serial programming and reset keys. The final choice of Arduino board depends on the real condition.
The technical details of each Arduino Board can be found in Appendix V : Comparison between
Arduino Uno & Arduino Mega 2560.
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2.8 Price & Cost

Cost of a project includes several items like the price of components, PCB price and assembling labor
cost and so on, varying depending on the type and work quantity of project. The expenses in the
project deserve attention and considered on account that the project cost is also one significant issue
for project management.

2.8.1 PCB price

The type and complexity of PCB vary on the basis of different project objectives. Therefore, when
manufacturing a PCB, the expense influence by many factors is various greatly. The main two types
of PCB are Through-Hole Mounting (THM) and Surface Mount Technology (shown in the figures).
What is more, it is also required to take into account that both human labor cost and machine cost,
finding out balanced plans for building the system prototype. The details of information of PCB price

are in Appendix VI.

Figure 17 Surface Mount Technology PCB (DigiSource, 2021) Figure 16 Through-hole Technology PCB (DigiSource, 2021)

2.8.2 Housing price

For this project, housing of the prototype is not necessary after the discussion with in-company

mentor. But it is also possible to consider the cost of housing.

The most feasible and convenient method is to design

and build the housing model using Solidworks (a 3D

CAD design software) and then print it by 3D

printer at HZ. Besides the cost of software, the
only spend is on materials for 3D printer, which is
about 5-10 euros.

Figure 18 Some components printed of housing

2.8.3 Labor cost

As for projects, especially mass products produce is required, labor cost cannot be neglected. The
human labor cost differs significantly because the development level of different regions in the world
is different. The Netherlands is a developed country and a member of the European Union (EU),
therefore, it is meaningful and valuable to compare the human labor cost in the Netherlands and
that in the whole EU. In addition, reducing labor cost as much as possible is also important in a
project management. All details are in Appendix VII: Labor issue.

12



Chapter 3: Methods

In this chapter, V-model method, the project management (design) method chosen for this project,
will be introduced firstly. After that, the reason why applies V-model to this project and the
corresponding method application will also be illustrated. In the end of this section, the specific
activities and deliverables during each project phase will be displayed.

3.1 V-model method

The V-model consists of two main
stages. Design and integration. V-model
includes low-level test (unit test) and
high-level test (system test). Equally
important, V-model can clearly show
the various stages of development and
testing. V-model is also improved
gradually from top to bottom. There is
a clear division of labor in each stage,
which is conducive to the control of the
whole project. The V-model is iterative
and allows users to move back and
forth between each sub phase

Detail Design (Kwekkeboom, 2019). Following the
- structure of V-model and through
- Time iterative verification and confirmation,

this method can ensure that the final
design system release meets the
Figure 19 V-model method (Kwekkeboom, 2019) customer's requirements.

3.2 Reason for applying V-model method

In V-model method, each step of the development cycle has its related testing phase and this is the
main reason why V-model is appropriate to apply in this project. The emphasis of V-model method is
functionality accomplishment, of which the aim is to develop a working prototype by dividing up the
system and conducting multiple tests.

The objective of this project is to design a hardware prototype which boasts some specific functions.
The system in the prototype consists of several sub-systems and for each sub-system, there are
corresponding components do design. V-model can efficiently guide the division of both the system
and sub-system, making the final system designed more reasonable and reliable.

What is known that the realization of the system function needs the help of tests, called verification
or validation. According to V-model, the relationship between designing and testing is underlined.
The tests verify the feasibility of the design and making corresponding improvements based on the
test results plays an important role in this project. In this way, not only can problems be identified
during the prototyping testing process, which greatly improves the quality of the final product, but
also targeted modifications can be made without affecting the whole system (Guo, 2021).

In short, V-model provides instruction on how to design a system hierarchically and pays much
attention on the tests. That is what this project requires and thus, V-model has been selected as the
method of this project.
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3.3 Method Application

The V-model method needs to be

adjusted specifically to this project
Feedback

according to the former sub-projects o %
results and the actual project 0“;:::@ festpln Suggestion
situation.

. . . . Review
Because this thesis project is not phase % System
based on the blank background, M Sysen i

instead, as mentioned earlier, there
is requirement to combine both

Review (@ sib g\ |
previous project products, so the phase M S Svean Sen | & Sub
“« . PETRETET, : integration j System

review phase” is indispensable. o Tt
Between orientation phase and
system design phase, and also Compon
. Compon
between system design phase and by e

sub-system design phase, it is time to
review all existing files, test results
and prototypes done by former
students to find the correct track of

combination. During these “review .
phase”, the main activities are to wen
delve into those sub-projects and

optimize the existing results, find out Figure 20 The applied V-model
the useful parts which can be
exploited into this thesis project.

During the integration and checking phases, it needs to consider the reasonable combination of two
sub-projects products rather than focus on only one aspect. And for such kind of project —
combination between software and hardware, there will be a long time needed (2 months or so)
which is used to test all components and each subsystem and finally integrate them into one
complete system.

In the V-model approach, feedback from experts and clients is also a significant factor that must be
considered carefully throughout the entire V-model process. The recommendations will benefit the
designer greatly in some respects, for example, they would contribute to figuring out the practical
remedies for the project problems. Therefore, feedback needs to be taken into account in every
phase.

3.4 Activities & deliverables during each phase
1) Orientation phase:

This phase contains detailed communication with the in-company mentor to understand the project
requirements and expectations. In this phase, project overview and accessible information would be
clear. Timetable (planning) of the whole project should generate in this phase to guide and monitor
the process of project. Besides clarifying and making list of requirements, research proposal with
system and the measuring system demo test plan are supposed to be finished.
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Deliverables:

a. Research proposal; b. List of requirements; c. Project planning; Automatic switching electrode salt

watcher system demo test plan

One sub-question shown below will be answered in this phase:

*  What s the principle and operation progress of the existing measurement method using the
traditional salt watcher device (Chauvin Arnoux C.A 6460)?

2) Review phase 1:

On account that this project has two previous sub-projects, review phase is required for reviewing all
the results which had been done before. This includes the files, prototypes, circuit schematics, etc.
Delve into two sub-projects and select the feasible part which can be used for this project, and also,
research about the feasibility of recommendation provided by former researchers.

Deliverables:

a. Brief report about the analysis of previous project progress;
b. Embryo design ideas of the whole system

3) System design phase:

In this phase, the two systems designed in the previous projects will be reviewed and delved. Then
focus on the transfer to building an open-source measuring system that can automatically measure
all possible 4 (Wenner) electrode combinations. The design of the main system will be finished and
the system description with flow chart, input & output diagram, system functions will be completed.
In the end, the test plan of the entire open-source automatic switching measuring system will be
written.

Deliverables:

a. System description; b. System function tree; c. System test plan

The former part of the question (for entire system) below will be answered in this phase:
*  What are the description and functions of the entire system and sub-systems?

4) Review phase 2:

It is the second review phase, during which the focus is to review and refer to the sub-systems
previously designed. Those existing sub-systems have referenced value and contribute to the sub-
systems establishment in this project.

Deliverables:

a. Brief report about the analysis of previous sub-systems designed;
b. Embryo design ideas of the sub-systems

5) Subsystem design phase:

In this phase, the division of the system needs to be done according to the relevant requirements
and start the design of the subsystems. Similar to that in the system design phase, the description
and functions of the subsystems will be explained. Also, the test plan of each subsystem will also be
finished.

Deliverables:
a. Sub-system description; b. Sub-system flow chart; c. Sub-system test plan
The latter part of the question (for sub-systems) below will be answered in this phase:

e  What are the description and functions of the entire system and sub-systems?
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So far, this sub-question has been solved totally.
6) Component design phase:

During this phase, each subsystem will be divided into components and the design of the component
will be completed.

Deliverables:

a. Component list; b. The description and diagram of components; c. Component test plan

The sub-question below will be answered in this phase:

*  What are the necessary components and their corresponding test plans of this open-source
measuring system?

7) Component integration phase:

During this phase, components will be tested according to the test plan, generating the test results.
After testing, analyze the result collected and make some adjustments for the tested components.

Deliverables:

a. Component test results; b. Checklist of the quality (if needed)

8) Subsystem integration phase:
The measuring device subsystem and automatically switching electrode subsystem will be
integrated and tested according to their test plans during this phase. Then the test results will be
analyzed and adjustment will be done if needed.

Deliverables:
a. Subsystem integration scheme; b. Subsystems test results

The sub-question below will be answered in this phase:

*  What are the test results and actual function of each sub-system and do they accord with the
expected design and results?

9) System integration phase:

In this phase, all subsystems will be integrated into the main measuring system. The main system will
be tested according to the test plan and the test result will be analyzed.

Deliverables:

a. Main system test results; b. Actual functions (after testing) of main system
The sub-questions displayed below will be answered in this phase:
*  What are the test results of the final integrated measuring system?
*  What is the corresponding analysis of those final test results?

10) Acceptance phase:

It is the last phase during the whole project. During this phase, the final report will be finished and all
the research questions will be given answers. The concept of the measuring system prototype will be
demonstrated to the in-company mentor and the examiners. Finally, the portfolio, thesis report and
project presentation will be written and made.

Deliverables:

a. Product portfolio; b. Final prototype of measuring system; c. Final report; d. Presentation
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Chapter 4: Results

The outcomes of the projects will be mainly introduced in this chapter. The details of the system
design including system overviews, input & output diagram and so on, will be demonstrated. Then
the information of sub-systems and components will be introduced, which contains their respective
design scheme, test plan and test results.

4.1 Requirements & Quality criteria

In this section, the requirements agreed by the client are collected and listed in Table 2 —
Requirement list. Besides the necessary demands, there are some optional requirements, called wish,
for the project and final system protype. After the display of requirements, the quality criteria
including 4 items of this project and their corresponding proof will be shown.

4.1.1 List of requirements

Table 2 Requirement list

Nr. Requirement Demand Wish
1 Based on two sub-projects which were -\/
researched previously
2 Cost of the project is lower than 100€ .\/
3 The system (hardware & software) is open V
source
4 The measured values (voltage, current) can be V
displayed on external connecting LCD or LED
screen.
5 The final soil resistance calculated can be -\/
displayed on external connecting LCD or LED
screen.
6 The soil resistance measuring sub-system -\/
connects with an electrode switching sub-
system.
7 The 4-electrode set among 26 electrodes can V

be switched automatically in order and there
are 23 possibilities in total

8 The entire measuring progress can finish .\/
within a few minutes.

9 The switching sequence of electrode set can
be manually controlled

10 The measuring system is easy to operate and
the display interface is user-friendly

11 The design is eco-friendly which would not
generate harmless substances.

12 Easy to install and integrate

{ { K L
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4.1.2 Quality criteria

Table 3 Quality criteria and corresponding proof

Detailed quality criteria

Proof

Price of each component + assembly
labor cost (Totally less than 100 € ).

Price list (in detail) including each component used in this
project with their respective price and priced software (if
needed).

Error:0-6% (Between the measured
resistance value and the real resistance
value).

Total measuring times is 23 in one measuring process and
the difference between the resistance measured by this
system and the results measured by professional
instrument (C.A.6460) is less than 6%.

Total measurement time for 23 groups
of electrodes is within few minutes.

The switch interval can be controlled by code. Since the
measurement time for each group is so short that can be
ignored and normally the switch interval is set at 2
seconds, which means the total measurement time for all
groups is around 2*23=46 seconds.

The electrodes can switch automatically
following control signals from the
microcontroller.

Clear video of the switching function with at least one
reliable witness or demonstrate the function live.

4.2 System design

In V-model, system design refers to the final deliverable design. The design is based on the
requirements analysis and quality criteria. The system design mainly includes system input & output

diagram and system description.

4.2.1 System overview

Shown in the diagram below is the input and output of the system. There are various factors of
different types as the input and output, influencing the entire system. The input variables of
automated salt watcher system include power supply, tested soil, etc. The output variables of
automated salt watcher system include output current and voltage of the sensor, calculated

resistance and so on.

Input

* Power supply

* Tested soil

* Electrodes underground
* Digital signal

* Analog signal

* Dust

- Air

* Detected voltage

Qutput

* Sensor’s output
current

* Sensor’s output
voltage

* Calculated resistance
* Analog signal

* Heat

Figure 21 Input & Output diagram of system
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According to the requirements of project, this automated salt watcher system boasts three main
functions: soil resistance measuring, automatic electrode switch and measurement display.

The focus of system description is clarifying the external interactions with the system and as Figure
22 shown, the soil to be measured, environment, power source and user are four main external
systems. In terms of the practicality of the project, inward and outward environmental factors have
been taken into account. Z1, Z2 and Z3 represent the interactive influence between the automated
salt watcher system and

external soil to be measured.

Besides, U1 and U2 are the

Environment

interaction between user ol fe
and the entire system, while
U1 means the user’s control
command and U2 means the Soil (between
electrodes) to be Automated salt watcher x01
system feedback to user. On measured fen— Power Source

the right, XD1 is the external
power supply for the whole
system.

fo

The Table 4 lists the meaning
of each unique ID and the
limitations of the system.

User

Figure 22 System overview
Table 4 Meaning of the unique ID &
limitation of system

Unique ID Long Name
(Y User interaction
(0] Collection of all environmental
impact

XD Electrical DC signal

XA Electrical AC signal

V4 Other

Item Representation Symbol Min Max Unit

o1 Inward environmental impact \ \ \ \

02 Outward environmental impact \ \ \ \

XD1 Power for whole system U 5 12 Vv
Power for each component U 0 600 mV

21 Soil to be measured (Resistance) | R 0 2000 Q

22 Differential voltage U 100 2500 mV

Z3 Frequency f \ 800 Hz

U1 User control order \ \ \ \

U2 Resistance value displayed in R 0 2000 Q
Arduino IDE Serial Monitor

4.2.2 System test plan

Aimed at confirming the designed system fits the criteria and all functions execute successfully,
system test is necessary to carry out. The system test plan guides the whole test process and ensures
the test is within the proper experimental range.

For this project, in terms of the complexity of the final system prototype, it is necessary to firstly
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build a system demo of which 3 optocouplers composed as the concept proof of the final system and
implement the corresponding test of this demo. Secondly, the system consisting of all 23
optocouplers integrated into a PCB will be tested under ideal conditions, which means testing in the
laboratory using ideal resistors. Finally, practical on-site test for the qualified system (PCB) prototype
will be carried out, in order to check the system performance in actual measurement environment.
Accordingly, the tests for the entire system are divided into 3 parts—system demo test, complete
system prototype (PCB) test and field system prototype test.

a. The test plan of Automated Salt Watcher system demo can be found in Appendix XII——
Automated Salt Watcher system (demo) test plan.

b. The test plan of Automated Salt Watcher system prototype (PCB) can be found in Appendix XlI—
— Automated Salt Watcher system in-lab test plan.

c. The test plan of Automated Salt Watcher system field test can be found in Appendix XI——
Automated electrode-switch salt watcher system test plan (at HZ SEA Lab) .

4.3 Sub-system design

In this section, the overview and description of subsystems that consist of the entire measuring
system will be demonstrated firstly. The holistic introduction is followed by the details of each
subsystem design.

4.3.1 Sub-system division

The Figure 23 below visually displays the structure of the system and the interaction between the
elements in system.

Control signal
e l ™
1 [ ) . Power supply
2 1 Signal
i source
|
|
I ‘
1
N Electro@
: switch AC Anal . | Interface
26 | system el na‘ge signa Arduino
1 ;
electrodes| , measur ing
| (4 chosen Analog
| from 26)2 AC  simal
\ current
| measur ing
1
|
| c2 GND
268!
"\._ __/"

Figure 23 The basic structure diagram of system

As shown, firstly 4 electrodes are selected, named C1, P1, P2 and C2 respectively, by the switch
system from the 26 electrodes. After that, the voltage drop between P1 and P2 as well as the current
going through all electrodes will be measured, of which the analog signal will be transferred to
Arduino to display for the user. Overall, this structure diagram instructs the system breaking down
into sub-systems.
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L@ @ : L + J
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| ™| & current detecting | electrodes Current & Voltage Yes
Interaction with user measuring
| | — = !
Measuring system transmit measurin ( A
| o g5y | : g Display the
control signal
measurement
LL ) - k ; J
Figure 24 Function tree of automated salt watcher system
Still with power

As shown in figure above, the automated salt watcher system has
been divided into 4 modules: signal generation module,
measuring module, switch module and display module. Since the
measurement display function can be realized in Arduino IDE No

serial monitor, ultimately, the system composes of 3 sub-systems: Y

signal generation sub-system, automatic electrode switch sub-
system and voltage & current measuring sub-system. The right

Figure 25 demonstrates the operation process of the system.

supply

The function of each sub-system would be explained in this

paragraph. For automatic electrode switch sub-system, it Figure 25 Subsystem flow chart
mainly consists of 3 aspects — reading control signals,

connecting chosen electrodes (terminals) and transmitting measuring signals. This sub-system can
realize the automatic switch among 26 electrodes in a specific order. For signal generation sub-
system, it mainly uses Arduino Uno Board as power source to generate the AC square wave with the
help of some voltage divider resistors. For the differential voltage & current detecting sub-system,
the voltage and current sensors are the core components in this sub-system. The current and voltage
changes through the resistor would be measured by this sub-system. For the display sub-system,
several important parameters (such as voltage, current and resistance) obtained by the
microcontroller would be shown to the user on the display screen.

4.3.2 Sub-system overview

The interaction and the interactive variables between each sub-system would be shown in the Figure
26 below. The XA1 means AC power from the signal generation sub-system to voltage & current
detecting sub-system. The Z1 means the analog signal (Current going through and differential voltage)
sends to the Differential voltage& Current Detecting sub-system. The Z2 means the digital signal (By
way of analog-to-digital conversion) sends to the Control sub-system. For the XD1, XD2, XD3, they
represent the DC power signal provided by the Control sub-system. The Z3 means the

communication of digital signals between two subsystems. At last, the visual value of the resistance
shown to the user is U1.
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Figure 26 Sub-system overview—interaction and relation between sub-systems
Table 5 Limits of sub-systems
Item Representation Symbol Min Max Unit
XA1 AC square wave signals to voltage & current u 100 2600 mV
measuring sub-system
Frequency f 100 3600 Hz
XD1 Power supply for signal generation sub-
system and display sub-system
Supply voltage U | 33 5 Vv
XD2 Power supply for automatic electrode switch
sub-system
Supply voltage U | 3.3 5 \Y
XD3 Power supply for automatic electrode switch
sub-system
Supply voltage u | 3.3 5 Vv
01 External environmental impact (contact
resistor, soil conditions, etc.)
02 Impacts caused by system to environment
21 Analog signal from electrode cable lines
Differential voltage u 100 800 mV
Induced current I 0 100 mA
22 Digital signal for automatic electrode switch Byte \ \ \
sub-system
Z3 Analog signal from electrodes chosen in Byte \ \ \
automatic electrode switch sub-system to
voltage & current measuring sub-system
Z4 Analog signal from voltage & current Byte \
measuring sub-system to display
U1 Displayed values in Arduino serial monitor R 0 4700 Q
U2 Command and operation from user \ \ \ \

4.4 Sub-system I: Automatic electrode switch sub-system

The switch sub-system will be described with the assistance of sub-system overview diagram in this
section. In addition, the test plan of switch sub-system will also be introduced briefly whilst more

details of it are in the appendix.

4.4.1 Sub-system description

The most important function of this sub-system is to realize the automatic switch controlled by code

in Arduino IDE within electrodes combinations. The user gives command by code to the sub-system
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to determine the frequency of switch and how many groups of electrodes are chosen to measure.
The 26 electrodes are connected with switch sub-system and the sub-system is responsible to select
4 electrodes at one time and connect them to the measuring circuit, detecting the current and
voltage of electrodes. One piece of optocoupler TLP521-4 takes the responsibility for 4 electrodes,
also regarded as one combination. As required from the client that there are 23 combinations
waiting to be measured among
the 26 electrodes, so 23
optocouplers in total are
needed.

= Power supply of
optoucouplers

= Digital signal to
enable the

opitocoupler
R R Input power
Electrical signal

= Electrical signal
containing

Power supply

Electrodes

As displayed in the left figure,

there are 4 inputs as well as 3

outputs of automatic electrode

switch sub-systems. This sub-
system received electrical

T Suiteh sequence signals of all electrodes and

groups h selects 4 among those to
Control command |
- Stray transmit to the measurement
capacitance

i e — [ Dota aspiay circuit of the system. The
switch command is determined

by user, including the switch
interval, switch sequence
(among electrodes) and so on.
It is noticeable that this sub-system is supplied by two types of power: one is the DC 5V power source
for optocouplers while the other one is the digital signal for enabling specific optocoupler. Finally,
there are interactions between the automatic electrode switch sub-system and the external
environment.

electrode

information
4 glectrodes selected

= Switch interval

« Heat
= Electromagnetic
field

\oltage & Current
measurement clrouit

Outward
environmental
impact

Automatlic electrode switch

« High
temperature

External environment

User

Figure 27 Automatic electrode switch sub-system

4.4.2 Sub-system test plan

This test plan is to illustrate how to test the automatic electrode-switch sub-system. The aim of this
test is to verify whether the switch sub-system is able to stably switch within electrode sets. Because
the goal of test is to prove the feasibility of concept design and system engineering approach V-model
was applied in this project, the sub-system is inputted with ideal resistors instead of real electrodes.
In this case, the input of the sub-system can be controlled flexibly and also, ideal testing conditions
were created and the interference factors are excluded.

The test plan of automatic electrode-switch sub-system can be found in Appendix XI——Automatic
electrode-switch sub-system test plan.

4.5 Sub-system II: Voltage & current measuring sub-system

Voltage & current measuring sub-system is as important as the switch sub-system in this project. The
measuring sub-system takes on the responsibility of measurement task in the circuit.

4.5.1 Sub-system description

The structure of voltage & current measuring sub-system is not complex and interaction of this sub-
system and other elements is shown in Figure 28. The inputs of this sub-system are threefold: analog
signals of electrodes chosen, AC square waves and DC power for ADS1115. The output of measuring
sub-system is the measurement results to display for the user.
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To be more detailed, the

s 5V DC power « Voltage of electrode i i
- source of enabling « Current of electrode eIeCtrlcaI SIgnaI from thOSE
= ADS1115 » Resistance calculated _ electrodes selected is from
Input power Result of measurement 5 automatic electrode-switch sub-

system and this signal contains
the information of electrode to
measure such as electric

+ Electrical signal potential. As for the AC square
containing the
electrode waves rather than DC power,

= Amplitude

information
« Frequency

they are supply added to
electrodes when measuring,
aimed at eliminating the
polarization effect occurring
between the electrodes. The
amplitude and frequency of AC
square waves are changeable.

Voltage & Current measurement

4 electrodes selected

AC square waves
(for supplying the electrodes)

Automatic electrode switch

Signal generation

Figure 28 Voltage & current measuring sub-system description

The result of measurement transmitted from voltage & current measuring sub-system to the user is
composed of 3 parts. The voltage of electrode is measured by ADS1115 in differential mode: in
differential mode of operation, the inputs act in pairs to measure the difference in voltage between
the two inputs. The current detected is the current flows through the reference resistor but the value
of it equals the current flows through the electrode because of the series connection. Finally, the
corresponding resistance is calculated and displayed in Arduino IDE serial monitor to user.

4.5.2 Sub-system test plan

This test plan introduces the key points and process of the voltage & current measuring sub-system
test. The aim of the test is to verify whether this sub-system has the function to stably detect the
current flowing through the resistor to be measured and as well as the voltage across that under the
AC square waves.

The test plan of Voltage & current measuring sub-system can be found in Appendix XII——Voltage &
current measuring sub-system test plan. The detailed test process and raw results are displayed in
the Appendix XII Voltage & current measuring sub-system test result.

4.6 Sub-system III: Signal generation sub-system

The function of signal generation sub-system is to generate stable AC square waves. Using DC power
supply for electrodes leads to polarization effect between electrodes, significantly influencing the
accuracy of the test results. Thus, as required from the in-company mentor, an AC square wave
generation circuit needs to be designed.

4.6.1 Sub-system description

Compared with automatic electrode switch sub-system, signal generation sub-system relates to the
voltage & current measuring sub-system more. There is also power supply that is 5V DC from Arduino
board for the signal generation sub-system. The whole operation in this sub-system can be regarded
as a conversion of power supply, from 5V DC to AC square waves with various amplitude and
frequency.
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» Change the AT H
resistance of shunt As Flgure on the left ShOWS, there
resistors
» Change the number are 2 inputs and 2 outputs of the
of shunt resistors
= Ch the lay-out i i -
Change ine 12y-0u signal generation sub-system. User
has the access to changing the
T Change the property of » Frequency
=1 signal source generated « Amplitude property of AC Signa| generated
________________________ / ) including the frequency and
i Power supply for
i = Frequency electrodes

amplitude by changing resistance or
number or the lay-out of voltage
divider resistors, which is based on
D the feedback (normally image from
oscilloscope) from signal generation

sub-system.

/i + Ampitude

_________________________ I=y
Feedback of real properiy ufi
AC square waves generated;

Electrodes selected

Signal generation
Woltage & Current measurement

Input DC power from Arduino
Mega 2560

Power Supphy

Figure 29 Signal generation sub-system description

4.6.2 Sub-system test plan

The aim of signal generation sub-system test is mainly to find out the properties of the equivalent AC
square wave signal source generated by Arduino board with some voltage divider resistors. Also, test
the stability and reliability of the AC square waves from the perspectives of frequency and amplitude.
The AC signal generated in this sub-system will serve as the power source added to those electrodes
when measuring.

The test plan of signal generation sub-system can be found in Appendix XI——Signal generation
sub-system test plan. The detailed test process and raw results are displayed in the Appendix XII
Signal generation sub-system test result.

4.7 Component design & test

The component list including the details and descriptions of each component can be found in
Appendix VI—— Component list. The schematics and properties of two core components, ADS1115

and TLP521-4 can be found in Appendix VI ——Schematics and properties of core components.
Signal generation
e subsystem Before the component building

and testing, the overview
component design has been
finished, as Figure 30 shows.
---F 15_1 _____________________ e I There are 5 elements, Arduino
I board, voltage divider resistors,

I optocoupler TLP521-4, analog-to-
Automatic electrodel ____ _ _ p—— == o oo oS-SS oo oo oo digital converter ADS1115 and
B P9 XALL transistor 2N3906, in the diagram.
Analog-to-digital 2.1 the data flow relationships
converter ADSHHS between components in every

xo13] sub-system is clearly displayed in
this diagram and this can be
regarded as a summary of those
components described in the component design of every specific sub-system in the following
sections.

1
1
| XD1.1
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=
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Figure 30 Data flow diagram of components in each subsystem

The Table 6 below lists the limits of each component.
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Table 6 Limits of components

Item Representation Symbol Min Max Unit

XA1.1 AC square wave signals connected to analog-to- u 100 2600 mV
digital converter ADS1115
Frequency f 100 3600 Hz

XD1.1 Power supply from Arduino board to voltage u 33 5.0 \Y
divider resistors circuit to generate AC square
waves

XD1.2 Power supply from Arduino board to each u 3.3 5.0 Vv
TIP521-4

XD1.3 Power supply from Arduino board to ADS1115 u 3.3 5.0 Vv

o1 External environmental impacts to Arduino
board and optocoupler TLP521-4

21.1 Digital control signal from Arduino Byte \ \ \
microcontroller to optocoupler TLP521-4

22.1 Analog signal from optocoupler TLP521-4 to Byte \ \ \
analog-to-digital converter ADS1115

Z3.1 Analog signal from analog-to-digital converter Byte \ \ \
ADS1115 to the Arduino board

U1 Command and operation from user \ \ \ \

4.7.1 Component design of switch sub-system

TLP521-4 optocoupler: The TLP521-4 can isolate switch circuit and measuring circuit, preventing the
interplay between them. One optocoupler corresponds to one 4-electrode combination, so only one
optocoupler is needed for each switch, the circuit is relatively simple. Because there are 23 possible

combinations among electrodes in this
project, 23 pieces of TLP521-4 are needed XD1 XD1.1
totally. The left side (LED side) of each T w XD1.3

TLP521-4 connects to the 5V DC power
supply and digital output pin of Arduino
microcontroller while the right side
(phototransistor side) connects to 4
electrode and measuring component. These ((2n3908 ?

23 optocouplers work one by one o ( A1l= v - ﬂ
automatically controlled by code and so, 23 i [TLP521-4} [TLP521-4

Arduino Mega 2560 Z31

—

sets of 4-electrode combinations are e e e
selected and measured respectively. T

2N3906 transistor: 2N3906 is a kind of small Wzt

signal PNP transistor. In the switch sub-system, Figure 31 Component description of automatic electrode
the function of this transistor is to make the switch sub-system

optocoupler controlled by the high and low digital signal Z1.1 from the digital pin of Arduino board.

As shown in Figure 31, automatic electrode switch subsystem is composed of Arduino Mega 2560
microcontroller and several TLP521-4 optocouplers. Environmental factors O1 influence Arduino
Mega 2560 as well as TLP521-4. U1 is the user command to microcontroller. Arduino microcontroller
is powered by external supply XD1 and serves as the power supply both for all TLP521-4 and the
voltage divider resistors in signal generation sub-system. Z1.1 is the digital control signal from
microcontroller to each TLP521-4 and Z2.1 is the analog signal from TLP521-4 to analog-to-digital
converter ADS1115. For displaying the resistance measured, the Z3.1 is the analog signal containing
the measurement information from ADS1115 to microcontroller.
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4.7.2 Components of measuring sub-system

ADS1115 analog-to-digital converter: The ADS1115 is a kind of analog-to-digital electronics chip. The
precision is 16-bit at 860 samples/second. This device can measure positive and negative voltages
and it is noticeable that using differential measurement eliminates noise. In measuring sub-system,
ADS1115 plays a role of voltage & current detector. In fact, ADS1115 detects two voltage values: one
is the voltage drop of electrode while the other one is the voltage drop of a reference resistor of
which the resistance is known. In terms of the resistance resistor and the electrodes to measure are
in series, the current flowing through the resistance resistor equals to that of the electrodes.
Therefore, it can be considered equivalently that ADS1115 detect both voltage and current of the
electrode.

. . XD1 XD1.1 -
Figure 32 shows that voltage & current measuring | s >
sub-system consists of microcontroller Arduino ut o2l
Mega 2560 and detector ADS1115. Z2.1 is the ot Arduino Mega 2560 211
analog signal containing electrode information from

J

TLP521-4 of the switch sub-system. XD1.3 is the 5V
XD1.3

DC power supply from microcontroller and XAl1.1 is . 34

the AC square waves signal that is across the 224 NE
electrodes from signal generation sub-system. After vy ] ApstsS
measurement of ADS115, the analog signal Z3.1

containing measurement results will be transmitted

back to microcontroller to display. Figure 32 Component description of voltage & current
measuring sub-system

4.7.3 Components of signal generation sub-system

Voltage divider resistors: Totally 3 or 4 resistors are used in signal generation circuit and these
resistors are called voltage divider resistors. Since Arduino Mega 2560 board stably outputs around
5V on digital pins, it is feasible to configurate the

output voltage with the assistance of voltage

divider resistors, generating AC square waves. The _L>
resistance of these resistors varies depending on U

the required amplitude of AC square wave (from N
500mV to 2.5V).

XD1.2

v

XD1.3

Arduino Mega 2560 2141

XD1.1 is the power supply from Arduino o

microcontroller to voltage divider resistors to XA
. . . Voltag_e divider

generate AC square wave signal XA1.1, which is resistors

the power used in voltage & current measuring

sub-system.

Figure 33 Component description of signal generation sub-system

4.7.4 Component test plan

The test plan of component ADS1115 can be found in Appendix XII——ADS1115 test plan. This test
is to confirm that whether ADS1115 could measure the voltage of the ideal resistor within the
acceptable error range and transfer the data collected to Arduino microcontroller.

The test plan of component TLP521-4 can be found in Appendix XI——TLP521-4 test plan. The aim
of this test is to verify the isolation function and the switch function of the TLP521-4. The TLP521-4
will isolate the measuring circuit with AC square waves from other parts, so this test is the basis of
further switch sub-system test and the final integrated system test.

27



4.7.5 Component test result

A. ADS1115 test result

In this test, 3 groups of resistors set-up are used to
test the function of ADS1115. The configurations of
resistance are 100-1000Q) in series, 510-1000 Q in
series and 5100-2000-1000 Q in series respectively.
After comparing the voltage of the resistors
measured by ADS1115 and the actual voltage
measured by oscilloscope, the errors in each test
group can be calculated and the calculation results
have been drawn into bar chart displayed below.
The detailed test process and raw results are
presented in the Appendix VIl ADS1115 test result. Figure 34 Test set-up of ADS1115

Errors of 3 Groups of ADS1115 test

It can be derived from the
data in the tables above that if
regarding oscilloscope as

4.00%
3.50%
3.00%

2.50% reference, all of the errors
0,
i'ggé’ between values measured by
. (]
1.00% ADS1115 and reference values
0.50% III II III are under 3.6%, which is
0.00%

, ] , ] , within the required standard
100-1000Q in series  510-1000Q in series  5100-2000-1000Q) in
series 6%.

M Error of resistorl M Error of resistor2 M Error of resistor3

Figure 35 Bar chart analysis of ADS1115 test

B. TLP521-4 test result

After testing, it is proved that optical coupler TLP521-4 can work properly and for this project, this
component can serve as timer switch by coding in Arduino IDE. The detailed test process and raw
results are presented in the Appendix VIl TLP521-4 test result.

As shown in the figure below, the multimeter was used to measure the potential from the lower end
of the resistor to the
~25V, Switch on ~0, Switch off ground under the supply
of 5V from Arduino
board. When the
potential is about 5V, it
means the optocoupler
TLP521-4 works at “ON”
condition, the current
going through the
resistor and optocoupler
to the ground. When
the voltage drop is
almost zero, it means
TLP521-4 works at “OFF”
condition.

Figure 36 Test record of TLP521-4 test
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4.8 Sub-system integration & test

Following the V-model, in this section, the integration scheme and process of each sub-system will be
illustrated firstly.

Aimed at validating the feasibility of the sub-system integrated, sub-system tests had been carried
out respectively and the relevant test results of each sub-system are displayed in the following
sections.

4.8.1 Sub-system I: Signal generation sub-system integration & test

According to the previous research on the handheld measuring device C.A 6460, the signal power
source for voltage & current measuring sub-system is required to be AC source to eliminate the
negative effect of electrode polarization. There is one previous signal generation sub-system
designed by one of the in-company colleagues, Mick van Eerd, as Figure 37 below shows.

- Digital potentiometer Pingi Guo researched and carried out
" B \ e related tests of this system. This circuit
?a.a = design needs to use several additional
™ » " components such as operational
ezs | Tﬁrm L EA w7 2P amplifier AD820, OPO7 and regulator
(5: |a i LM828. What is more, the working
B s state of the system is unstable (Guo,
‘ o 2021). Therefore, there were still many
,4;1.,,, adjustments and debugging work left
to carry out of this circuit. Ultimately,
Figure 37 The soft simulation of signal generation circuit (Eerd, 2021) Pingi used a wave form generator to

replace this signal generation circuit.

As recommended by Pingi, at the beginning of this project, both signal generator SDG 1062X and
signal generator module ICL8038 were tested as two options of signal generation sub-system. Their
performances were excellent and the output AC square waves signals were stable as expected.
However, they were external source and when the frequency was set at about 800Hz (design
requirement), the ADS1115 which is the detecting device for voltage & current measurement could
not work normally. The reason, after research, was that the sample rate of ADS1115 is too low and
the frequency of 800Hz is too high. In other words, the AC square waves were too fast to detect for
ADS1115.

Figure 38 Signal generator SDG 1062X Figure 39 Test result of ICL8038
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4.8viov

+1

R1 To solve this problem, after discussion with Haobo Guo, one of the in-

1.5kQ

A MWA—¢ company colleagues, a new portable signal generation sub-system that is
based on Arduino board and several bleeder resistors was designed for

-

a2 s this project. There were two configurations built of bleeder resistors of
m e 15e which the purpose is to generate two square wave signals with different
\—O voltage amplitudes.
+1
e < Digital pins are most common and basic 10 pins of Arduino and the
Figure 40 Signal generation circuit of 2.4V output output ditial signal can be 0 and 1 which represent 0V low level and
ViV 3.3~5V high level respectively, depending on the type of Arduino board
+ 1 and the configuration of bleeder resistors. Output voltage of Arduino
13k fon Mega 2560 is around 4.8V with 1kQ resistor. Based on this, two circuits

were configurated using different bleeder resistors and the the square
wave signal with amplitude of about 2.4V is output between point A and

R3 R4
X;\“/\ Lo AN point B whilst square wave signal with amplitude of about 1V is output
between point C and point D. Besides, the frequency is ajustable by code
+ 1 in Arduino IDE.

48V

Figure 41 Signal generation circuit of 1.0V output

Test result of signal generation sub-system
| —— —

200000

Figure 42 Test set-up and display of oscilloscope DSO5202P  Figure 43 Test set-up and display of oscilloscope DSO05202P
for 2.4V output for 1.0V output

With the agreement from in-company mentor Mr. Goossen, an oscilloscope of which the type is
DS05202P was chosen to be the ideal reference device to read data of the signal generation sub-
system. As Figure 42 and Figure 43 show, both these two kinds of AC square wave signals were
outputted and detected by oscilloscope DSO5202P successfully. The raw test data and other bleeder
resistor configuration are in Appendix XI[—test result of signal generation sub-system.

4.8.2 Sub-system II: Switch sub-system integration & test

The detailed discussion and determination process of the switching sequence between the
electrodes are illustrated in Appendix X.

Figure 44 below shows that for each TLP521-4, four resistors of 2kQ, one resistor of 1kQ, one resistor
of 10kQ and one transistor 2N3906 are used. After looking up the datasheet of TLP521-4, it was
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known that the maximum forward voltage of LED in TLP521-4 is 1.15V. And the VDD is 5V as well as
the minimum LED-side current that drives the optocoupler is 2mA, so the resistance of current-

Vpp-Vg  5.0V-1.15V
DD_F — = 1.9kQ. In real
IF 2mA

limiting resistor of each input terminal of TLP521-4 is: R}, =
sub-system integration, 2kQ resistors were selected to use.

As for the selection of the pull-up resistor of transistor 2N3906, considering that the saturation

voltage drop of transistor emitter-collector is
VDD1 011

BE " . . i
A L ke ¢ S . 0.2V, the minimum resistance of pull-up
R12 K- E 1 . . Vpp—V 5.0V-0.2V
AN 2 K+ € 3 1 resistor is: Ry, = 22—EC¢ = =
2K pi3 ‘; K- E iz B Ig 2mA
xia K ol Kr ¢ i > 2.4KkQ. In real sub-system integration, 10kQ
7 ~ 10 y . .
o 5] K+ C 3 4 pull-up resistor was determined to use
RIS K- E & . . .
S TIP3l A because in this case, the emitter voltage of
T /|;7 Qi1 transistor can be increased to 10V in further
R16 . . ™
= ~ )ZN”OG research so as to increase the reliability and
stability of the circuit.
The 11 terminal is connected to digital 1/O
s terminal of Arduino. When the digital 1/0

) terminal of Arduino is set at high level, the
transistor is cut off and the potential of
emitter terminal is high and at this moment,

optocoupler TLP521-4 does not work. When the digital I/O terminal of Arduino is set at low level, the
transistor is at “on” working condition and the potential of emitter terminal becomes low, which
leads TLP521-4 to work normally.

Figure 44 Core module of switch sub-system

Theoretically, 23 optocouplers in total are needed for a complete switch sub-system to cover 23
possible combinations of electrodes. In terms of the complexity and non-operability of the set-up on
breadboard, a switch sub-system containing only 3 optocouplers were integrated (as shown below),
which can be regarded as the proof of the complete sub-system design. In final system integration
stage, 23 optocouplers will be all integrated into one PCB for the final verification test.

Figure 45 Integration process of switch sub-system on breadboard
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Automatic electrode-switch sub-system test result
As the left figure shows, 3 groups of
© coms resistors were used to test the
switch function of this sub-system.

Hello! . ore
Getting differential reading from AINO (P) and AIN1l (N) In the fIrSt Condltlonl the
ADC Banga:—&/- 6 144V (1 bit = 3uV) optocoupler keeps switched off,

rrentl: 0(0.00mA
tagel: -5(-15

wep  Optocoupler is “OFF which means there is no current
flowing through the circuit. Then
optocouplerl is controlled to switch

rrentl: 25(0.76mA
¥eltagel: 504 (1512n

mmsp  Switch to groupl
> Switch every

. 97(2.93m same interval on, so the current and voltage of

A e =P  Switch to group2 .

: 264 (792mV the first group can be detected and
cafrent3: 86(2.60M displayed. After that the

mmmsp  Switch to group3

optocoupler switches off and
optocoupler2 is controlled to switch
on to measure and then turns to
switch off. Finally, the optocoupler3
switches on to operate. The entire process keeps cycling until the power is cut off.

Figure 46 test results demonstration

It can be concluded that the automatic switch sub-system can work normally as expected, switching
automatically by code within the simulation resistor groups in spite of the fact that the accuracy of
the values measured has not been proved yet.

4.8.3 Sub-system III: Measuring sub-system integration & test

The core component of voltage & current measuring sub-system is analog-to-digital converter
ADS1115. As shown in the figure below, there are one 100Q reference resistor and one resistor
waiting for measurement in series connection. The reference resistor and the resistor to measure are
both connected to ADS1115 respectively in a differential voltage detecting mode. Besides, an AC
square wave source generated from signal generation circuit serves as the power supply of both the
resistors. In this case, the differential voltage of the resistor to measure is detected by ADS1115 and
with the current measured from the 100Q resistor, the resistance of the simulation resistor can be
calculated.

Adafruit
ADS1115
168it

Reference Jresistor ADC
Q

w0
(Revd)
1Csp

§ Resistor to measure

Figure 47 Measuring sub-system circuit schematic
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Voltage & current measuring sub-system test result

2 The on-site test set-up was
displayed on the left (Figure 48).
In this test, ADS1115 powered by
Arduino board was separately
tested 3 times to verify the
accuracy of the measurement. 3
different resistors with the
resistance of 2009.6Q, 511.2Q
sighal generation"" g and 270.8Q respectively
circuit = Nl W, (measured by multimeter) were
: 3 used. The results have been listed
below and related errors are
calculated. The raw test data are
in Appendix XII-- Voltage &
current measuring sub-system
Figure 48 Set-up of measuring sub-system test test result.

Table 7 Test results and errors calculation of measuring sub-system

Ref: 2009.6 Ref: 511.2 Ref: 270.8
Nr. Error 1 Error 2
x
1 2010.15 0.03% 0.24% 269.62
2 2009.17 0.02% 508.85 0.46% 268.26
3 2009.66 0.00% 511.63 0.08% 273.36
4 2010.15 0.03% 513.67 0.48% 269.86
5 2009.66 0.00% 509.65 0.30% 271.48
6 2009.91 0.02% 509.23 0.39% 269.62
7 2009.87 0.01% 512.02 0.16% 271.03
8 2009.39 0.01% 513.62 0.47% 271.63
9 2009.91 0.02% 515.95 0.92% 272.22
10 2009.59 0.00% 506.9 0.85% 269.86

After the comparison of the values detected in the voltage & current measuring sub-system with the
resistance measured by multimeter, conclusion can be obtained that all errors are lower than 1.00%,
which means when measuring sub-system works separately, it has the capability to provide rather
precise measured results.

4.9 System integration & test

The system integration is to combine signal generation subsystem, automatic electrode switch sub-
system and voltage & current measuring sub-system into one complete system. After the integration,
system was tested to validate whether the expected functions were realized ultimately.

4.9.1 Interaction between switch sub-system and measuring sub-system

The interactive part between switch sub-system and measuring sub-system is a critical part in system
integration. These two sub-systems are the core of this project.
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1

Figure 49 illustrates the interactive

connection of one piece TLP521-4 100 ADSILLS

and other components. For the I | L—{ Ao

ultimate test of the complete o — |j i:ﬁ:

system, there will be 23 electrode A2 g resictors. AN i
combinations with 23 optocouplers. i; GHIy o
and each 3 resistors set used to - e

would be parallelly connected to VDD

AIN1 and AIN2 sequentially. Every TLP521-4 GJ]D é\, J S—

time when measuring, there is only

one optocoupler switched on and SDA

. . . Arduino SCL
one set (3 simulation resistors)

connected to ADS1115 for
measurement and the value

calculated would be displayed in Figure 49 Schematic of interaction between switch sub-system and measuring
Arduino IDE serial monitor. sub-system

4.9.2 System demo (on breadboard) integration

Before the final integration in PCB, a system demo on breadboard was integrated. As mentioned in
former chapter, this system demo only contains 3 optocouplers so there are 3 groups of data
measured in one measurement. The feasibility of the system integration needs to be validated by this
system demo and the system integrated into PCB cannot be manufactured unless the system demo
passes the test.

System demo test result

r
@ com3

Group 2:

RefDifferential: 518(97.38mV)
Differential: 1396(262.45mV)
Resistance= 269.50

Group 3:

RefDifferential: 384 (72.19%9mV)
Differential: 1980(372.24mV)
Resistance= 515.63

Group 1:

RefDifferential: 150(28.20mV)
Differential: 3009 (565.69mV)
Resistance= 2006.00

Group 2:

RefDifferential: 521 (97.95mV)
Differential: 1409 (264.89%mV)
Resistance= 270.44

Group 3:

RefDifferential: 392 (73.70mV)
Differential: 2020 (379.76mV)
Resistance= 515.31

BEa#ER [ show tinestamp

s \

Figure 50 Set-up of Automated Salt Watcher System demo test Figure 51 Screenshot of test results in Arduino IDE

Besides the AC test for system demo, DC test was also carried out and the test process and test

results with detailed test results of AC test can be found in Appendix Xll-Automated electrode-switch

salt watcher system (demo) test result. From Figure 51, two conclusions are obtained: the system
demo can realize automatic switch function and keep cycling within 3 groups; the measuring part in
the system demo works normally without interference from the switch function.
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As for the error of test results, after comparison of the values measured by system and the actual
values, it is gratifying that all errors of these

Errors in system demo test group tests are lower than 1.0%, which
proves that the combination between switch

1.00%
0.80% function with the usage of optocoupler and
0 measuring function is successful. By
0.60% . . . .
analyzing this error line chart, it can be also
0.409 . . . .
% ° derived that for resistors whose resistance is
0.20% . )
0 .'.:'.':.‘88..'.'.:: more than 500Q, the interference is
0.00% relatively small than those resistors that has
0 5 10 15 20 25 . .
lower resistance. In this test, the errors for
@®Errorl @Error2 ®Error3 two simulation resistors, 2000Q and 510Q,
fluctuates at around 0.10% whist the error
Figure 52 Scatter diagram of errors in in system demo test for simulation resistor that is 270Q

fluctuates from 0.50% to 0.93%.

4.9.3 Printed circuit board (PCB) design of system prototype

The success of system demo test proved that both the system design and system integration scheme
are feasible. So, the final production stage of PCB design and manufacture comes.

In PCB design, the connection between each optocoupler and 4-electrode is fixed. But the 11 terminal
controlled by digital signal from Arduino is changeable, meaning that theoretically every order of
switch can be realized by controlling the connection between the digital pins from Arduino board and
11 terminal of each optocoupler. Aimed at realizing 23 switches in one entire measurement activity,
totally 23 optocouplers are used in switch sub-system, as shown below. The HD large images of PCB
design document file and the circuit diagram are in Appendix XI.

Optocoupler

TLP521-4

23 pieces totally

-
il

Ikt

Connect with 23
digital 110 pins
of Arduino

Tt

Connect with 26

electrode-probe

@ mli lillili“@Lw{

DC 5V VvCC

Connect with SCL
and SDA terminals
of Asduino

Rt

AC square wave
signal terminals

i |

T

A LT AT Lo A L
«é_,m@_];]_ié_,n_ig_‘i.,l_lg_l.m%h

SMD 2N3906
23 pieces totally

Figure 53 Partial of final prototype circuit schematic (23 optocouplers) Figure 54 PCB design document file
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To save human labor, material resources and project cost, single surface mix assembly was applied

Soldering and midway commissioning... Final PCB

\\\ 25 simulation
N resistors in series
)

N

Arduino s
Mega -

in this PCB design. As Figure
55 shows, in addition to
ADS1115 and optocouplers,
other small electronic
components are all mounted
directly onto the surface of
PCB (SMT). The ADS1115 and
23 pieces of TLP521-4 are
required to be soldered
manually onto the PCB.

Figure 55 The soldering process of PCB

As shown in the figure 57 on the left, the final
system prototype includes 4 parts — PCB,
Arduino board, voltage divider resistors and
simulation resistors. There are 25 resistors in
total which are laid out in series generating 26
terminals. These 26 terminals are connected
to the PCB simulating the connection between
26 electrodes and the PCB. 3 complete groups
of test results of which there were 23 values
respectively were recorded and analyzed. As
comparison, the actual resistance of those 23
resistors were measured by multimeter and
also listed in the excel table.

Figure 56 System prototype set-up overview

The raw test results are in Appendix XII. After

the test, it is visually to derive the conclusion from the line chart above that (Frequency: 800Hz and
Amplitude: 700—2000mV) all sub-systems relating to the components successfully collaborated with
each other. The most errors of the test results are less than 2.00% while they fluctuate during the

Errors in system prototype test

5.00% e - e=@==Test 1
. I

o1 e e
3.00% mrmememe s Test 3
200% —— —— ——_—_JQpbv_
1.00% A |

WY, Y
0.00% & : N f g

123456 7 8 910111121314151617181920212223
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switch & measuring process. There are
two relatively large errors seen from the
figure and they are both the results of
11t simulation resistor. So, the reason of
this peak might be the impacts of the
environment, such as contact resistance,
loose contact, stray capacitance, etc. In
summary, despite the existence of few
large errors, all errors are in the
acceptable range of 6%, meeting the
expected requirement.

Figure 57 Line chart of errors in system prototype (PCB) test



System prototype filed test result
SRy

{
..‘..Dfﬁlems

Figure 59 Assembling when doing the field test

Figure 58 (left picture) Set-up of the on-site system test
On account of the difference of terminal type, there is not enough cables for connecting all terminals

in the "white box" (in Figure 58) at the same time. So, with the permission of the in-company mentor,

the on-site test is just to verify the accuracy of measurement. For the on-site prototype (green tank
in the figure), there are 7 configurations of electrodes normally to test. Accordingly, the system on-

site test also focused on the measurement of these 7 combinations. ¥ wCAGHE
Table 8 Test result analysis -
Resistance
Measurement
Wenner of svstem measured Error Pass the
configuration ¥ by C.A 6460 test? Bilicwwtil BliGo |
prototype (Q) erential: -109(-20.4%V)
(Q) Resistance= 16.78 ‘

1 50 19.63 18.48 6.22% Yes S—

RefDifferential: 621(116.75aV)
2 40 16.78 16.74 0.24% Yes It O G1ift

Resistance= 19,
3 30 79.55 21.6 268.29% No TR

RefDifferential: 532(100.02nV)
4 20 26.93 28 3.82% Yes Differential: 143(26.85a)

| t Resistance= 26,93
almos
5 10 44 49.4 10.93% ( ) _ -
Yes Group 1:

RefDifferential: 501(94.1%mV)
6 20B 65.68 15.26 330.41% No Differential: 220(41.3aV)

Resistance= 44,00
7 10B 17.85 17.09 4.45% Yes ST
It can be concluded from the table that the measurement of 5 e
configurations had passed the test, even though one error slightly i
exceeded the expectation (within 10%). There were 2 incorrect e
measurements during the test. The reason why the errors were i ttorsintls 35 )
unstable and the cause of wrong measurements remain uncertain. ik /-

Here are some analysis and suppositions of that: 1. Some environmental Figure 60 Screenshot of test result table
factors influence the operation of measurement. For example, the high temperature impacts the
characteristics of Arduino microcontroller and some electronics components. 2. The existing of stray
capacitance affects the voltage measurement. 3. The input voltage of the electrodes is too small
(normally £100mV), making detection difficult. 4. Although the input power for electrodes is AC
square waves, during each detection of the voltage the input power can be regarded as DC source at
that moment, which may lead to slight polarization between electrodes.
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Chapter 5: Discussion

In this chapter, the test results will be discussed from two aspects. One aspect is evaluating the
performance of the designed system in the tests. The other aspect is analyzing the reason why the
system did not fully achieve the expectations in ultimate field test. In the last section of this chapter,
there is an overall method judgement discussion.

5.1 Discussion for results

This system prototype has fairly achieved the expected goal when testing in the lab conditions using
ideal resistors. However, in the process of testing and debugging in real conditions at HZ SEA Lab,
some problems have been experienced and the system showed an unstable testing performance.
Now discuss these test results from three perspectives: accuracy, reliability and validity.

5.1.1 Discussion about test results in lab conditions

In general, the in-lab tests, including system demo test and system PCB prototype test, both went
smoothly and the results met the design requirements. In the system demo test, the measurements
with error less than 1% can be obtained most of time. For system PCB test, 25 resistors were used to
simulate the lay-out of 26 electrodes and in this test, the accuracy was slightly reduced, fluctuating
from 0.2% to 2% mostly.

Accuracy analysis:

From the test results, it is manifest that whether of the system demo integrated onto breadboard or
of the system integrated into a PCB, the measurement results are relatively accurate, meeting the
design requirement that the error shall not exceed 6%. As for the slight accuracy difference of these
two tests, it is probably caused by the hardware and wiring connection because the demo was
integrated onto the breadboard whilst the entire system was integrated to the PCB.

Reliability analysis:

The reliabilities of system demo (on breadboard) and system prototype (on PCB) are different.
Specifically, since many jumper cables and through-hole components were used for breadboarding
the system demo, the reliability of this system is poor. It was difficult to troubleshoot due to human
error and some bad connections problem. Sometimes the system demo could not work normally,
leading to the switching function failure or wrong measurement. By contrast, the system integrated
into the PCB was more reliable with good consistency and almost never went wrong after soldering.

Validity analysis:

Validity refers to whether a test measures what it aims to measure. The aims of these in-lab tests
were both to measure the resistance of those ideal resistors laid out on the breadboard. In fact, the
resistance was not directly measured by the system — there was an intermediate transformation
process. Generally, resistance cannot be measured in an operating circuit. Therefore, taking voltage
and current measurements and applying Ohm's Law is often used to determine resistance, which was
the design ideas in this project. According to the test results, the validity had been established and
checked respectively for these two tests.

5.1.2 Discussion about test results in real conditions

It is noticeable that in final on-site test, the system prototype performed differently from that in the
laboratory. There were 7 configurations of electrodes tested and only 5 among them passed. The
measurement data fluctuated violently, of which the errors were between 0% and 11%. Even two
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errors reached 268% and 330%. This means the measurements of these two groups were incorrect
totally. As for the professional resistance tester C.A 6460, it was capable to stably detect the
resistance of soil between electrodes without interference from external factors.

Accuracy analysis:

The expected accuracy of system in lab testing conditions shall not be less than 94% while that of
system in real testing conditions shall not be less than 90%. In other words, the error in field test is
expected not to exceed 10%. From the test results displayed in Table 8, it is obvious there were
several unqualified measurements. What is more, with the progress of the experiment and the
increase of the ambient temperature, the experimental accuracy descended gradually.

After analysis, there are mainly 3 possible reasons causing such Square wave
performance. Firstly, as Figure 61 shows, in order to have a 1000

stable voltage between P1 and P2, a constant current should be :0‘

maintained in the measuring circuit. Since two photo-transistors |< -

AO0-BO and A3-B3 are connected in series in the circuit, and the
typical saturation voltage drop of each photo-transistor is 0.2V
and maximum is 0.4V, the voltage drop of the two transistors
reaches almost 0.8V. In order to protect the electrode from

damage, the amplitude of the square wave signal is required to o
be less than 2V, preferably less than 1V. In this case, so it is < B3
difficult to ensure the pathways of the circuit. Secondly, as f @

mentioned before, on account of the sample rate limitation of

the detector ADS1115, the AC square source needs to convert  Figure 61 Equivalent circuit diagram

into DC signal source at each measuring moment of ADS1115. Otherwise ADS1115 cannot sample
and detect normally. Thus, the short DC signals can still cause polarization of the electrodes,
influencing the accuracy of the measurement. As the test time goes by, the polarization phenomenon
becomes more and more serious, which also explains why the test results become more and more
inaccurate. Thirdly, there are some realistic environmental factors affect the test results as well,
especially the accuracy of the results. For example, stray capacitance and current in the electrode-
probe damage the accuracy of the voltage detection of electrodes.

Reliability analysis:

The good reliability of system protype with PCB had been proved during the in-lab tests. After several
tests on site, the reason why the accuracy was getting lower and lower is not because of poor
reliability, but because of technical and external factors.

Validity analysis:

The system accomplished the task of measuring resistance of the soil between electrodes in spite of
some high errors. So the validity of the system prototype has been certified.

5.2 Discussion for V-model methodology

The V-model design method has successfully led this project over the past few months. The V-model
guided reasonably all design phases including, system design, subsystem design, and component
design in the first half of the project. Not only for the design, V-model also played a role in manage
validation the system. From components to the entire Automated Salt Watcher system, every test
was carried out based on the corresponding test plan and all test results were organized and
analyzed. Overall, the whole project executed smoothly, and it can be concluded that V-model is a
feasible technical guide for this project.
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Chapter 6: Conclusion and Recommendation

In this last chapter, the conclusion of the final project outcomes will be clarified and related
recommendations will be provided for further research.

6.1 Conclusion

As each sub-question has been solved, now it is time to answer the main question of this project:
What is the design of an open-source measuring system that can measure the electrical resistance of
underground soil using the principle of Wenner method, with several sets of automatically switching
4-electrode (less than 26 electrodes in total) combinations?

The final system designed uses Arduino microcontroller as central processing unit, external signal
generation circuit as the AC power of measuring sub-system, ADS1115 as the circuit voltage and
current detector and TLP521 as the electrode set switcher, with open-source code in Arduino IDE.

This design has relatively successfully completed the assignment task and basically achieved the
expected goals. Compared with the previous ones, the automatic switching circuit and measuring
circuit in this project have been innovated and improved. Of course, there were experiences of
failure during the process of designing, testing and verification, but it has ultimately achieved
excellent results through continuous innovation of ideas, adjustment of schemes and optimization of
design.

The final system prototype completed the tests of using ideal resistors to simulate the electrodes and
fulfill the requirement of accuracy, reliability and validity. However, the system prototype did not
practically perform as expected when measuring the resistance of soil between the electrodes at HZ
SEA Lab. The behind reasons were discussed in Chapter 5 but still uncertain. As for whether those
supposes and assumptions are correct, further relevant research and demonstration are required.

6.2 Recommendation

> Add intermediate relay. As shown in the figure below, each optocoupler TLP521-4 connects
with 4 intermediate relay output.

12V-24V |

K1

I’
A
G

K4

4

ST e T
7T
4]
]

T

Figure 62 Relays layout of the switch sub-system side
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Square wave
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Figure 63 Relays layout of the measuring sub-system side

Functions of intermediate relays:

(1) Anti-interference. In this way, the power supply voltage of the output intermediate
relay can be increased to 12V or 24V to improve the anti-interference ability.

(2) Isolate automatic switch circuit and measuring circuit, eliminating the negative
interaction between these two parts.

(3) Isolate on-site electrodes underground and the system circuit, reducing the negative

interaction between them.

> The design of this project is to integrate measuring circuit and switch system into one PCB and
use one external AC square signal source circuit. For further research, it could be a wise option
to design two PCBs — One PCB contains the automatic switch circuit with output intermediate
relays while another PCB, responsible for the measuring tasks, includes AC square wave
generation circuit and current & voltage detecting circuit.

» On account of that the sample rate of analog-to-digital ADS1115 is 8 ~860 samples per second
(SPS), of which the default is 128SPS. It is too low to detect the AC signal whose frequency is
high. Generally speaking, the sample rate must be at least twice the frequency of the sampled
signal in order to output the sampling results stably. Therefore, it could be an option to
research and apply another type ADS1015 with higher sample rate.

» As mentioned before, the reference resistivity/resistance tester C.A 6460 measures resistance
using (discrete) 10mA, 1mA or 0.1mA. Therefore, consider designing a stable constant current
source as the power supply that has the capability to output those three types of current for the
measuring sub-system. If it is too difficult to realize, it could also be feasible to find out
solutions to applying one existing constant current power supply to the measuring circuit part.
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Appendix I : Search Plan of Theoretical Framework

Table 9 Search plan
Nr. Topic Keywords: Source:
1 Measuring system of previous | AC square voltage, analog-to- Document;
project digital converter, data display Image
2 Switch system of previous Switch, electrode, SPST, Document;
project automatic, relay, analog T
3 Switch selection Contact switch, contactless Website;
switch, au‘to.matlcally, Scientific article;
characteristics
Forum;
Image
4 Soil condition Soil, salinization, conductivity, Document;
electrical resistance; the Website;
Netherlands
Scientific article;
Expert
5 Measuring method and device | Wenner, electrode, electric, Website;
current, voltage, conductivity
! ! ! Document;
handheld, device
Expert;
Image
6 Practical testing/ experimental | Safety, operation, test, error, Document;
issues experimental site Website:
Image
7 Arduino microcontroller Single-Chip microcomputer, Manual;
open-source, Arduino IDE, Website:
processing ’
Literature;
Forum
8 Price & Cost Netherlands, market demand, Website;
manpowgr, human resource, aeraivies
electronics
Image;

Back to main text
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Appendix II: Component selection -- Common contactless switch

Table 10 Common types of contactless switch

Diagram Characteristic Application
Solid-state Solid-state re,fay A solid-state relay (SSR) is an electronic | The most common application of solid-state relays
relay Load switching device that switches on or off | is in the switching of an AC load, whether that is to
when an external voltage (AC or DC) is control the AC power for ON/OFF switching, light
ﬂzﬂ‘ W applied across its control terminals. The | dimming, motor speed control or other such
/ P function of the solid-state relay is applications where power control is needed, these
isolating input and output and AC loads can be easily controlled with a low
' controlling high-power output current current DC voltage using a solid state relay
LED Opto-TRIAC (Chen, 2008). providing long life and high switching speeds
(Electronics Tutorials, 2020).
Optocoupler “Receiver” Optocoupler transmits electrical signals | Common applications for opto-couplers include

Photosensor

Visible ___--

“Transmitter”
LEDorIRED

using light as a medium. It has the
advantages of small size, long service
life, no contact, strong anti-interference
ability, insulation between output and
input, unidirectional signal
transmission, etc. It has a good isolation
effect on input and output electrical
signals.

microprocessor input/output switching, DC and AC
power control, PC communications, signal isolation
and power supply regulation which suffer from
current ground loops, etc. The electrical signal
being transmitted can be either analogue (linear)
or digital (pulses) (Electronics Tutorials, 2020).
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Darlington
Transistor

Collector
OC

Emitter

Emitter

Collector

The Darlington Transistor, which bears
Sidney Darlington's name, is a unique
configuration made up of two
conventional NPN or PNP bipolar
junction transistors (BJT) coupled in
series. In order to create a more
sensitive transistor with a significantly
higher current gain that is beneficial in
situations where current amplification
or switching is required, the emitter of
one transistor is linked to the base of
the other (Electronics Tutorials, 2020).

The base of the Darlington transistor is sufficiently
sensitive to respond to any small input current
from a switch or directly from a TTL or 5V CMOS
logic gate. The maximum collector

current Ic(max) for any Darlington pair is the same
as that for the main switching transistor, TR, so can
be used to operate relays, DC motors, solenoids
and lamps, etc. One of the main disadvantages of a
Darlington transistor pair is the minimum voltage
drop between the base and emitter when fully
saturated. Unlike a single transistor which has a
saturated voltage drop of between 0.3v and 0.7v
when fully-ON, a Darlington device has twice the
base-emitter voltage drop (1.2 V instead of 0.6 V)

MOSFET

At present, MOSFET with various
structures play an irreplaceable role in
the field of high-power semiconductors.
Besides, MOSFET’s make very good
electronic switches for controlling loads
and in CMOS digital circuits as they
operate between their cut-off and
saturation regions (Electronics Tutorials,
2020).

Simple Power MOSFET Motor Controller:

Snubber or
Clamping
Network

Complementary MOSFET Motor Controller:

Vg
Forward FET, 51| P-channel
Direction MOSFET
| e (e
Ve —
D- Ie
JLL
Vin r 1
D2 ﬁ Motor
v, ! oV
e | =
Reverse . MN-channel
Direction FET: Sz | MOSFET
-Voo
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Proximity : A proximity switch is used to determine = Level measurement and position detection
Switches I how cIo§e an object Is, o the proximity =  Limit detection and thickness
of an object. The proximity of an object
[ . . . . measurement
| is determined by using certain means
: ¢ such as magnetic, electric, or optical = Stack height measurement
| (Ashlin, 2020). So, these switches carl be = Conveyor systems and packing machines
used to check the presence of an object.
: VD, These switches are widely useful for * Mechanical engineering
Iy many security processes. These =  Paper, textile and plastic processing
(YR switches can be used to check the o _
I motor rotation speed. Proximity *  Inprinting machines
+ switches can detect the approach of a = Access control
metallic device part with the help of a
magnetic or electromagnetic field.
Bistable +Vee There are three types of multivibrator e These are some applications of the bistable
Multivibrator T circuits: monostable, astable, and multivibrator.

R1

RC2

VO 2

>m

bistable. The bistable multivibrator
operates like a pulse detector. When an
electronic pulse is input to the circuit,
the output will switch between two
possible states (a high and low output
voltage). This switching behavior does
not trigger a free-running oscillation, in
contrast to an astable multivibrator.
There is some threshold for switching in
a bistable multivibrator, which depends
on the passives used in the regenerative
feedback loop between the two
transistors (Cadence | PCB DESIGN &
ANALYSIS, 2022).

It used in different storage devices and for
counting of binary numbers.

For frequency division in different circuits.

It used for the production of different clock
pulses.

It used for different relay controller (Jones,
2020).

It used in the different circuit as a toggle
switch (Jones, 2020).

Back to main text
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Appendix III: Soil condition (Salinization & Conductivity)

III. I Soil Salinization

Salinization is the accumulation of soluble salts of sodium, magnesium, and calcium in soil to the
extent that soil fertility is severely reduced. Soil salinization can negatively affect the growth of crops,
and the direct impact is to reduce production. So far, there are mainly four reasons for soil
salinization:

e  First, the salt accumulated in the soil cannot be leached into the groundwater but accumulated
on the surface of the soil.

e Second, the protected areas are often irrigated, the soil is wet for a long time, the crops grow
vigorously, the evaporation of soil water and the transpiration of crops are very large, which
promotes the accumulation of salt to the soil surface.

e Third, excessive fertilization increases the content of soil salt, especially the excess of acid
radical ions of nitrogen fertilizer, acidifies the soil and activates some cations. These acid radical
ions and activated cations gather on the soil surface with the movement of water.

e  Fourth, the special environment formed by continuous cropping for many years limits the
activities of beneficial microorganisms, while harmful bacteria become active, limiting the
activities of beneficial microorganisms; harmful bacteria are active, which destroys the natural
balance of soil microorganisms and inorganic nutrients and affects the decomposition of
fertilizer.

Nowadays, soil salinization has become hard global issue that attracts the attention of many

countries. Although the present situation is not very threatening, salinization might have a great

impact on Dutch agriculture. Climate change and sea level rise will lead to the increase of seawater

pressure and the decrease of fresh water supply in cultivated land (Starmans, 2018).

In the Netherlands, the current agricultural measures to adapt to these conditions focus on two main
strategies: first, test the salt tolerance of existing crops and cultivated varieties to minimize damage;
Second, look for new strong salt tolerant crops to make the best use of those abandoned salinized /
salinized areas (Timmermans & Hospers-Brands, 2014).The development of saline alkali crops is a
particular challenge for organic and sustainable agriculture, as saline alkali soils are usually located
near (coastal) nature reserves sensitive to eutrophication (Timmermans & Hospers-Brands,
2014).Most of the salinized areas in the Netherlands are located near the coast, reclamation areas
and permeable intertidal zones. Seawater (historically) exists in groundwater and is relatively close to
the soil surface. Below - on the left is a map of the world's soil salinization; On the right is the
average chloride concentration of surface water in July of the dry year (2011) in the Netherlands.

U . )
Y/, ™~ P A . _-.-/“
£\ T s e ,)'\
~. “(T.BQ -~ all sl SN
»=2 Q) .-:"ia.\‘,"‘t.,"} Id ) Figure 64 World map of soil
R ey iy WY salinization;  B:  Average
., TR RS e s & . .
=N [¥or chloride concentration (mg/L
BT
\4_),,\\ & ) [ &Q L of surface water in July during
. _ R " a dry year in the Netherlands

(Timmermans &  Hospers-
Brands, 2014)
M area of salinization
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[I. II Soil Conductivity

Soil electrical conductivity is an indirect measurement that is linked to a number of physical and
chemical properties of the soil. Electrical conductivity is the ability of a material to conduct (transmit)
current, which is generally measured in milli Siemens per meter (mS/m) units (Barbosa & Overstreet,
2015).

1000
100 -

E
5 Sand
E
= —Silt
£ 10
< —C gy
-
= Salinity
3

01

Figure 65 Conductivity values of different soil materials (Barbosa & Overstreet, 2015)

Soil conductivity is an important metric for assessing soil health. It has a clear impact on a variety of
factors, including agricultural yields, crop appropriateness, plant nutrient availability, and so on. It
also has to do with the activity of soil microorganisms, which has an impact on essential soil
processes like the release of greenhouse gases like nitrogen oxides, methane, and carbon dioxide.

How can you determine conductivity of soil? In the case of experimental testing, the salinity of the
soil sample is usually checked first, and then the standard conductivity at 25°C is measured. After
that, using the mathematical statistics method, the regression analysis of soil salinity and standard
conductivity is performed, and the regression equation is constructed. The return equation and
standard conductivity show that.

1200

In(y) =4.99 + 0.05*x
r?=0.502 » .
10004 F =786 ®

p < 0.0001

600+

400

Apparent Conductivity (mS/m)

200

T T T T T T T
0 s 10 15 20 25 30 35 a0

Salinity (ppt)
Figure 66 Relationship between Salinity and Apparent Conductivity (Moore, Burdick, Peter, & Keirstead, 2011)

The most common “measures” of salt concentration are really estimates based on soil and water
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solution electrical conductivity. In addition, measuring electrical conductivity is likely to be used to
determine soil salinity (as shown in Figure 66 above).

Table 11 Classification of soil salinity based on Electrical Conductivity (Moore, Burdick, Peter, & Keirstead, 2011)

Salt free ECe<4 No visible salt on the soil surface.

Crop growth remains uniform.

Slightly saline 4<ECe<8 Visible salt on the soil surface.

Crop growth is uneven and patchy.

Moderately saline 8<ECe<15 Salt is fairly visible on the soil surface.

Plant growth is very patchy and restricted.

Strongly saline ECe>15 Soil surface is fluffy
Salt is fairly visible
Soil supports indigenous vegetation

Salt tolerant crops are possible to grow

Soil electrical conductivity (EC) has been used as an indirect predictor of the quantity of nutrients
absorbed by plants and salt levels, although it has no direct effect on plant growth. Salt content,
organic matter, cation exchange capacity, soil texture, soil thickness, nutrients (e.g., nitrate), water
retention capacity, and drainage conditions have all been measured using EC. EC is used to
demarcate management units, classify soil types, and estimate soil fertility and crop yields in site-
specific management and high-intensity soil surveys. Farmers can utilize EC maps to apply various
management strategies (such as nitrogen fertilizer) to plots with various soil types, for example. High
EC is linked to high levels of nitrate and other chosen soil nutrients (P, K, Ca, Mg, Mn, Zn, Cu) in some
management units. High salt sensitivity (high EC) affects the majority of bacteria. With the exception
of saline plant (salt-tolerant) bacteria, actinomycetes and fungus are less sensitive than bacteria.
With increased EC, microbial activities like as respiration and nitrification reduced.

Back to main text
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Appendix IV: Introduction of Chauvin-Arnoux-C. A-6460

This instrument is made up of various parts that make it easy to use:

* Asingle pushbutton (for activation of measurement)

* Anautomatic switching system

* Alarge-size backlit liquid crystal display

* Three LEDs (to indicate the existence of defects that
might invalidate the measurement result)

*  Four colored screw terminals to simplify connection
of the leads

* A captive connection strap
The left picture (Figure 67) is the top view of the interface of
this instrument, and it is manifest that there are quite few
buttons on it and the display area is also quite simple.

r - Figure 67 Overview of the C.A 6460 device (C.A
6460 & C.A 6462 User's manual, 2018)

rod E rod ES rod S rod H

I

|

| 34 a
lo

664
E S H

ES

Figure 68 Wenner method used in C.A-6460 device (C.A 6460 & C.A 6462 User's manual, 2018)

The measuring method of this device is also the Wenner method, which is already mentioned and
demonstrated earlier in this chapter. According to the actual situation, the best location and the
shape of the earth point is known. The figure below is the sketch of the Wenner method principle
using for Chauvin-Arnoux-C. A-6460 (C.A 6460 & C.A 6462 User's manual, 2018).

The position of the four measurement terminals is shown in the figure. The distance between each
rod is equal to a (Meter). The ground resistivity of the point O could be calculated by the following
formula (C.A 6460 & C.A 6462 User's manual, 2018):

p = 2nRa
p: Ground resistivity (Q * m);
R: Resistance (Q);

a: The distance between each rod (m)
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@ Four measurement
terminals

(@ Mains socket

@ LCD display with
backlighting

@ Fuse holder

@ Fleeting control
measurement
pushbutton

@ Three indicator lights
that flash when the

measurement is not
SENOUX : valid

Figure 69 Clear view of interface and classification of each button/screw
terminal (C.A 6460 & C.A 6462 User's manual, 2018)

The typical measuring process is shown in the flow chart below:

Check the terminal Set out the four

bar is disconnected rods in a straight their respective

between terminals line at a constant terminals on the
E and ES interval ‘a’ instrument

Make a record of
Resistance R and do
the calculation

button until the
measurement is
displayed

Figure 70 Measuring process of using C.A.6460

Back to main text

53



OF APPLIED SCIENCES

Appendix V: Comparison between Arduino Uno & Arduino Mega
2560

Figure 71 Arduino Mega 2560 (ArduinoStore, 2021) Figure 72 Arduino Uno Rev3 (ArduinoStore, 2021)

Arduino is a programmable single chip microcomputer circuit board (commonly known as Arduino
development board) born in Italy in 2005. It has a history of more than 10 years. Arduino is different
from ordinary single-chip microcomputer development board. On the basis of single-chip
microcomputer, it adds electronic components that enable it to adapt to most operating conditions,
such as capacitance, resistance, crystal oscillator, transistor, etc., so that it can work directly, adapt
to a wide voltage, lead to a simple L/O interface, and facilitate the use of DuPont line rapid
experiment and supporting expansion board.

Arduino development board can be regarded as a relatively finished MCU with simple I/O interface
panel. It has the functions of MCU core programming, data processing, data storage, timer, serial and
bus communication, pulse width modulation signal, analog multiplexer, analog-digital converter and
so on. Therefore, 1/0O can be freely controlled by programming to realize electrical signal control,
acquisition and electronic communication. Therefore, the learning of electronic circuit knowledge
can put aside some boring and accurate circuit design, so that this part of the content can be
idealized instead.

In general, the specific features of Arduino are as follows:
@ be able to carry out rapid and efficient development;
@ rich development resources;

@ after the development board is connected to the upper computer, it can directly update the
program, communication or interaction;

@ the development board adapts to the power supply width;
@ the development board is small and easy to transplant.

For coding, there is corresponding specific code environment software for Arduino products—
Arduino IDE (as shown below). Arduino IDE has user-friendly interaction interface and its rich library,
which is open-source and all Arduino IDE coder has access to that. It is very convenient to use this
software to code for Arduino boards. Also, fresh men would find it easy to get used to this coding
software comparing to many others.
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sketchfdecO?a | Arduino 1.8.3 — O X
File Edit Sketch Tools Help

sketch_dec07a

void setup() { A
// put your setup code here, to run once:

void loop() {
// put your main code here, to run repeatedly:

Arduino/Genuino Unc on COM3

Figure 73 Arduino IDE interface

sketch_dec24a | Arduino IDE 2.0.0-rc3-nightly.20211224

File Edit Sketch Tools Help

etch_dec24a.ino
1 setup() {

Ln1,Col1 UTF8 C++ XNoboardselected 0

Figure 74 Arduino IDE 2.0 interface (Javaid, 2022)

Back to main text
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Appendix VI: Printed Circuit Board (PCB) assembly type and cost

influencing factors

Table 12 Main PCB assembly types

Assembly type

Diagram

General assembly
process

1. Single surface

Solder paste printed on

full SMD one side, reflow solder
L.. ,.J L, after mounting
|
2. Double A and B surfaces printing

surfaces full SMD

solder paste and reflow
solder or B surface wave
solder

3. Single surface
mix assembly

A and B surfaces printing
solder paste.

Reflow solder SMD and
wave solder through-hole
components

4, Surface A mix
assembly and
surface B SMD

A surface printing solder
paste, reflow soldering

B surface glue dispensing
to fix SMD and then
assembly through-hole
components, wave solder
THD and SMD on the
surface B.

5. Surface A
through-hole and
surface B SMD

B surface glue dispensing
to fix SMD and then
assembly through-hole
components, wave solder
THD and SMD on the
surface B.
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There are many factors that need to be considered in PCB price, such as size, quantity, board layers,
board thickness, color, line width, line spacing and so on. Also, applying Surface Mounted Technology
(SMT) in PCB or not plays a big role in the final price calculation. If choose to use SMT, the number of

components to be mounted matter as well.

The several factors influence the cost of one PCB are listed and explained in detail below
(SVTRONICS,INC. Chris D, 2020):

==l PCB Size and the Number of Layers

*P(CBs are made out of different materials like fiberglass, polymer inks, and solder. These
materials can affect the way the board reacts to heat.

e pe of PCB Material

*PCBs that run high-tech electronics tend to have several layers.

eWhen boards are bigger, they cost more than the smaller ones. The space that the
components consume increases the cost of the PCBs.

=] Size of Board Holes

eWhen boards are bigger, they cost more than the smaller ones. The space that the
components consume increases the cost of the PCBs. The price increases not just because the
PCBs are bigger; this is because bigger boards and boards with several layers take more time
to manufacture.

= Cost of Labor

*Producing PCBs is a costly endeavor because skilled professionals do the work. They need to
use automated machinery that is designed specifically for PCB manufacturing. Labor costs
affect the price of producing a PCB.

=d  Quantity of PCB in the Order

*PCBs often have a lower cost if they are ordered in bulk. Once a prototype is made, it is easy
to duplicate them. Building the prototype is expensive, which is why small orders cost more
per piece than a bulk order does. Many companies will discount bulk orders, so do not be
afraid to request a lower price.

mad  Expected Turnaround Time

*Some manufacturers are building PCBs with a quick, turn-key turn around time. When
manufacturers are asked to produce PCBs quickly, they will charge more money. Often,
manufacturers have to put other orders on hold to get a quick turnaround on another order.
The increased price will cover the expense of putting other orders on hold.

=l Packaging Costs

*Shipping fragile electronics components can be expensive. Some PCBs need to be packaged
with their electrical parts connected, and these types of projects often need delicate
packaging materials, which adds to the cost of the manufacturing.

In general, the cost to produce a PCB will cost between $10 and $50 per board. The actual price will
be determined by the manufacturer and could be higher or lower based on the components, size,
and type of material used. Sometimes, the smaller boards cost more because they require more
labor hours to get components working properly, especially if the board has to power something like

a smartphone or other small, complicated device.

Back to main text
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Appendix VII: Labor issue

VI. I Labor costs (in the Netherlands)

The cost of labor is the sum of all wages paid to employees, as well as the cost of employee benefits
and payroll taxes paid by an employer. The cost of labor is divided into direct and indirect (overhead)
costs. Direct costs include wages for the employees that produce a product, including those on an
assembly line, while indirect costs are associated with auxiliary labor, such as employees who
maintain factory equipment (Brock, 2020).

To do a comprehensive project, no matter what type of project it is, besides the component prices it
is also necessary to consider the cost of labor. This kind of costs varies depending on the nature of
the project, such as project field, implementing place, etc. The final prototype is merely for the
project, not for large-scale commercial use because this is an educational project, the specific labor
cost is quite low here.

KEY TAKEAWAYS

e Labor costs fall into two broad categories, direct (production) and indirect (non-
production) labor costs.

o Direct costs refer to the wages of employees who produce products (including
workers on the assembly line), while indirect costs are related to supporting labor,
such as employees who maintain plant equipment.

o Improper allocation or evaluation of labor costs may cause the price of goods or
services to deviate from their actual cost and damage profits.

Working hours in the Netherlands

The standard work week in the Netherlands is 38 hours. Most full-time jobs in the Netherlands are
36-40 hours per week, or 7-8 hours per day, 5 days per week.

Some companies work a 40-hour week instead of the standard 38 hours, in which case the longer the
employee works, the higher the pay.Another way to compensate for the increased working week is
to increase annual leave (sometimes to about 12 days).

In the Netherlands, the lunch break is usually 30 minutes and is not paid.

As shown in Figure 75 below, it provides the most recent statistics on labor costs per hour in the
European Union (EU).

The average hourly labor expenses in the European Union (EU) and the euro region were expected to
be €29.1 and €32.8 respectively in 2021. However, this average conceals significant disparities across
EU Member States, with Bulgaria (€7.0) and Romania (€8.5) having the lowest hourly labor expenses
and Denmark (€46.9), Luxembourg (€43.0), and Belgium (€41.6) having the highest.

It is clear that the average labor cost per hour in the Netherlands is about 38 euros, which is almost 9
euros higher than that in the EU. This means that, to some extents, labor costs in the European
region are quite high and therefore labor costs need to be kept in mind when designing systems, sus
systems and corresponding components in this project.
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Estimated hourly labour costs, 2021
(€)
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Figure 75 Estimated hourly labor costs in European region, 2021 (eurostat, 2021)

VI. II Measures to reduce labor

Labor is one of the crucial factors that influence many aspects of one project, so it is significant to
consider reducing labor according to project management methodology. The ways to decrease this
kind of cost vary in different projects. Now provide several methods specifically for this project as
below:

1. Consider more possibilities of microcontroller use, take as smaller and lower-cost
microcontroller that can be compatible for the realization of function required in the project as
possible. For example, in this project, it is wise to consider simplifying the circuit design including
signal source circuit, measuring module, etc. If Arduino Nano is already enough to support all
functions, then replace Uno board with Nano board to reduce labor.

2. Increase Efficiency. Having more progress within the same time can decrease labor in the project
to a great degree. Time is money, especially in an internship thesis project, so the time saved
can be exploited at other aspects of the project.

3. Optimize the circuit scheme, use as few components as possible to achieve more functions and
simplify the circuit layout, for instance, If the original chip board is a two-layer chip board, all
components are integrated into one board through reasonable distribution of components and
circuits, which saves space and cost.

4. There are many ready-made components in the company workshop, therefore, when designing
system and subsystemes, it is best to give priority to those existing electronics boards and
components in the company storage. In this case, the cost of project can be saved to a great
degree and this also avoids waste and repeat purchases.

5.  When purchasing electronics component online, chose provider as nearby as possible to reduce
the deliver cost and period.

Back to main text
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Table 13 List of components

Component list

Component Description Amount | Price/each | Link
: H +n_dici https://vicedeal.com/products/a
OMB“ = anwsa@ ADS1115 is a kind of analog-to-digital 1 €7,39 dsL115ultra Kloine16.bit.
51150 Sl electronics chip. The precision is 16-bit (The precisie-analoog digitale-
f Q@ R t 860 | / C| Th converter-adc-4-kanaals-
a samples/second. e compan development-board-
li . fd .. . . p y module?gclid=CjwKCAjwkMeU
realization of data transmission is via provides) | ehsuEwadhpgEAZBTpGULVY
i i vwsRdMo_gO5K220Pd3cAbw._
12C. The chip boasts twq operation PPN TRIOUE X HOGLACOR
‘ P modes. Generally speaking, the vD_BwE&variant=UHIvZHVjdF
| | | | | . . . ZhcmlhbnQ6MjY10ODEWNDM
H r[ H ” L H 1‘ [ [ ( “ { I} { { [ performance of this chip is relatively eminbnQeM) it
‘” ‘l EI’ 1T ‘| 1‘ T “ ‘I‘I excellent comparing to the similar
| N | L J .
type electronics.

A ) _ https://nl.farnell.com/isocom/tlp5
The TLP521-4 is a 16-pin DIP through 23 €1,04 21 a/optocoupler-dip-16-quad.
hole optically linked isolator. Infrared tr-0-p/dp/1683372?0st=tp521-4
light emitting diodes and NPN silicon
photo transistors make up the isolator.

This isolator is commonly used in
computer terminals, industrial system
controllers, and signal transfer
between systems with various
potentials and impedances.
Arduino Mega is an Arduino 1 €22,24 | esTinoo-comniniploto
development board based on (there is r3fg(\)/0’\10|f)gg%lgg§§f§/éReferre
A « . . ~ r= G-
| ATmega2560. It has 54 digital input / [)eofﬂﬁsr?gde 138543199184-S-
. . 1076001530805-
output pins (15 of which can be used the ISOer?ny 93000000248465658clid=Cjw
i WOorkshop KCAjwkMeUBhBUEiwA4hpgEP
f(?r PWM OUtPUt)' 16 analog input TWNPWKGPKH9jYLVMOSHXFO
pins, 4 UART interfaces, a 16 MHz bxNDbm5rNUSIMO24GKmXtJfc
. . 10 C3cYQAvVD_BwWE
crystal oscillator, a USB interface, a DC VP1OVXOCICYQAVD._Bw
interface, an ICSP interface, and a
reset button.

H H H https://nl.farnell.com/multicomp/
2N3906, a kind of PNP transistor, is 3 €0,164 | 5 3006/ ransistor-45v-200ma.
mainly used to amplify electrical pnp-to-

. . . . 92/dp/157437275t=2n3906
signals and is widely used in various
amplification circuits. This transistor
can be used to drive any load below
g 200mA, such as relay, led, high-power
F S transistor, etc. Since the emitter base
// voltage of the transistor is 5V, it can
vy also be used for the output of the
microcontroller
- . H https://cart.jlcpcb.com/smtQuote
i SMD resistor, there are several 148 €0,002 | 5ocorileNo=eeof7iccatssagee
different resistances used. (Integrated ae6f3563161996a8
into PCB)
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SMD transistor, the chip fixed type of
2N3906. Description: 40V 350mW
200mA 100@10mA,1V 250MHz
400mV@50mA,5mA PNP +150°C @(Tj)
SOT-23(SOT-23-3) Bipolar Transistors -
BJT ROHS

23 €0,014

(Integrated
into PCB)

https://cart.jlcpcb.com/smtQuote
?pcbFileNo=ee0f71cc4f5548ee
ae6f3563f61996a8

Jumper cables is used to connect each
electronic component and make them
compose the complete closed loop
circuit.

Less than
€10,00
in total
(The
company
provides)

Several

https://www.otronic.nl/a-
60558956/draden-en-
kabels/dupont-jumper-kabels-
40-stuks-male-female-10cm-
draadbruggen-voor-
breadboard/?gclid=CjwKCAjwk
MeUBhBUEiwA4hpgEMVBIUNT
mjx5vIDTvvCoLBIHQauyxwfjaz
kayeHGXek9Ea8kUS8sxRoCjE
cQAvD_BwWE

The whole bread board is made of
thermosetting phenolic resin. There
- | are metal strips at the bottom of the
/ board. Holes are punched at the
corresponding positions on the board
so that the elements can contact the
metal strips when inserted into the
holes, so as to achieve the purpose of
conducting electricity.

2 €4,99

(The
company
provides)

https://www.bol.com/nl/nl/p/brea
dboard-experimenteerbord-400-
gaats-soldeerloos-prototyping-
otronic-arduino-esp32-esp866-
wemos/9300000005200215/?R
eferrer=ADVNLGO0002013-G-
138543199184-S-
1075852962858-
9300000005200215&gclid=Cjw
KCAjwkMeUBhBUEiwA4hpgEL
GyzmGXPHPSSujVISJgESWM
DmtKQOh4LWZsEJx-
Vepske4woKk7nhoCmYoQAvD
_BwE

Cost of project:

1,04 X23 + 0.164 X3 + 24.78 = 49.192 (€)

If take the cost of components that company
provides into consideration, the cost of project:

49.192 + 7,39 + 22,24 + 4.99 X 2 + 10 = 98.802 (€)

Back to main text
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PCB Price
Engineering fee

Board

SMT Price

Setup fee

Stencil

Panel

Large Size

Components

Extended components fee

SMT Assembly

Build Time
PCB:  2-3 days

SMT: 3 days

Total Price

Weight

$4.00

$5.60

$8.00
$1.50
$0.00
$0.00
$1.42
$3.00

$1.26

$0.00

$24.78

513.00g

Figure 76 Price list of PCB including
components assembly
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Appendix VlI: Schematics and properties of core components

Analog-to-digital converter --- ADS1115

©168il 12C gDQfDGﬁ \
——ADSLLS e
> off iy
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4 L L O O T
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Figure 77 ADS1115 overview (adafruit store, 2022) Figure 78 ADS1115 with plugs (adafruit store, 2022)

In the previous project—4 electrodes soil resistance meter design, analog-to-digital converter
ADS1115 was chosen for the responsibility of detecting and measuring the differential voltage
between electrodes and current through them. There was adequate research on this kind of ADC and
many tests and reports about it, all of which provided the proof that this AD converter is quite
capable for the soil resistance meter design project. Therefore, in 2022 project, this component will
be still used in circuit design.

ADS1115 is a very excellent chip that meets relatively high requirement in electronics system design.
The precision of this chip is 16-bit and its sample rate is 860 samples/second over 12C. The chip has
two working modes -- single-ended input channel measurement & two differential channels
measurement. As a nice bonus, it even includes a programmable gain amplifier, up to x16, to help
boost up smaller single/differential signals to the full range. Besides, this AD converter can run from
2V to 5V power/logic, can measure a large range of signals and its super easy to use. In general, it is a
great general purpose 16-bit converter (adafruit store, 2022).

Technical Details

e Supply Range: 2.0V — 5.5V

e Low Current consumption: 150pA (in Continuous Mode); Auto Shut-Down (In Single-Shot
Mode)

e Programmable Sample Rate: 8 — 860SPS

¢ Internal Low-drift voltage reference/ Oscillator/ PGA
e I2Cinterface: Pin-Selectable Addresses

e Foursingle-ended or two differential inputs

e Comparator is programmable

e Addresses of board: 0x48-0x4B (12C, 7-bit)
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Optocoupler --- TLP521-4

Tlp521-4 is a controllable optical coupling device,
which is widely used in computer terminals,
thyristor system settings, measuring instruments,
photocopiers, automatic ticket sales, household
appliances, such as electric fans, heaters, etc. The
signal output between circuits makes the front end
completely isolated from the load. The purpose is
to enhance the safety of the circuit, reduce the
interference of voltage and simplify the design of
the circuit.

Figure 79 TLP521-4 overview (ISOCOM, 2022)

Technical Details
TLP521-4

e Collector--Emitter Volt Max): 55V
ollector--Emitter Voltage (Max) clclcBcBzRcEclo

e Collector Current: 50mA. | | | I | I | I

e Working temperature (Max): 100°C

#H #H " #
e Working temperature (Min): -55°C H - b |—“—
e Current transfer ratio (Max): 600% UT oI T [T 5] o] T [eJ
e Current transfer ratio (Max): 50%
1,3,5,7 Anode
e Isolation voltage (Min): 2500 Vrms 2.4.6 8 Cathode
e Similar with TLP521-2 & TLP521 9, 11,13, 15 Emitter

. 10,12, 14, 16 Collector
e AD/DC input modes -

Figure 80 Pin configuration of TLP521-4 (ISOCOM

e 4 independent optocoupler units
COMPONENTS, 2020)

g1 P 91 CP 91 CP 91 [P

TLP521-4 .

o] Tb dJ Gb dJ Bb &1 Lb

;a,ey;‘xc 5 762403
(-781) 3

b E
(.138)
0.5TYP.

(02)

33405
28405 S o2
(110) (130) (010)

lsssozs] I . 76 ~9%8

(1) (.02)

Figure 81 Dimensional design drawing of TLP521-4 (ISOCOM COMPONENTS, 2020)
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Appendix X: Switch sequence determination and truth table

The switch system would choose 4 — electrode set (firstly electrode 1,2,3 4) once and after the first
measurement process, orderly choose another 4-electrode set (electrode 2,3,4,5) and repeat the
measurement process then move to next set until the last electrode combination (electrode
23,24,25,26). Therefore, there are 23 measurements during one measuring process. However, when
measuring in real soil, the conditions would be much more complicated and the measuring mode
mentioned above would cause an effect called remanent magnetization, which significantly damages
to the accuracy of the data collected. To eliminate this kind of side effect, the switch order of
electrodes is made some adjustments. Still start from electrode 1,2,3,4 but after moving to step 2,
electrode2,3,4,5 will not be chosen, instead, electrode 5,6,7,8 would be chosen and then
electrode9,10,11,12 and so on. In this case, there are only 6 measurements in one cycle, so 4 cycles
are required to realize the measurement of 23 possibilities. The brief switch process is displayed
below:

S /’ i
o X N
/ \ / \
i N [ Stepl: Choose | B - | Stepl: Choose ‘
Vi BN “ electrodel,2,3, 4 /4 ™\ | electrode1,2,3,4
| End switch <— | End switch <l— ‘
\ _1 \ / —\ /
N g \,‘
/ & N\ / / \
/step23: Ct \ / \ \ / \
[(BieRE3: Caoosen) [ step2: Choose | [ Steps: Choose | [ step2: Choose |

| electrode23,24, |
\ . 25, ;6 “‘ . | electrode2,3,4,5 | elet(rndezl 22,23, 2# Just measure once or | electrode5,6,7,8 |
\ » / Cycle 2-3 times \ /r‘ \ cycles 4 times \ /
. O -
™ ‘/“J/, 4 ’/J‘/r
LA - 2
) J

N /N A

\ / /
“( Step4: Choose \‘ [ Step3: Choose | [ Stepa: Choose | [ Step3: Choose |

| electrode4,5,7,8 | <b | electrode3,4,5,6 | alectrode13,14,15,16 blectrode9,10,11,12
\ \ / \ ] )
\ / h. 4 \ . \ /

N

Figure 82 The adjustment of switch sequence

Finally, optocoupler TLP521-4 device is determined to use for this project as core component.
Optocoupler is a kind of contactless switch, whose main characteristics are that there are no
movable contact parts, there is no arc or spark when switching on or off, the action is rapid, the
service life is long, and the reliability is high. The usage range is quite wide of this kind of device and
it is also suitable for some special environments such as fire prevention, explosion-proof and
moisture-proof. Relatively speaking, contactless switch is more extensive in safety and use than
contact switch.
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Figure 83 Schematic circuit design of all possibilities

P2

c2

As shown in figure above, by using these so many switches, it is theoretically possible to realize every
combination of 4-electrode set in one measurement. But as Wenner method, which is a method
requires all distances of electrode chosen are same, it is not needed to use all these switches. Instead,
just some of them are truly necessary.

For clearer demonstration, a switch sub-system truth table was made (shown as below). C1, P1, P2
and C2 represent the four terminals in measuring sub-system. As mentioned earlier, it is manifest
from this figure that 4 groups (cycles) could complete the assignment to switch and measure
electrodes from numberl, 2, 3, 4 to number23, 24, 25, 26, which are 23 possibilities totally.

groupl |C1 [P1 P2 |c2 [K1 |K2 |k3 |ka |K5 |K6 |K7 |K8 |K9 |K10|K11 |K12 |K13|K14 KI5 |K16 |K17 [K18 |K19 |K20 |K21 [K2Z |K23 |Ko4
Q11 1| 2] 3] 4 of o of o o of o of o o o of o o of of o o o o
Q12 5| e[ 7| 8 o of o o a1l 1| 1 a| of o ol o of o of o ol o of o o of of o
Q13 o[ 10{11[12[ o o o o| o o o ol alalal ol o of o o| o ol o ol o of o
Q14 | 13[14/15[16] o o o| o o o o o o of o o a al a 1] o ol o ol ol of o o
Q15 [17/18[19[20] o o o| o o o o o o of o o o of o ol 1 1 a| 1| ol o of o
016 | 21]22[23[24 o o o o o o o o o of o o o of o o o of of o a| a a] a
groupz [C1 [P1 P2 [C2 11 |12 |13 |14 |15 |16 |17 |18 [19 [110 |111 [L12 [L13 [114 |(15 |L16 |17 118 [119 [(20 |21 [122 |123 [L24
Q21 2 3] 4] 5 of o of o o of o of o o o of o o of of o o of o
Q22 6 7| 8 9] o of o of 2| 1| 1 a| ol ol of o o o of o o o of o o of of o
Q23 10[1112[13[ o o o| o o o o ol alal Al o of o o o of o ol of of o o
Q24 [14[15[16[17] o o o] o o o o o o ol o o a al a1 o ol o ol ol of of o
Q25 | 18[18[20[21] o o o| o of o o o o of o of o of o ol 1 1 a| 1| ol o of o
Q26 222324/ 25 o o o o o o o o o of o o o of o ol o of of ol a| 1 a] 1
group3 |C1 [P1 [P2 [C2 (M1 [M2 [M3 [M4 [M5 [M6 [M7 [M8 [M9 [M10{M11[M12[M13[M12/M15/M16[M17 M18|M19 M2 M21 M2z m23] 24
Q31 3 4] 5] 6 of o of o o of o of of of o of of of of of of of of o
Q32 7 8l o[10[ of o ol ol 4l 4] 4 a| of ol ol ol ol o of o o o of o of of of o
Q33 [1112[13[14] o] o] o] o ol o o ol alalalal ol ol o ol o ol o ol of of of o
Q34 [ 15/16/17[18] o o o| o o o o o o of o o a af a1 o ol o ol of of of o
035 | 10/20[21[22[ o o o o o o o o o of o o of of o o 1 1 a| 1| o o of o
Q36 | 2324/ 25/ 26| o o o] o o o o o o o o o o o o o o of o ol a 3 a] 1
group4 [C1 [P1 [P2 [C2 [N1 N2 [N3 [N4 [N5 |N6 [N7 [N8 [N9 |N10|N11[N12[N13[N14|N15[N16[N17|[N18|N18[N20|N21|NZ2[N23[N2a
Q41 4] 5 o 7NN o o o o o o of o o o o o of ol of of of of of o
Qa2 8l s[10[ma of o o o a1l 1| 1 a| o o of o o o of o o o of o o of o o
Q43 [12[13[14[15] o o o| o o o o ofalalalal o ol o ol o ol o ol of of of o
Q44 | 16/17[18[19] o o o| o o o o o of o of o a al a] 1] o of of of of o of o
Q45 [ 20(21(22(23[ o o o o of o o o o of o o o of o ol a 1 a| 1| o o of o
Qa5 2425/ 26/ 271 0] o o o o o o o o o o o o o o o o ol o ol a 3 a] 1

Back to main text

Figure 84 Truth table of the switch-measuring process
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Appendix XI: Printed Circuit Board (PCB) document file and
corresponding circuit schematic

Optocoupler
TLP521-4
23 pieces totally

BEeEY

Connect with 23

o '._31:". T 3 " ."'.,

digital I/O pins
of Arduino
Connect with 26
electrode-probe
DC5V VCC

Connect with SCL
and SDA terminals
of Arduino

AC square wave
signal terminals

ADS1115

Figure 85 PCB design of entire system SMD 2N3906
23 pieces totally
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Figure 86 Circuit schematic of PCB
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Appendix XII: Test plans and test results

Demonstration test plan:

Aim

This demo test plan is aimed to simulate the operation of the soil resistivity measurement and
confirm that the system has the capability to switch within 4-electrode sets to measure according to
the specific coded order from Arduino microcontroller. Finally, prove that this system is feasible at
the level of proof of concept.

Variables:

Table 14 Variables in Demonstration test

Nr. Property Vary/Measure Unit
1 Power for whole system Vary w/ Vv
2 Soil (resistance) Measure Q
3 Frequency Vary Hz
4 Differential voltage Measure Y
5 Chosen electrodes Vary \
6 Output digital signal Measure \
7 Error Measure \
8 Stability Measure \
Test tools (devices):
® Integrated system prototype with some rest jumper cables
® laptop
B Excel: data display and analysis
B Arduino IDE
® Several resistors representing the underground soil resistors. (Or Saltwatcher2.0 device located
at HZ sea lab)
® Multimeter and oscilloscope
Method:
1. Provide power to the Automated Electrode-switch Salt Watcher system (using laptop)
2. Connect the Automated Electrode-switch Salt Watcher system with the simulation resistors to
be measured.
3. Conduct demonstration test.
4. Execute the measurement process several times depending on the specific requirements on
site.
5. Read the test results from the display (screen or Arduino IDE serial monitor).
6. Repeat the demonstration test and compare the data collected within these two experiments.
7. Disconnect the power of the Salt Watcher and the wiring, organize all the stuff used in this

test.
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Arduino Mega

PCB R £

26 terllinals—‘

Signal generation circuit

Figure 87 Demonstration test sketch

Expected result:

The expected result is that this Automated Electrode-switch Salt Watcher system has the ability to
switch electrode sets (replace with 25 resistors) sequentially and moreover, measure the values of
current and voltage of the chosen electrodes and show the results to the users via serial monitor in
Arduino IDE or display screen. In addition, the accuracy of the resistance measured is supposed to

meet the expectation.
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Automated electrode-switch salt watcher system test plan (at HZ SEA

Lab):

Aim:

The aim of this automated electrode-switch salt watcher system test at HZ sea lab is to test whether
this system is able to detect the resistance between electrodes in practical use and at the same time,

meet the requirement of value accuracy to some degrees.

Hypothesis:

After manually connecting the PCB terminals and terminals of Salt Watcher Prototype2.0, the
resistance of the 4-electrode can be measured and displayed in Arduino IDE. Besides, the error
between the values derived by this system and the values measured by professional measuring
device C.A 6460 is under 10%. If meet both requirements mentioned above, the system is judged to
pass the test.

Variables:

Table 15 Variables in Automated electrode-switch salt watcher system test

Nr. Property Vary/Measure Value Unit

1 Power for whole system Vary 5.0 Vv

2 Resistance Measure \ Q

3 Frequency of AC square wave Vary 800 Hz

4 Output measuring voltage Measure 2400-2600 mV

5 Differential voltage of Measure 10-200 mV
electrodes

6 Output digital signal from Vary \ \
Arduino board

Testing Tools:

Table 16 Testing tools in Automated electrode-switch salt watcher system test

Nr. Item Demands

1 Laptop \

2 Connecting cable (Micro-USB) \

3 Mobile phone Photography and video

4 Jumper cables \

5 Breadboard \

6 C.A 6460 As reference

7 Arduino Mega board \

8 Automated electrode-switch salt watcher system \

PCB
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Method

1.

ok w

© N

Connect voltage divider resistors which are used to configurate AC square waves with
Arduino board.

Connect Arduino board to PCB and connect Arduino board with laptop, enabling Arduino
board as power supply.

Connect one combination of electrodes to the PCB.

Upload code into Arduino Uno board and open IDE serial monitor.

Observe and record the results displayed.

Repeat step 3 to 5 until finish the measurement of 7 combinations of as required from
Wenner configuration manual.

Use C.A 6460 to measure that 7 groups electrode sets and record test results.
Compare the values derived by the system prototype with those derived by C.A 6460.

9. Disconnect all wires and organize devices and instruments and components.

Expected results:

For each 4-electrode set measurement, the resistance can be displayed in Arduino IDE successfully.
In addition, the values detected by the Automated electrode-switch salt watcher system PCB is
relatively equal to those values measured by C.A 6460, of which the errors are all under 10%.

m- Wenner configuratie
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.
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Deltares
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-
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Figure 88 Wenner configurations

Figure 89 Photo of set-up of the on-site test
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Test results

Table 17 Comparison between the measurement of system protype and C.A 6460

Measurement of C.A 6460

Nr. | Wenner Measurement of system prototype
Configuration

1 |50 Group 1:
RefDifferential: 740(139.12ZmV)
Differential: -145(-27.26mV)
Resistance= 19.63

2 |40 Group 1:
RefDifferential: €51(122.3%mV)
Differential: -109(-20.4%mv)
Resistance= 16.78

3 (30 Group 1:
RefDifferential: 621 (116.75mV)
Differential: 493(92.68mV)
Resistance= 79.55

4 |20 Group 1:
RefDifferential: 532(100.02mv)
Differential: 143(26.88mV)
Resistance= 26.93

5 |10 Group 1:
RefDifferential: 501(94.19mV)
Differential: 220(41.36mvV)
Resistance= 44,00

6 | 20B Group 1:
RefDifferential: 508(95.50mV)
Differential: 333 (62.60mV)
Resistance= 65.68

7 | 10B Group 1:

RefDifferential: 668 (125.58mv)
Differential: -119(-22.37TmV)
Resistance= 17.85
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As the data shown in the table, some test results (group Nr. 1,2,4,5,7) are relatively accurate but
there are still several wrong measurements (group Nr.3 and Nr.6). Now organize the data into table
and calculate the errors, as shown below.

Table 18 Error calculation

Nr. Measurement (Q)  Actual resistance(Q) Error

1 19.63 18.48 6.22%

2 16.78 16.74 0.24%

3 79.55 21.6 268.29%
4 26.93 28 3.82%

5 44 49.4 10.93%

6 65.68 15.26 330.41%
7 17.85 17.09 4.45%

Test code:
The same as the code of automated electrode-switch salt watcher system.
Conclusion:

It can be concluded from the test results that in real conditions, the automated salt watcher system
can still detect the resistance between electrodes. However, the operation of detection is not stable,
leading to the measurement fluctuating significantly and some test results were even not correct due
to the influences of some practical factors. The errors of more than half of the test data are less than
10%, and therefore, the system has passed the test to a certain extent. The cause of the wrong data
is still uncertain, which requires further follow-up research.
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Automated electrode-switch salt watcher system test plan (in lab

conditions):

Aim:

The aim of the automated electrode-switch salt watcher system test is to test whether the system
integrated into a PCB is able to stably detect the value of the voltage and current to be measured and
switch the electrode set automatically successfully.

Hypothesis:

When the PCB is supplied with external AC square wave signal source, the system works normally
and the values measured keep stable relatively. Also, the resistors to be measured could be switched
automatically within 23 groups in total. If meet both requirements mentioned above, the system is
judged to pass the test.

Variables:

Table 19 Variables in Automated electrode-switch salt watcher system test

Nr. Property Vary/Measure Value Unit

1 Power for whole system Vary 5.0 \

2 Resistance Measure 270, 510, 2000, | Q

etc

3 Frequency of AC square waves | Vary 800Hz Hz

4 Amplitude of AC square waves | Vary 700-800 mV

5 Output digital signal from Vary \ \
Arduino board

Testing Tools:

Table 20 Testing tools in Automated electrode-switch salt watcher system test

Nr. Item Demands

1 Laptop \

2 Connecting cable (USB Micro B) \

3 Oscilloscope (DSO05202P) \

4 Mobile phone Photography and video

5 Jumper cables \

6 Breadboard \

7 Multimeter \

8 Arduino Mega board \

9 Automated electrode-switch salt watcher system \

PCB
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Method:

1. Layout voltage divider resistors of signal-generation sub-system reasonably on breadboard.

2. Connect Arduino Uno 5V power to PCB as power source of the system excluding the voltage
& current measuring sub-system.

3. Connect signal generation sub-system with PCB, using AC square waves as power source of
voltage & current measuring sub-system.

4. Connect Arduino Uno board with laptop, enabling Arduino board as power supply.

5. Upload code into Arduino Uno board and open IDE serial monitor.

6. Observe and record 23 values measured of the system one by one in one measurement.

7. Repeat step 6 three times to get 3 groups test results.

8. Use multimeter to measure the resistances of the simulation resistors.

9. Disconnect all wires and organize devices and instruments and components.

10. Compare the data measured by Automated electrode-switch salt watcher system and the
data collected by multimeter.

Expected results:

Both switch function and measuring function operate normally. Every same time interval, the
resistance is measured and displayed in the Arduino IDE serial monitor. The value measured cycled
from group 1 to group 23 automatically, which means there are 23 values derived in one
measurement process.

Test results

Figure 90 PCB overview Figure 91 Setup of Automated electrode-switch salt
watcher system test

75



UNIVERSITY

OF APPLIED SCIENCES

Scheldestromen ?

Table 21 Test results in Automated electrode-switch salt watcher system test

Test3 (Q2) Test using Multimeter (£2)
1 2042.73 2062.59 2034.27 2046
2 330.97 330.45 329.65 330
3 678.37 675.46 674.3 678
4 20.04 20.18 20.26 20.2
5 2203.78 2191.87 2184.39 2212
6 2209.26 2221.10 2254.51 2221
7 2035.64 2044.62 2029.05 2051
8 996.06 994.72 986.95 998
9 216.17 220.38 217.81 219
10 100.66 98.40 101.13 100.7
11 2000.21 2142.74 2078.23 2049
12 331.43 329.23 326.51 332
13 99.75 99.68 100.20 99.6
14 505.42 508.19 511.02 508
15 509.02 505.60 506.33 509
16 467.83 466.97 468.42 469
17 327.76 331.85 330.66 333
18 671.26 674.43 674.36 674
19 993.67 995.07 997.36 998
20 1001.33 998.60 1003.28 1003
21 991.22 987.45 999.05 994
22 150.30 149.81 151.57 150.9
23 4665.19 4661.53 4668.28 4690
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Group 1:

RefDifferential: 118(22.18mV)
Differential: 2429(456.65mV)
Resistance= 2062.59

Group 2:

RefDifferential: 282(53.02mV)
Differential: 930(174.84mV)
Resistance= 330.45

Group 3:

RefDifferential: 336(63.17mV)
Differential: 2265(425.82mV)
Resistance= 675.46

Group 4:

RefDifferential: 422(79.34mv)
Differential: 85(15.98mV)
Resistance= 20.18

Group 5:

RefDifferential: 144(27.07mV)
Differential: 3150(592.20mV)
Resistance= 2191.87

Group 6:

NRefDifferential: 90(16.92mV)
Differential: 1995(375.06mvV)
Resistance= 2221.10

Group 7:

RefDifferential: 148(27.82mV)
Differential: 3020(567.76mV)
Resistance= 2044.62

Group B:

RefDifferential: 289(54.33mv)
Differential: 2869(539.37mV)
Resistance= 994.72

Group 9:

RefDifferential: 351(65.99mv)
\Differential: 772(145.14mV)
Resistance= 220.38

Group 10:

RefDifferential: 723(135.92mV)
Differential: 710(133.48mV)
Resistance= 98.40

Group 11:

RefDifferential: 130(24.44mV)
SDifferential: 2780(522.64mV)
Resistance= 2142.74

Group 12:

RefDifferential: 189(35.53mV)
Differential: 621(116.75mv)
IRe:istance= 329.23

Group 13:

RefDifferential: 193(36.28mV)
Differential: 192(36.10mv)
Resistance= 99.68

Group 14:

RefDifferential: 237(44.56mV)
IDifferential: 1202 (225.98mv)
Resistance= 508.19

Group 15:

RefDifferential: 327(61.48mV)
Differential: 1650(310.20mV)
Resistance= 505.60

Group 16:

RefDifferential: 636(119.57mV)
MDifferential: 2964(557.23mV)
Resistance= 466.97

Group 17:

RefDifferential: 93(17.48mv)
Differential: 308(57.90mV)
Resistance= 331.85

Group 18:

NRefDifferential: 462(86.86mV)
Differential: 3109(584.49mv)
Resistance= 674.29

Group 19:

RefDifferential: 376(70.69mV)
Differential: 3734(701.99mv)
Resistance= 995.07

Group 20:

RefDifferential: 265(49.82mV)
Differential: 2641(496.51mV)
Resistance= 998.60

Group 21:

RefDifferential: 358(67.30mV)
Differential: 3528(663.26mV)
Resistance= 987.45

Group 22:

RefDifferential: 204 (38.35mv)
Differential: 305(57.34mV)
Resistance= 149.81

Group 23:

RefDifferential: 90(16.92mv)
Differential: 4187(787.16mV)
IResistance= 4661.53

Hello!

Getting differential reading from AINO (F) and AIN1 (N)
ADC Range: +/- €.144V (1 bit = 0.183mv)
Hello!

Getting differential reading from AINO (P) and AIN1 (N)
ADC Range: +/- €.144V (1 bit = 0.188mV)
Group 1:

RefDifferential: 119(22.37mV)
Differential: 2426 (456.09%mV)
Resistance= 2042.73

Group 2:

RefDifferential: 287 (53.96mvV)
Differential: 948 (178.22mV)
Resistance= 330.97

Group 3:

RefDifferential: 348 (65.42mV)
Differential: 2356(442.93mV)
Resistance= 678.37

Group 4:

RefDifferential: 480 (90.24mV)
Differential: 96(18.05mV)
Resistance= 20.04

Group 5:

RefDifferential: 162 (30.46mvV)
Differential: 3563 (669.84mV)
Resistance= 2203.78

Group 6:

RefDifferential: 103(19.36mV)
Differential: 2271 (426.95mV)
Resistance= 2209,26

Group 7:

RefDifferential: 171(32.15mV)
Differential: 3474 (653.11mV)
Resistance= 2035.64

Group 8:

RefDifferential: 354 (66.55mV)
Differential: 3519 (€61.57mV)
Resistance= 996.06

Group 9:

RefDifferential: 432(81.22mvV)
Differential: 932 (175.22mV)
Resistance= 216.17

Group 10:

RefDifferential: 874 (164.31mV)
Differential: 878 (165.06mV)
Resistance= 100,66

Group 11:

RefDifferential: 160(30.08mV)
Differential: 3194 (600.47mV)
Resistance= 2000.24

Group 12:

RefDifferential: 221(41.55mV)
Differential: 731(137.43mV)
Resistance= 331.43

Group 13:

RefDifferential: 223(41.92mv)
Differential: 222 (41.74mV)
Resistance= 99.75

Group 14:

RefDifferential: 272(51.14mV)
Differential: 1372(257.94mvV)
Resistance= 505.42

Group 15:

RefDifferential: 375(70.50mv)
Differential: 1905(358.14mV)
Resistance= 509.02

Group 16:

RefDifferential: 722 (135.74mV)
Differential: 3371(633.75mV)
Resistance= 467.83

Group 17:

RefDifferential: 107(20.12mV)
Differential: 350 (65.80mV)
Resistance= 327.76&

Group 18:

RefDifferential: 532 (100.02mV)
Differential: 3564 (€70.03mvV)
Resistance= 671.26

Group 19:

RefDifferential: 433(81.40mvV)
Differential: 4294(807.27mV)
Resistance= 993.67

Group 20:

RefDifferential: 301(56.59mV)
Differential: 3008 (565.50mV)
Resistance= 1001.33

Group 21:

RefDifferential: 409(76.8%mV)
Differential: 4046 (760.65mV)
Resistance= 991.22

Group 22:

RefDifferential: 232 (43.62mV)
Differential: 348 (65.42mV)
Resistance= 150,30

Group 23:

RefDifferential: 102(19.18mv)
Differential: 4749(892.81mV)
Resistance= 4665.19

Figure 92 Two groups complete test results displayed in Arduino IDE
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Test code:

#include <Wire.h>

#include <Adafruit_ADS1X15.h>

int frequency = 1450; //Set frequency in Hertz
double delayTime = 1000000 / (frequency * 2);
double delayseconds = 1000/(frequency * 2);
Adafruit_ADS1115 ads1115;

double al =0, f=1;

float refR = 100.2;

void setup(void)
{
pinMode(3, OUTPUT);
pinMode(2, 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);
pinMode(15, OUTPUT);
pinMode(16, OUTPUT);
pinMode(17, OUTPUT);
pinMode(18, OUTPUT);
pinMode(19, OUTPUT);
pinMode(22, OUTPUT);
pinMode(23, OUTPUT);
pinMode(24, OUTPUT);
pinMode(25, OUTPUT);
pinMode(26, OUTPUT);
pinMode(27, OUTPUT);
pinMode(28, OUTPUT);
pinMode(29, OUTPUT);

Serial.begin(115200);
Serial.printin("Hello!");

Serial.printIn("Getting differential reading from AINO (P) and AIN1 (N)");
Serial.printin("ADC Range: +/- 6.144V (1 bit = 0.188mV) ");

ads1115.begin();
}

void loop(void)

{
intl6_t resultsl;
int16_t results2;
double T=0;
double resistance = 0,a=0,b=0;
digitalWrite(3, HIGH);
digitalWrite(5, HIGH);
digitalWrite(6, HIGH);
digitalWrite(7, HIGH);
digitalWrite(8, HIGH);
digitalWrite(9, HIGH);
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digitalWrite(10, HIGH);
digitalWrite(11, HIGH);
digitalWrite(12, HIGH);
digitalWrite(13, HIGH);
digitalWrite(14, HIGH);
digitalWrite(15, HIGH);
digitalWrite(16, HIGH);
digitalWrite(17, HIGH);
digitalWrite(18, HIGH);
digitalWrite(19, HIGH);
digitalWrite(22, HIGH);
digitalWrite(23, HIGH);
digitalWrite(24, HIGH);
digitalWrite(25, HIGH);
digitalWrite(26, HIGH);
digitalWrite(27, HIGH);
digitalWrite(28, HIGH);
digitalWrite(29, HIGH);

T =delayTime;
digitalWrite(2, LOW);
delayMicroseconds(T+430);

digitalWrite(2, HIGH);
delayMicroseconds(T);
al=al+l;

if (a1>=1600*f and f==1)
{
digitalWrite(5, LOW);
f=2;
resultsl = abs(ads1115.readADC_Differential_0_1());
delay(100);
b=abs(results1);
Serial.printIn("Group 1: ");
Serial.print("RefDifferential: "); Serial.print(results1); Serial.print("("); Serial.print(resultsl * 0.188);
Serial.printin("mV)");
results2 = ads1115.readADC_Differential_2_3();
a=abs(results2);
Serial.print("Differential: "); Serial.print(results2); Serial.print("("); Serial.print(results2 * 0.188); Serial.printIn("mV)");
resistance = (a/b) * refR;
Serial.print("Resistance="); Serial.printIn(resistance);
digitalWrite(5, HIGH);
1
if (a1>=1600*f and f==2)
{
digitalWrite(6, LOW);
f=3;
resultsl = ads1115.readADC_Differential_0_1();
delay(100);
b=abs(resultsl);
Serial.printIn("Group 2: ");
Serial.print("RefDifferential: "); Serial.print(results1); Serial.print("("); Serial.print(results1 * 0.188);
Serial.printin("mV)");
results2 = ads1115.readADC_Differential_2_3();
a=abs(results2);
Serial.print("Differential: "); Serial.print(results2); Serial.print("("); Serial.print(results2 * 0.188); Serial.printIn("mV)");
resistance = (a/b) * refR;
Serial.print("Resistance="); Serial.printIn(resistance);
digitalWrite(6, HIGH);
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1
if (a1>=1600*f and f==3)
{
digitalWrite(7, LOW);
f=4;
resultsl = ads1115.readADC_Differential_0_1();
delay(100);
b=abs(results1);
Serial.printIn("Group 3: ");
Serial.print("RefDifferential: "); Serial.print(results1); Serial.print("("); Serial.print(results1 * 0.188);
Serial.printIn("mV)");
results2 = ads1115.readADC_Differential_2_3();
a=abs(results2);
Serial.print("Differential: "); Serial.print(results2); Serial.print("("); Serial.print(results2 * 0.188); Serial.printIn("mV)");
resistance = (a/b) * refR;
Serial.print("Resistance="); Serial.printIn(resistance);
digitalWrite(7, HIGH);
1
if (a1>=1600*f and f==4)
{
digitalWrite(8, LOW);
f=5;
resultsl = ads1115.readADC_Differential_0_1();
delay(100);
b=abs(results1);
Serial.printIn("Group 4: ");
Serial.print("RefDifferential: "); Serial.print(results1); Serial.print("("); Serial.print(resultsl * 0.188);
Serial.printin("mV)");
results2 = ads1115.readADC_Differential_2_3();
a=abs(results2);
Serial.print("Differential: "); Serial.print(results2); Serial.print("("); Serial.print(results2 * 0.188); Serial.printIn("mV)");
resistance = (a/b) * refR;
Serial.print("Resistance="); Serial.printIn(resistance);
digitalWrite(8, HIGH);
1
if (a1>=1600*f and f==5)
{
digitalWrite(9, LOW);
f=6;
resultsl = ads1115.readADC_Differential_0_1();
delay(100);
b=abs(results1);
Serial.printIn("Group 5: ");
Serial.print("RefDifferential: "); Serial.print(results1); Serial.print("("); Serial.print(results1 * 0.188);
Serial.printin("mV)");
results2 = ads1115.readADC_Differential_2_3();
a=abs(results2);
Serial.print("Differential: "); Serial.print(results2); Serial.print("("); Serial.print(results2 * 0.188); Serial.printin("mV)");
resistance = (a/b) * refR;
Serial.print("Resistance="); Serial.printIn(resistance);
digitalWrite(9, HIGH);
1
if (a1>=1600*f and f==6)
{
digitalWrite(10, LOW);
f=7;
resultsl = ads1115.readADC_Differential_0_1();
delay(100);
b=abs(resultsl);
Serial.printIn("Group 6: ");
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Serial.print("RefDifferential: "); Serial.print(results1); Serial.print("("); Serial.print(results1 * 0.188);
Serial.printIn("mV)");
results2 = ads1115.readADC_Differential_2_3();
a=abs(results2);
Serial.print("Differential: "); Serial.print(results2); Serial.print("("); Serial.print(results2 * 0.188); Serial.printin("mV)");
resistance = (a/b) * refR;
Serial.print("Resistance="); Serial.printin(resistance);
digitalWrite(10, HIGH);
1
if (a1>=1600*f and f==7)
{
digitalWrite(11, LOW);
f=8;
resultsl = ads1115.readADC_Differential_0_1();
delay(100);
b=abs(results1);
Serial.printIn("Group 7: ");
Serial.print("RefDifferential: "); Serial.print(results1); Serial.print("("); Serial.print(results1 * 0.188);
Serial.printin("mV)");
results2 = ads1115.readADC_Differential_2_3();
a=abs(results2);
Serial.print("Differential: "); Serial.print(results2); Serial.print("("); Serial.print(results2 * 0.188); Serial.printin("mV)");
resistance = (a/b) * refR;
Serial.print("Resistance="); Serial.printIn(resistance);
digitalWrite(11, HIGH);
1
if (a1>=1600*f and f==8)
{
digitalWrite(12, LOW);
f=9;
resultsl = ads1115.readADC_Differential_0_1();
delay(100);
b=abs(resultsl);
Serial.printIn("Group 8: ");
Serial.print("RefDifferential: "); Serial.print(results1); Serial.print("("); Serial.print(results1 * 0.188);
Serial.printIn("mV)");
results2 = ads1115.readADC_Differential_2_3();
a=abs(results2);
Serial.print("Differential: "); Serial.print(results2); Serial.print("("); Serial.print(results2 * 0.188); Serial.printin("mV)");
resistance = (a/b) * refR;
Serial.print("Resistance="); Serial.printin(resistance);
digitalWrite(12, HIGH);
1
if (a1>=1600*f and f==9)
{
digitalWrite(13, LOW);
f=10;
resultsl = ads1115.readADC_Differential_0_1();
delay(100);
b=abs(results1);
Serial.printIn("Group 9: ");
Serial.print("RefDifferential: "); Serial.print(results1); Serial.print("("); Serial.print(results1 * 0.188);
Serial.printIn("mV)");
results2 = ads1115.readADC_Differential_2_3();
a=abs(results2);
Serial.print("Differential: "); Serial.print(results2); Serial.print("("); Serial.print(results2 * 0.188); Serial.printin("mV)");
resistance = (a/b) * refR;
Serial.print("Resistance="); Serial.printIn(resistance);
digitalWrite(13, HIGH);
1
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if (@a1>=1600*f and f==10)
{
digitalWrite(14, LOW);
f=11;

resultsl = ads1115.readADC_Differential_0_1();

delay(100);

b=abs(results1);

Serial.printin("Group 10: ");

Serial.print("RefDifferential: "); Serial.print(results1); Serial.print("("); Serial.print(results1 * 0.188);
Serial.printIn("mV)");

results2 = ads1115.readADC_Differential_2_3();

a=abs(results2);

Serial.print("Differential: "); Serial.print(results2); Serial.print("("); Serial.print(results2 * 0.188); Serial.printIn("mV)");
resistance = (a/b) * refR;

Serial.print("Resistance="); Serial.printIn(resistance);

digitalWrite(14, HIGH);

1

if (a1>=1600*f and f==11)

{

digitalWrite(15, LOW);

f=12;

resultsl = ads1115.readADC_Differential_0_1();

delay(100);

b=abs(resultsl);

Serial.printIn("Group 11: ");

Serial.print("RefDifferential: "); Serial.print(results1); Serial.print("("); Serial.print(results1 * 0.188);
Serial.printIn("mV)");

results2 = ads1115.readADC_Differential_2_3();

a=abs(results2);

Serial.print("Differential: "); Serial.print(results2); Serial.print("("); Serial.print(results2 * 0.188); Serial.printin("mV)");
resistance = (a/b) * refR;

Serial.print("Resistance="); Serial.printIn(resistance);

digitalWrite(15, HIGH);

1

if (a1>=1600*f and f==12)

{

digitalWrite(16, LOW);

f=13;

resultsl = ads1115.readADC_Differential_0_1();

delay(100);

b=abs(results1);

Serial.printIn("Group 12: ");

Serial.print("RefDifferential: "); Serial.print(results1); Serial.print("("); Serial.print(results1 * 0.188);
Serial.printin("mV)");

results2 = ads1115.readADC_Differential_2_3();

a=abs(results2);

Serial.print("Differential: "); Serial.print(results2); Serial.print("("); Serial.print(results2 * 0.188); Serial.printIn("mV)");
resistance = (a/b) * refR;

Serial.print("Resistance="); Serial.printIn(resistance);

digitalWrite(16, HIGH);

1

if (a1>=1600*f and f==13)
{
digitalWrite(17, LOW);
f=14;
resultsl = ads1115.readADC_Differential_0_1();
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delay(100);

b=abs(results1);

Serial.printin("Group 13:");

Serial.print("RefDifferential: "); Serial.print(results1); Serial.print("("); Serial.print(results1 * 0.188);
Serial.printIn("mV)");

results2 = ads1115.readADC_Differential_2_3();

a=abs(results2);

Serial.print("Differential: "); Serial.print(results2); Serial.print("("); Serial.print(results2 * 0.188); Serial.printIn("mV)");
resistance = (a/b) * refR;

Serial.print("Resistance="); Serial.printIn(resistance);

digitalWrite(17, HIGH);

1

if (a1>=1600*f and f==14)

{

digitalWrite(18, LOW);

f=15;

resultsl = ads1115.readADC_Differential_0_1();

delay(100);

b=abs(results1);

Serial.printIn("Group 14:");

Serial.print("RefDifferential: "); Serial.print(results1); Serial.print("("); Serial.print(results1 * 0.188);
Serial.printIn("mV)");

results2 = ads1115.readADC_Differential_2_3();

a=abs(results2);

Serial.print("Differential: "); Serial.print(results2); Serial.print("("); Serial.print(results2 * 0.188); Serial.printIn("mV)");
resistance = (a/b) * refR;

Serial.print("Resistance="); Serial.printIn(resistance);

digitalWrite(18, HIGH);

1

if (a1>=1600*f and f==15)

{

digitalWrite(19, LOW);

f=16;

resultsl = ads1115.readADC_Differential_0_1();

delay(100);

b=abs(results1);

Serial.printin("Group 15:");

Serial.print("RefDifferential: "); Serial.print(results1); Serial.print("("); Serial.print(results1 * 0.188);
Serial.printin("mV)");

results2 = ads1115.readADC_Differential_2_3();

a=abs(results2);

Serial.print("Differential: "); Serial.print(results2); Serial.print("("); Serial.print(results2 * 0.188); Serial.printin("mV)");
resistance = (a/b) * refR;

Serial.print("Resistance="); Serial.printin(resistance);

digitalWrite(19, HIGH);

1

if (a1>=1600*f and f==16)
{
digitalWrite(22, LOW);
f=17;
resultsl = ads1115.readADC_Differential_0_1();
delay(100);
b=abs(results1);
Serial.printin("Group 16: ");
Serial.print("RefDifferential: "); Serial.print(results1); Serial.print("("); Serial.print(results1 * 0.188);
Serial.printIn("mV)");
results2 = ads1115.readADC_Differential_2_3();
a=abs(results2);
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Serial.print("Differential: "); Serial.print(results2); Serial.print("("); Serial.print(results2 * 0.188); Serial.printin("mV)");
resistance = (a/b) * refR;

Serial.print("Resistance="); Serial.printIn(resistance);

digitalWrite(22, HIGH);

1

if (a1>=1600*f and f==17)

{

digitalWrite(23, LOW);

f=18;

resultsl = ads1115.readADC_Differential_0_1();

delay(100);

b=abs(resultsl);

Serial.printIn("Group 17: ");

Serial.print("RefDifferential: "); Serial.print(results1); Serial.print("("); Serial.print(results1 * 0.188);
Serial.printin("mV)");

results2 = ads1115.readADC_Differential_2_3();

a=abs(results2);

Serial.print("Differential: "); Serial.print(results2); Serial.print("("); Serial.print(results2 * 0.188); Serial.printIn("mV)");
resistance = (a/b) * refR;

Serial.print("Resistance="); Serial.printIn(resistance);

digitalWrite(23, HIGH);

1

if (a1>=1600*f and f==18)

{

digitalWrite(24, LOW);

f=19;

resultsl = ads1115.readADC_Differential_0_1();

delay(100);

b=abs(results1);

Serial.printin("Group 18: ");

Serial.print("RefDifferential: "); Serial.print(results1); Serial.print("("); Serial.print(resultsl * 0.188);
Serial.printin("mV)");

results2 = ads1115.readADC_Differential_2_3();

a=abs(results2);

Serial.print("Differential: "); Serial.print(results2); Serial.print("("); Serial.print(results2 * 0.188); Serial.printIn("mV)");
resistance = (a/b) * refR;

Serial.print("Resistance="); Serial.printIn(resistance);

digitalWrite(24, HIGH);

1

if (a1>=1600*f and f==19)

{

digitalWrite(25, LOW);

f=20;

resultsl = ads1115.readADC_Differential_0_1();

delay(100);

b=abs(results1);

Serial.printin("Group 19: ");

Serial.print("RefDifferential: "); Serial.print(results1); Serial.print("("); Serial.print(results1 * 0.188);
Serial.printin("mV)");

results2 = ads1115.readADC_Differential_2_3();

a=abs(results2);

Serial.print("Differential: "); Serial.print(results2); Serial.print("("); Serial.print(results2 * 0.188); Serial.printin("mV)");
resistance = (a/b) * refR;

Serial.print("Resistance="); Serial.printIn(resistance);

digitalWrite(25, HIGH);

1
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if (a1>=1600*f and f==20)

{

digitalWrite(26, LOW);

f=21;

resultsl = ads1115.readADC_Differential_0_1();

delay(100);

b=abs(results1);

Serial.printIn("Group 20: ");

Serial.print("RefDifferential: "); Serial.print(results1); Serial.print("("); Serial.print(results1 * 0.188);
Serial.printin("mV)");

results2 = ads1115.readADC_Differential_2_3();

a=abs(results2);

Serial.print("Differential: "); Serial.print(results2); Serial.print("("); Serial.print(results2 * 0.188); Serial.printin("mV)");
resistance = (a/b) * refR;

Serial.print("Resistance="); Serial.printIn(resistance);

digitalWrite(26, HIGH);

1

if (a1>=1600*f and f==21)
{
digitalWrite(27, LOW);
f=22;
resultsl = ads1115.readADC_Differential_0_1();
delay(100);
b=abs(results1);
Serial.printIn("Group 21: ");
Serial.print("RefDifferential: "); Serial.print(results1); Serial.print("("); Serial.print(resultsl * 0.188);
Serial.printin("mV)");
results2 = ads1115.readADC_Differential_2_3();
a=abs(results2);
Serial.print("Differential: "); Serial.print(results2); Serial.print("("); Serial.print(results2 * 0.188); Serial.printIn("mV)");
resistance = (a/b) * refR;
Serial.print("Resistance="); Serial.printIn(resistance);
digitalWrite(27, HIGH);
1
if (a1>=1600*f and f==22)
{
digitalWrite(28, LOW);
f=23;
resultsl = ads1115.readADC_Differential_0_1();
delay(100);
b=abs(results1);
Serial.printIn("Group 22: ");
Serial.print("RefDifferential: "); Serial.print(results1); Serial.print("("); Serial.print(results1 * 0.188);
Serial.printin("mV)");
results2 = ads1115.readADC_Differential_2_3();
a=abs(results2);
Serial.print("Differential: "); Serial.print(results2); Serial.print("("); Serial.print(results2 * 0.188); Serial.printin("mV)");
resistance = (a/b) * refR;
Serial.print("Resistance="); Serial.printIn(resistance);
digitalWrite(28, HIGH);
1
if (a1>=1600*f and f==23)
{
digitalWrite(29, LOW);
f=1;
al=0;
resultsl = ads1115.readADC_Differential_0_1();
delay(100);
b=abs(results1);
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Serial.printIn("Group 23: ");
Serial.print("RefDifferential: "); Serial.print(results1); Serial.print("("); Serial.print(results1 * 0.188);

Serial.printin("mV)");
results2 = ads1115.readADC_Differential_2_3();

a=abs(results2);
Serial.print("Differential: "); Serial.print(results2); Serial.print("("); Serial.print(results2 * 0.188); Serial.printIn("mV)");

resistance = (a/b) * refR;
Serial.print("Resistance="); Serial.printIn(resistance);

digitalWrite(29, HIGH);
1
}

Conclusion:
After testing, it can be concluded that the system into a PCB work successfully with the supply of

Arduino Mega board, and at the same time, the system has the capability to measure resistance and

automatically switch within the terminals connected.
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Automated electrode-switch salt watcher system (demo) test plan:

Aim:

The aim of the automated electrode-switch salt watcher system demo test is to test whether this
demon system is able to stably detect the value of the voltage and current to be measured and
switch the electrode set automatically successfully. Finally, if required, test if the values can be
displayed on external screen.

Hypothesis:

When the whole system inputs whatever DC signal source or AC square wave signal source to
measure the same resistor, the measurement results keep stable relatively. Also, the resistors to be
measured could be switched automatically. If meet both requirements mentioned above, the system
is judged to pass the test.

Variables:

Table 22 Variables in Automated electrode-switch salt watcher system demo test

Nr. Property Vary/Measure Value Unit

1 Power for whole system Vary 5.0 Y

2 Resistance Measure 270,510,2000 | Q

3 Differential voltage of Vary 27-100 mV
reference resistor (in DC)

4 Differential voltage of Vary 600-1500 mV
resistor tested (in DC)

5 Differential voltage of Vary 70-240 mV
reference resistor (in AC)

6 Differential voltage of Vary 250-580 mV
resistor tested (in AC)
Frequency (in AC) Vary 800 Hz

8 Output digital signal from Vary \ \
Arduino board

Testing Tools:

Table 23 Testing tools in Automated electrode-switch salt watcher system demo test

Nr. Item Demands
1 Laptop \

3 Connecting cable (USB Micro B) \

4 Oscilloscope (DSO5202P) \

5 Mobile phone Photography and video
6 Jumper cables \

7 Breadboard \

8 Multimeter \

9 Arduino Uno board \

10 Automated electrode-switch salt watcher \

system
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Method (For DC test):

1. Layout all components reasonably on breadboard.

2. Connect Arduino Uno 5V power to breadboard as power source of the whole system

(including the voltage & current measuring sub-system).

Connect Arduino Uno board with laptop, enabling Arduino board as power supply.

Upload code into Arduino Uno board and open IDE serial monitor.

5. Observe and record the results displayed. For each resistor set, take down 20 groups of
data.

6. Disconnect all wires and organize devices and instruments and components.

dw

Method (For AC test):

1. Layout all components reasonably on breadboard.

2. Connect Arduino Uno 5V power to breadboard as power source of the system excluding the
voltage & current measuring sub-system.

3. Connect signal generation sub-system with voltage & current measuring sub-system, using

AC square waves as power source of that sub-system.

Connect Arduino Uno board with laptop, enabling Arduino board as power supply.

Upload code into Arduino Uno board and open IDE serial monitor.

Observe and record the results displayed. For each resistor set, take down 20 groups of data.

Disconnect all wires and organize devices and instruments and components.

Compare the data measured in AC test and the data collected in DC test.

PNV A

Expected results:

In both DC and AC test, the differential voltage of reference resistor and measured resistor and
corresponding calculated resistance would be displayed in Arduino IDE serial monitor. After
comparison, it will be found the value tested in two tests are almost equal correspondingly despite of
some slight differences.

Test results

@ DC test:

Figure 93 DC test of Automated e/ectr;::de—switch salt W.atchér 'sysfem diagram
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Table 24 DC test for group1

Vol‘tage of reference Voltage of resistor to Resistance calculated (Q)
resistor (mV) measured (mV)
1 71.44 1444.4 2005.66
2 71.44 1443.65 2004.62
3 71.45 1444.6 2005.66
4 71.44 1443.55 2004.48
5 71.44 1443.76 2004.78
6 71.44 1443.75 2004.76
7 71.44 1444.23 2005.43
8 71.44 1446.01 2007.90
9 71.44 1444.45 2005.73
10 71.44 1443.65 2004.62
11 71.44 1446.15 2008.09
12 71.44 1443.99 2005.09
13 71.46 1443.95 2004.48
14 71.45 1444.85 2006.01
15 71.44 1443.65 2004.62
16 71.44 1443.78 2004.80
17 71.44 1444.65 2006.01
18 71.44 1444.55 2005.87
19 71.44 1443.69 2004.68
20 71.43 144491 2006.65

Table 25 DC test for group2

Voltage of reference Voltage of resistor to Resistance calculated
resistor (mV) measured (mV) (Q)
1 251.54 680.56 268.39
2 251.54 680.37 268.32
3 251.54 680.98 268.56
4 251.54 680.58 268.40
5 251.54 681.06 268.59
6 251.53 680.76 268.48
7 251.54 680.64 268.42
8 251.52 680.78 268.50
9 251.51 680.76 268.50
10 251.54 680.95 268.55
11 251.54 682.01 268.97
12 251.54 679.86 268.12
13 251.54 680.56 268.39
14 251.54 681.16 268.63
15 251.54 680.24 268.27
16 251.54 680.88 268.52
17 251.53 680.16 268.25
18 251.54 680.57 268.40
19 251.55 682.76 269.25
20 251.54 680.47 268.36
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Table 26 DC test for group3

Voltage of reference Voltage of resistor to Resistance calculated (Q)
resistor (mV) measured (mV)
1 238.01 1220.5 508.69
2 238.01 1220.95 508.88
3 238.03 1220.56 508.67
4 238.01 1220.98 508.89
5 238.01 1220.9 508.86
6 238.01 1220.68 508.77
7 238.02 1221.45 509.07
8 238.03 1220.51 508.65
9 238.01 1220.5 508.69
10 238.01 1220.66 508.76
11 238.01 1220.81 508.82
12 238.01 1219.57 508.30
13 237.99 1218.57 507.93
14 238.01 1220.58 508.73
15 238.02 1223.01 509.72
16 238.01 1220.58 508.73
17 238.01 1221.55 509.13
18 238.01 1220.51 508.70
19 238.01 1222.08 509.35
20 238.04 1220.16 508.49
Ao Rt o/ b1V (1 pin s
Currents 9(0.00ma)
Voltage: 1640 (4520m¥)
refD £erentials 380 (11, ddny)
Difeerential: 7663 (1444, 40nV)
Rt ferential: 1338 (251. S6mv)
bit 1+ 3620(680.56u)
Rt fforential: 1266(236.01a1)
bifferential: £492(1220.50nY)
current: 0(0.00ma)
Voltage: 2095 (6275m¥)
RetD £erentials 390 (11, dny)
Di£ferential: 7679(1443. 65mY)
e e S

Figure 94 Partial test results displayed in Arduino IDE serial monitor
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Test code:

#include <Wire.h>
#include <Adafruit_ADS1X15.h>

Adafruit_ADS1115 ads1115;
void setup() {

Serial.begin(115200);
Serial.printin("Hello!");

Serial.printin("Getting differential reading from AINO (P) and AIN1 (N)");
Serial.printin("ADC Range: +/- 6.144V (1 bit = 3mV)");

ads1115.begin();

pinMode(5, OUTPUT);

pinMode(6, OUTPUT);

pinMode(7, OUTPUT);
!

void loop() {

intl6_tresultsl;

intl6_tresults2;

double |_resultsl;

double b=0,a=0,resistance=0;

digitalWrite(5, HIGH);

digitalWrite(6, HIGH);

digitalWrite(7, HIGH);

delay(100);

resultsl = ads1115.readADC_Differential_0_1();

|_resultsl = results1 * 3/99.2;

results2 = ads1115.readADC_Differential_2_3();

Serial.print("\n");

Serial.print("Current: "); Serial.print(results1); Serial.print("("); Serial.print(l_results1);
Serial.printin("mA)");

Serial.print("Voltage: "); Serial.print(results2); Serial.print("("); Serial.print(results2 * 3);
Serial.printin("mV)\n");

delay(2000);

digitalWrite(5, LOW);

delay(100);

resultsl = ads1115.readADC_Differential_0_1();

b=abs(results1);

Serial.printin("Group 1: ");

Serial.print("RefDifferential: "); Serial.print(results1); Serial.print("("); Serial.print(resultsl * 0.188);
Serial.printin("mV)");

results2 = ads1115.readADC_Differential_2_3();

a=abs(results2);

Serial.print("Differential: "); Serial.print(results2); Serial.print("("); Serial.print(results2 * 0.188);
Serial.printin("mV)");

resistance = (a/b) * 99.2;
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Serial.print("Resistance="); Serial.printin(resistance); Serial.print("\n");
delay(2000);
digitalWrite(5, HIGH);

digitalWrite(6, LOW);

resultsl = ads1115.readADC_Differential_0_1();

b=abs(results1);

Serial.printin("Group 2: ");

Serial.print("RefDifferential: "); Serial.print(results1); Serial.print("("); Serial.print(results1 * 0.188);
Serial.printin("mV)");

results2 = ads1115.readADC_Differential_2_3();

a=abs(results2);

Serial.print("Differential: "); Serial.print(results2); Serial.print("("); Serial.print(results2 * 0.188);
Serial.printin("mV)");

resistance = (a/b) * 99.2;

Serial.print("Resistance="); Serial.printin(resistance); Serial.print("\n");

delay(2000);

digitalWrite(6, HIGH);

digitalWrite(7, LOW);

resultsl = ads1115.readADC_Differential_0_1();

b=abs(results1);

Serial.printin("Group 3: ");

Serial.print("RefDifferential: "); Serial.print(results1); Serial.print("("); Serial.print(results1 * 0.188);
Serial.printin("mV)");

results2 = ads1115.readADC_Differential _2_3();

a=abs(results2);

Serial.print("Differential: "); Serial.print(results2); Serial.print("("); Serial.print(results2 * 0.188);
Serial.printin("mV)");

resistance = (a/b) * 99.2;

Serial.print("Resistance="); Serial.printin(resistance); Serial.print("\n");

delay(2000);

digitalWrite(7, HIGH);

}
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@ AC test:

A

Table 27 AC test for 2000Q) resistor

§: B B B\
st of Automated electrode-switch salt watcher system diagram

Voltage of reference Voltage of resistorto | Resistance calculated
resistor (mV) measured (mV) (Q)
1 28.2 565.69 2006.00
2 27.89 563.12 2019.09
3 28.12 565.62 2011.46
4 28.18 567.69 2014.52
5 28.11 568.78 2023.42
6 28.19 568.19 2015.58
7 27.9 566.01 2028.72
8 28.21 566.99 2009.90
9 28.2 567.79 2013.45
10 28.25 568.69 2013.07
11 28.2 567.12 2011.07
12 28.36 571.69 2015.84
13 28.2 570.69 2023.73
14 28.34 568.69 2006.68
15 28.31 569.13 2010.36
16 28.12 566.65 2015.12
17 28.1 565.69 2013.14
18 28.21 569.67 2019.40
19 28.04 565.77 2017.73
20 28.07 565.53 2014.72
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Table 28 AC test for 270Q resistor

Voltage of reference Voltage of resistor to Resistance calculated
resistor (mV) measured (mV) (Q)
1 97.38 262.45 269.51
2 97.95 264.89 270.44
3 97.65 263.59 269.93
4 97.91 264.62 270.27
5 97.12 264.19 272.03
6 97.29 262.98 270.31
7 97.69 262.75 268.96
8 97.8 262.49 268.40
9 98.02 263.12 268.44
10 97.87 263.58 269.32
11 97.65 263.59 269.93
12 97.86 263.11 268.87
13 97.46 263.42 270.29
14 97.85 262.89 268.67
15 97.12 263.46 271.27
16 97.88 262.99 268.69
17 97.96 262.96 268.44
18 97.95 267.09 272.68
19 97.9 263.59 269.25
20 97.38 262.78 269.85

Table 29 AC test for 510Q resistor

Voltage of reference Voltage of resistor to Resistance calculated
resistor (mV) measured (mV) (Q)
1 72.19 372.24 515.64
2 73.7 379.76 515.28
3 72.86 375.24 515.02
4 72.42 374.32 516.88
5 72.76 374.98 515.37
6 72.54 373.97 515.54
7 73.46 378.56 515.33
8 72.77 377.62 518.93
9 72.2 373.87 517.83
10 72.16 374.2 518.57
11 72.19 373.24 517.03
12 72.78 374.04 513.93
13 72.06 371.94 516.16
14 72.89 378.64 519.47
15 73.08 373.63 511.26
16 73.96 379.14 512.63
17 74.06 380.93 514.36
18 73.79 379.27 513.99
19 72.56 374.26 515.80
20 72.65 376.64 518.43
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RefDifferential: 518(97.38mV)
Differential: 1396 (262.45mV)
Resistance= 269.50

Group 3:

RefDifferential: 384 (72.19%mV)
Differential: 1980 (372.24mV)
Resistance= 515.63

Group 1:

RefDifferential: 150(28.20mV)
Differential: 3008 (565.6%mV)
Resistance= 2006.00

Group 2:

RefDifferential: 521 (97.95mV)
Differential: 1409 (264.89%mV)
Resistance= 270.44

Group 3:

RefDifferential: 392 (73.70mV)
Differential: 2020(379.76mV)
Resistance= 515.31

BEih%R () Show timestanp
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Figure 96 Partial test results of AC test

Test code:

#include <Wire.h>

#include <Adafruit_ADS1X15.h>

int frequency = 848; //Set frequency in Hertz
double delayTime = 1000000 / (frequency * 2);
double delayseconds = 1000/(frequency * 2);
Adafruit_ADS1115 ads1115;

double n = 0,x=0,p=0,f=1;

float refR = 100;

void setup(void)

{
pinMode(3, OUTPUT);
pinMode(2, OUTPUT);
pinMode(5, OUTPUT);
pinMode(6, OUTPUT);
pinMode(7, OUTPUT);
Serial.begin(115200);

Serial.printin("Hello!");
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Serial.printIn("Getting differential reading from AINO (P) and AIN1 (N)");
Serial.println("ADC Range: +/- 6.144V (1 bit = 0.188mV) ");

ads1115.begin();

void loop(void)
{
intl6_tresultsl;
intl6_t results2;
double T =0;
double resistance = 0,a=0,b=0;
digitalWrite(3, HIGH);
digitalWrite(5, HIGH);
digitalWrite(6, HIGH);
digitalWrite(7, HIGH);
if (frequency>=100)
{
T = delayTime;
digitalWrite(2, LOW);
delayMicroseconds(T);
digitalWrite(2, HIGH);
delayMicroseconds(T);
}
else
{
T = delayseconds;
digitalWrite(2, LOW);
delay(T);
digitalWrite(2, HIGH);

delay(T);
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}

n=n+1;

x=x+1;

p=p+1;

if (n>=1600 and f==1)

{

digitalWrite(5, LOW);

f=2;

resultsl = ads1115.readADC_Differential_0_1();
b=abs(results1);

Serial.printin("Group 1: ");

Serial.print("RefDifferential: "); Serial.print(results1); Serial.print("("); Serial.print(results1 * 0.188);
Serial.printin("mV)");

results2 = ads1115.readADC_Differential_2_3();

a=abs(results2);

Serial.print("Differential: "); Serial.print(results2); Serial.print("("); Serial.print(results2 * 0.188);
Serial.printin("mV)");

resistance = (a/b) * refR;

Serial.print("Resistance="); Serial.printin(resistance);
digitalWrite(5, HIGH);

}

if (x>=3200 and f==2)

{

digitalWrite(6, LOW);

f=3;

results1 = ads1115.readADC_Differential_0_1();
b=abs(results1);

Serial.printin("Group 2: ");

Serial.print("RefDifferential: "); Serial.print(results1); Serial.print("("); Serial.print(resultsl * 0.188);
Serial.printin("mV)");

results2 = ads1115.readADC_Differential_2_3();

a=abs(results2);
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Serial.print("Differential: "); Serial.print(results2); Serial.print("("); Serial.print(results2 * 0.188);
Serial.printin("mV)");

resistance = (a/b) * refR;
Serial.print("Resistance="); Serial.printIn(resistance);
digitalWrite(6, HIGH);

}

if (p>=4800 and f==3)

{

digitalWrite(7, LOW);

f=1;

n=0;

x=0;

p=0;

resultsl = ads1115.readADC_Differential_0_1();
b=abs(results1);

Serial.printin("Group 3: ");

Serial.print("RefDifferential: "); Serial.print(results1); Serial.print("("); Serial.print(results1 * 0.188);
Serial.printin("mV)");

results2 = ads1115.readADC_Differential_2_3();
a=abs(results2);

Serial.print("Differential: "); Serial.print(results2); Serial.print("("); Serial.print(results2 * 0.188);
Serial.printin("mV)");

resistance = (a/b) * refR;

Serial.print("Resistance="); Serial.printin(resistance);
digitalWrite(7, HIGH);

}

}

Conclusion:

After testing, conclusion can be derived that when the whole system inputs both DC signal source or
AC square wave signal source to measure the same resistor, the resistance values of the resistors can
be both measured and the results keep relatively stable despite some fluctuation. Also, figures
shown above can prove the resistors to be measured could be switched automatically in certain
frequency (AC) or certain time interval (DC). Two requirements have been met, so the system is
judged to pass the test.
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Automatic electrode-switch sub-system test plan:

Aim:

The aim of the automated electrode-switch salt watcher system test is to test whether this system is
able to stably detect the value of the voltage and current to be measured, and switch the electrode
set automatically successfully. Finally, if required, test if the values can be displayed on external

screen.

Hypothesis:

When the whole system inputs DC 5V source to measure 3 group resistance values, the measurement
results (differential voltage and current) change and displayed in Arduino IDE serial monitor circularly.

Variables:

Table 30 Variables in Automatic electrode-switch sub-system test

Nr. Property Vary/Measure Value Unit

1 Power for whole system Vary 5.0 Y

2 Resistance Measure 270, 510, 2000 Q

3 Differential voltage Measure 780-1550 mV

4 Current Measure 0.7-3 mA

5 Output digital signal from Vary \ \
Arduino board

Testing tools:

Table 31 Testing tools in Automatic electrode-switch sub-system test

Nr. Item Remark

1 Laptop \

2 Connecting cable (USB Micro B) \

3 Mobile phone Photography and video

4 Jumper cables \

5 Breadboard \

6 Resistor 100Q, 270, 1kQ, 2kQ, 10kQ

7 Transistor \

8 ADS1115 AD converter

9 TLP521-4 Optocoupler

10 Arduino Uno board \
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Method:
1. Layout all components reasonably on breadboard.
2. Connect Arduino Uno 5V power to breadboard as power source of the switch sub-system.
3. Connect Arduino Uno board with laptop, enabling Arduino board as power supply.
4. Upload code into Arduino Uno board and open IDE serial monitor.
5. Observe and record the results displayed.
6. Disconnect all wires and organize devices and instruments and components.

Test results

Figure 97 Switch sub-system test diagram
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Current2: 97(2.93mA)
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Current3: 86(2.60mA)
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Figure 98 Test 1 results in IDE serial monitor
@ com3 - [m] X
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Hello!
Getting differential reading from AINO (P) and AIN1 (N)
ADC Range: +/- 6.144V (1 bit = 3mV)
Current: —-1(-0.03mA)
Voltage: 0(0mV)
Currentl: 23(0.70ma)
Voltagel: 512 (1536mV)
Current2: 96(2.90mA)
Voltage2: 260 (780mv)
Current3: 88 (2.66mA)
Voltage3: 452 (1356mv)
Current: -1(-0.03ma)
Voltage: 1(3mV)
Currentl: 23(0.70mR)
Voltagel: 511(1533mv)
B 831% 8 (shov timestamp B®ITH ~| 115200 FHER ~ BTHIL

Figure 99 Test 2 results in IDE serial monitor

Test code:
#tinclude <Wire.h>
#include <Adafruit_ADS1X15.h>

Adafruit_ADS1015 ads1115;

void setup() {

Serial.begin(9600);
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Serial.printin("Hello!");

Serial.printIn("Getting differential reading from AINO (P) and AIN1 (N)");
Serial.printin("ADC Range: +/- 6.144V (1 bit = 3mV)");

ads1115.begin();

pinMode(2, OUTPUT);

pinMode(3, OUTPUT);

}

void loop() {

intl6_t resultsl;
intl6_tresults2;

double |_results];

digitalWrite(2, HIGH);

digitalWrite(3, HIGH);

resultsl = ads1115.readADC_Differential_0_1();
|_resultsl = results1 * 3/99.2;

results2 = ads1115.readADC_Differential_2_3();

Serial.print("Currentl: "); Serial.print(results1); Serial.print("("); Serial.print(l_results1);
Serial.printin("mA)");

Serial.print("Voltagel: "); Serial.print(results2); Serial.print("("); Serial.print(results2 * 3);
Serial.printin("mV)");

delay(2000);

digitalWrite(2, LOW);

resultsl = ads1115.readADC_Differential_0_1();

|_resultsl = resultsl * 3/99.2;

results2 = ads1115.readADC_Differential_2_3();

Serial.print("Currentl: "); Serial.print(results1); Serial.print("("); Serial.print(l_results1);

Serial.println("mA)");
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Serial.print("Voltagel: "); Serial.print(results2); Serial.print("("); Serial.print(results2 * 3);
Serial.printin("mV)");

digitalWrite(2,HIGH);

delay(3000);

digitalWrite(3, LOW);

resultsl = ads1115.readADC_Differential_0_1();
|_resultsl = results1 * 3/99.2;

results2 = ads1115.readADC_Differential_2_3();

Serial.print("Current2: "); Serial.print(results1); Serial.print("("); Serial.print(l_results1);
Serial.printin("mA)");

Serial.print("Voltage2: "); Serial.print(results2); Serial.print("("); Serial.print(results2 * 3);
Serial.printin("mV)");

delay(3000);

Conclusion:

It can be concluded from the test results that by coding it is feasible to switch the optocoupler in
certain time interval and there is corresponding voltage detected by ADS1115, as shown in the

Arduino IDE serial monitor. Therefore, it proved the function and feasibility of this switch sub-system.
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Signal generation sub-system test plan:

Aim:

The aim of signal generation sub-system test is mainly threefold. The first aim is to test whether the
properties of the equivalent AC square wave signal sources generated by Arduino board with some voltage
divider resistors can meet requirements. Furtherly, test stability of the frequency and amplitude of the
square waves. Finally, the display on the oscilloscope validates the subsystem's practicality.

Hypothesis:

Theoretically, using Arduino board as power source and some voltage divider resistors, could equally
generate the AC square waves as source of external circuit. Besides, the amplitude of square waves can be
adjusted by changing the resistance and lay-out of several voltage divider resistors (range:500mV-2600mv).

Variables:

Table 32 Variables in Signal generation sub-system test

Nr. Property Vary/Measure Value Unit
1 Power from Arduino Vary 5.0 Vv

2 Frequency Vary 50-3600 Hz

3 Differential voltage Measure 500-2600 mV
4 Error Measure 0-6% %

5 Stability Measure \ \

Testing tools:

Table 33 Testing tools in Signal generation sub-system test

Nr. Item Demands

1 Laptop \

2 Connecting cable (USB Micro B) \

3 Oscilloscope (DSO05202P) \

4 Mobile phone Photography and video

5 Jumper cables \

6 Breadboard \

7 Arduino Uno board \

8 Resistors Several with different resistance
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Figure 100 Signal generation circuit schematics

Layout several (3-4) resistors reasonably on breadboard to configurate the output voltage
of Arduino board.

Connect Arduino Uno board with laptop, enabling Arduino board as power supply.
Make physical connections between Arduino Uno board with the resistor layout.
Connect the oscilloscope (Channel 1/2) to the to port A and B in the circuit.

Upload code into Arduino Uno board and observe the display of oscilloscope.

Change the frequency (50Hz—3600Hz) of square wave and take down the data on the
oscilloscope.

Replace the resistors with other resistances and repeat step 5-6.

Record and organize the measuring results collected.

Disconnect all wires and organize devices and instruments.
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Test results
In this test, there are 4 group resistors combination tested in total, which means 4 different
amplitude of AC square waves were generated and its properties are tested. The test layout diagram
and data tables are displayed below.

Figure 101 Signal generation subsystem test diagram

Table 34 Signal generation groupl

Nr. Frequency Frequency Minimum(mV) | Maximum(mV) | Error
set

1 50 49.7 -780 880 0.60%
2 100 99.4 -780 880 0.60%
3 200 198.4 -780 880 0.80%
4 300 297 -780 880 1.00%
5 500 493 -780 880 1.40%
6 800 786.1 -780 880 1.74%
7 815 800.1 -780 880 1.83%
8 1000 978.4 -780 880 2.16%
9 1500 1461.5 -780 880 2.57%
10 2000 1938 -780 880 3.10%
11 3000 2873 -780 880 4.23%
12 3600 3401.5 -780 880 5.51%
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Table 35 Signal generation group2

Frequency Frequency Minimum | Maximum Pulse

set (mV) (mV) Width(us)
1 50 49.67 -820 780 10.01ms 0.66%
2 100 99.3 -820 780 5.030ms 0.70%
3 200 198.4 -820 780 2.520ms 0.80%
4 300 297.2 -820 780 1.684ms 0.93%
5 500 493.3 -820 780 1.014ms 1.34%
6 800 786.1 -820 780 633 1.74%
7 815 801.2 -820 780 621 1.69%
8 1000 978 -820 780 508 2.20%
9 1500 1458.5 -820 780 342 2.77%
10 2000 1934 -820 780 257 3.30%
11 3000 2861 -820 780 173 4.63%
12 3600 3407 -820 780 145 5.36%

Table 36 Signal generation group3

Frequency Frequency | Minimum  Maximum Pulse

set (V) Width(us)
1 50 49.68 -1 1.84 10.01ms 0.64%
2 100 99.3 -1 1.84 5.040ms 0.70%
3 200 197 -1 1.84 2520 1.50%
4 300 297.2 -1 1.84 1686 0.93%
5 500 4935 -1 1.84 1014 1.30%
6 800 786.4 -1 1.84 633.2 1.70%
7 815 799.5 -1 1.84 621.2 1.90%
8 1000 978 -1 1.84 508.4 2.20%
9 1500 1459 -1 1.84 341.6 2.73%
10 2000 1934 -1 1.84 256.4 3.30%
11 3000 2863.5 -1 1.84 172.8 4.55%
12 3600 3408 -1 1.84 144.4 5.33%
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Table 37 Signal generation group4

Frequency Frequency | Minimum  Maximum Pulse

set (mV) (mV) Width(us)
1 50 49.9 -2600 2640 10.01ms 0.20%
2 100 99.6 -2600 2640 5.030ms 0.40%
3 200 198.4 -2600 2640 2.520ms 0.80%
4 300 297.6 -2600 2640 1.684ms 0.80%
5 500 490.1 -2600 2640 1.014ms 1.98%
6 800 781.2 -2600 2640 633 2.35%
7 815 801.2 -2600 2640 621 1.69%
8 1000 977.5 -2600 2640 508 2.25%
9 1500 1466 -2600 2640 342 2.27%
10 2000 1919 -2600 2640 257 4.05%
11 3000 2868 -2600 2640 173 4.40%
12 3600 3436 -2600 2640 145 4.56%

As mentioned earlier, totally four combinations of bleeder resistors had been tested and so there are
four amplitudes (800mV, 830mV, 1.84V and 2.6V), of which the test results are listed above. When
fixing the resistance of voltage divider resistors, which means the amplitude is determined, the error
between the frequency set of code in Arduino IDE and actual frequency detected by oscilloscope
(reference tool) increases as the frequency value goes up. The errors analysis line chart is as show
below.

Errors analysis line chart

6.00%
5.00%
4.00%
3.00%
2.00%
1.00%
0.00%
1 2 3 4 5 6 7 8 9 10 11 12

@=@==Error--830mV  e=@==Error--1.84V Error--800mV  e=@==Error--2.6V

Figure 102 Line chart analysis of signal generation sub-system test
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It can be derived from the line chart that within the frequency range (50Hz—3600Hz), the errors are
all lower than 6%, which is the expected error maximum, despite of that the error keeps rising trend
with the increase of frequency. In the whole system design, 800Hz is determined to be adopted for
the frequency of voltage & current system circuit in terms of the previous research of in-company
colleague Mick and fellow students. Besides, considering there is relatively much load in the
electrode-switch sub-system, large amplitude is more feasible for the entire system design.

Table 38 Test results displayed in oscilloscope and the related parameters

Image of AC square waves Cyclic Vrms voltage Frequency (Hz)

= d (mV) amplitude (mV) d it
760 820 804.5
740 800 800.6

754.;

I,BA\;

[ 1.251ms

1.251ms
¥ 200v 1840 1940 799.3

1.88V

P
1 S 2520 2660 800.6
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Test code:

double Frequency = 815;

double t1=1000000/(Frequency*2);

double t2=1000/(Frequency*2);

void setup() {
pinMode(2, OUTPUT);
pinMode(3, OUTPUT);
!

void loop() {
if (Frequency >=200){
digitalWrite(3, HIGH);
digitalWrite(2, LOW);
delayMicroseconds(t1);
digitalWrite(2, HIGH);
delayMicroseconds(t1);
}
else {
digitalWrite(3, HIGH);
digitalWrite(2, LOW);
delay(t2);
digitalWrite(2, HIGH);
delay(t2);
}

}

Conclusion:

It can be derived that from the data measured in the tables and the figures shown that it is feasible
to use the combination of Arduino board and some voltage divider resistors to generate equivalent
stable AC square waves and the frequency and amplitude of voltage is also adjustable, which are

from 50Hz to 3600Hz and from 700mV to 2.6V respectively. The error between the frequency set in
Arduino IDE code and actual frequency increases gradually with the growth of the frequency, but all

of the error is under 6%, meeting expected standards.
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Voltage & Current measuring sub-system test plan:

Aim:

The aim of voltage & current measuring sub-system test is to confirm that with the AC square waves
as power supply of resistors, whether the current flowing through the resistor to be measured and

the voltage across the resistor could be detected and measured by ADS1115 in the circuit

successfully or not.

Hypothesis:
If the component analog-to-digital converter ADS1115, which serves as the voltage sensor here,

could derive the corresponding values (voltage of the reference resistor and the resistor to be tested)
from circuit to be measured, the system would pass the test.

Variables:

Table 39 Variables in Voltage & Current measuring sub-system test

Nr. Property Vary/Measure Value Unit
1 Power from Arduino Vary 5.0 Y
2 Frequency Vary 800 Hz
3 Amplitude of AC square wave | Vary 2.4 Y
4 Voltage across resistor Measure 0-1600 mV
5 Error Measure 0-6% %
6 Stability Measure \ \
Testing tools
Table 40 Testing tools in Voltage & Current measuring sub-system test
Nr. Item Remark
1 Connecting wire (USB Micro B) \
2 Arduino Uno board \
3 Resistors 100Q, 270Q, 510Q, 2000Q
4 ADS1115 Analog-to-Digital Converter
5 Breadboard \
6 Jumper cables Several
7 Laptop Power for Arduino
8 Mobile Phone Photography and video
9 Oscilloscope \
10 Signal generation sub-system \
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Method:

=

Repeat step 5-6.

©oNDU A WN

10. Repeat step 5-6.

11. Record all the data connected and make comparison table.
12. Disconnect wires and organize the devices and testing tools.

Expected results:
With optocoupler included in the circuit, voltages of the reference resistor and testing resistor can
still be detected and measured. No matter how much resistance of the testing resistor is, the test

error is under 6%.

Test results
Table 41 Test for 270Q resistor

Connect Arduino Uno with laptop.

Connect Arduino Uno with voltage sensor (ADS1115) corresponding ports.
Connect the signal generation sub-system with measuring sub-system side.
Reasonably layout 270Q) testing resistor connected to optocoupler.

Upload the Arduino IDE code into Arduino board and open serial monitor.
Observe and take down the results displayed in IDE serial monitor.

Change the resistance of the testing resistor to 510Q.

. Change the resistance of the testing resistor to 2000Q.

Nr. ‘ Voltage of ref (mV) ‘ Voltage (mV) Resistance (Q)
1 75.58 1531.45 2010.15
2 75.58 1530.7 2009.17
3 75.58 1531.07 2009.66
4 75.58 1531.45 2010.15
5 75.58 1531.07 2009.66
6 75.58 1531.26 2009.91
7 75.58 1531.23 2009.87
8 75.6 1531.27 2009.39
9 75.58 1531.26 2009.91
10 75.59 1531.22 2009.59
Table 42 Test for 510Q resistor

Nr. ‘ Voltage of ref (mV) ‘ Voltage (mV) Resistance
1 290.67065 790 269.62
2 290.67065 786 268.26
3 286.70245 790 273.36
4 289.6786 788 269.86
5 288.68655 790 271.48
6 290.67065 790 269.62
7 287.6945 786 271.03
8 286.70245 785 271.63
9 285.7104 784 272.22
10 289.6786 788 269.86
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Table 43 Test for 2000Q resistor

Nr. Voltage of ref (mV) Voltage (mV) ‘ Resistance

1 257.933 1326.0 510.00

2 257.933 1323.0 508.85

3 255.9489 1320.0 511.63

4 253.9648 1315.0 513.67

5 256.94095 1320.0 509.65

6 257.933 1324.0 509.23

7 255.9489 1321.0 512.02

8 254.95685 1320.0 513.62

9 254.95685 1326.0 515.95

10 258.92505 1323.0 506.90

| @ comé - ] X
%

Hello!

RefDifferential: 402 (75
Differential: 8146 (1531
Resistance= 2010.1@

Resistance= 2009.17
RefDifferential: 402 (75

Differential: 8144 (1531
Resistance= 2009.66

Resistance= 2010.40
RefDifferential: 402 (75

Differential: 8146(1531
Resistance= 2010.16

Resistance= 2009.42
RefDifferential: 402 (75

Differential: 8144 (1531
Resistance= 2009.66

Differential: 8145 (1531

RefDifferential: 402 (75.
Differential: 8142 (1530.

RefDifferential: 402 (75.
Differential: 8147 (1531.

RefDifferential: 402 (75.
Differential: 8143 (1530.
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Figure 103 Screenshot of Arduino IDE serial monitor when testing
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Test code:
#tinclude <Wire.h>
#include <Adafruit_ ADS1X15.h>

Adafruit_ADS1115 ads1115;

void setup() {
Serial.begin(115200);
Serial.printin("Hello!");
ads1115.begin();
pinMode(5, OUTPUT);

}

void loop() {
intl6_t resultsl;
intl6_tresults2;
double |_results];

double b=0,a=0,resistance=0;

digitalWrite(5, HIGH);

delay(100);

resultsl = ads1115.readADC_Differential_0_1();
I_resultsl = resultsl * 3/99.2;

results2 = ads1115.readADC_Differential_2_3();

delay(2000);

digitalWrite(5, LOW);

delay(100);

results1 = ads1115.readADC_Differential_0_1();
b=abs(results1);

Serial.print("RefDifferential: "); Serial.print(results1); Serial.print("("); Serial.print(resultsl * 0.188);
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Serial.printin("mV)");
results2 = ads1115.readADC_Differential_2_3();
a=abs(results2);

Serial.print("Differential: "); Serial.print(results2); Serial.print("("); Serial.print(results2 * 0.188);
Serial.printin("mV)");

resistance = (a/b) * 99.2;
Serial.print("Resistance="); Serial.printin(resistance); Serial.print("\n");
delay(2000);

digitalWrite(5, HIGH);

Conclusion:

Throw the test, conclusion can be obtained that the existence of optocoupler in the circuit does not
influence the voltage measurement of resistors executed by ADS1115. For voltage & current
measuring sub-system, ADS1115 can still relatively accurately measure the voltage across the
components with different resistance and transfer the data collected back to Arduino processor. The
error analysis is in the thesis text.
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ADS1115 test plan:

Tools:
Table 44 Testing tools in component ADS1115 test

Nr. Item Remark
1 Connecting wire (USB Micro B) \
Arduino Uno board \
3 Resistors 100Q, 5109Q, 10009,
20009, 5100Q
4 ADS1115 Analog-to-Digital Converter
5 Breadboard \
6 Jumper cables Several
7 Laptop Power for Arduino
8 Mobile Phone Photography and video
9 Oscilloscope \
Method:

1. Place resistors (100 Q,1000 Q in series) on the breadboard.

Connect ADS1115 with Arduino Uno (VCC, GND, SCL, SDA pins).

Connect the analog signal port AIN1 and AIN2 of ADS1115 with the upper end of

100 Q resistor and 1000Q) resistor respectively.

Connect the Arduino with power supply (laptop) and upload the code to ADS1115.

Observe and take notes of the values displayed in the Arduino IDE serial monitor.

Replace the 100Q resistor by 510Q and repeat step 3-5.

Replace the 510Q resistor by 2000Q), and place one 5100Q resistor on the

breadboard, which is in series with the 510Q and 2000 Q resistors.

8. Connect the analog signal port AIN3 with the upper end of 5100Q resistor and
repeat step 4-5.

9. Switch off the power.

10. Organize devices, cables and components.

w N

No vk

Expected results: ADS1115 could measure the voltage of the resistor to be tested within the
acceptable error range and transfer the data collected to Arduino processor.

Test results

In fact, this test is to detect the potential of two point to ground, but it can be equally regarded as
the measurement of the partial voltage of each resistor. The whole test for ADS1115 can be divided
into 3 parts. The first is the measurement for two resistors whose resistances are 100Q and 1000Q
respectively. Secondly, measure partial voltage condition of one other resistor combination. Lastly
the partial voltage condition of 3 different resistors was figured out, of which the figure is shown as
followed.
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1. 100Q and 1000Q in series
@ com4 - m] X
\ i

AINO: 12 mV
ATN1: 4527 mv
AINZ2: 5046 mV
ATN3: 12 mV

AINO: 12 mV
ATIN1: 4530 mv
ATNZ2: 5046 mV
AIN3: 12 mV

ATNO: 12 mV
AIN1l: 4530 mv
AINZ: 5049 mV
ATIN3: 12 mv

B Sx1%R () show tinestamp B®ITH | 9600 FAFE e BTHIL

Figure 104 Test results1 displayed in Arduino IDE serial monitor

As shown in the figure above, 3 tests were carried out and now reorganize the data into table below.

Table 45 Test results of 100Q and 1000Q in series

Voltagein  Voltage Voltage
Resistor test no.1 in test in test Voltage detected by oscilloscope
(mV) no.2 (mV) | no.3 (mV)

1000 5046- 5046- 5049-
4527=519 | 4530=516 | 4530=519
1000Q | 4527 4530 4530
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2. 5100 and 1000Q in series
@ com4 - (] X

ATNO: 3 mV
ATN1: 3315 mV
ATNZ2: 5058 mV
AIN3: 3 mV

AINO: 3 mV
AIN1l: 3306 mv
AINZ2: 5055 mv
ATN3: 3 mV

ATNO: 3 mV
AINl: 3306 mv
AINZ2: 5055 mv
AIN3: 3 mV

B 8% R [ shov tinestanp |ITH w9600 EEER v ETHE

Figure 105 Test results2 displayed in Arduino IDE serial monitor

As shown in the figure above, 3 tests were carried out and now reorganize the data into table below.

Table 46 Test results of 510Q and 1000Q in series

Voltagein Voltagein Voltagein
Resistor test no.1 test no.2 test no.3 Voltage detected by oscilloscope
(mVv) (mV) (mV)

5100 5058- 5055- 5055-
3315=1743 | 3306=1749 | 3306=1749
1000Q | 3315 3306 3306
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3. 1000Q), 2000Q and 5100Q is series

—_—_
@ com4 - m} X

AINO: 0 mV

AIN1: 627 mV
AINZ: 1878 mV
AIN3: 5067 mV

AINO: 0 mV

AIN1: 627 mV
AINZ2: 1878 mv
AIN3: 5070 mv

AINO: 0 mV
AIN1: 627 mV
AINZ2: 1878 mV
AIN3: 5067 mV
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Figure 106 Test results3 displayed in Arduino IDE serial monitor
As shown in the figure above, 3 tests were carried out and now reorganize the data into table below.

Table 47 Test results of 1000Q, 2000Q and 5100Q in series

Voltagein | Voltagein | Voltage in
Resistor  test no.1 test no.2 test no.3 Voltage detected by oscilloscope
(mV) (mV) (mV)

1878- 1878- 1878-
20000 627=1251 | 627=1251 | 627=1251
51000 5067-1878- | 5070-1878- | 5067-1878-

627=2562 | 627=2565 | 627=2562
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Test code:

#include <Wire.h>
#include <Adafruit_ ADS1X15.h>

Adafruit_ADS1015 ads1015;

void setup(void)

{
Serial.begin(9600);
Serial.printin("Hello!");

Serial.printin("Getting single-ended readings from AINO..3");
Serial.printin("ADC Range: +/- 6.144V (1 bit = 3mV)");
ads1015.begin();

}

void loop(void)

{
int16_tadcO, adcl, adc2, adc3;

adcO0 = ads1015.readADC_SingleEnded(0);

adcl = ads1015.readADC_SingleEnded(1);

adc2 = ads1015.readADC_SingleEnded(2);

adc3 = ads1015.readADC_SingleEnded(3);

Serial.print("AINO: "); Serial.print(adc0*3); Serial.printIn(" mV");
Serial.print("AIN1: "); Serial.print(adc1*3); Serial.printIn(" mV");
Serial.print("AIN2: "); Serial.print(adc2*3); Serial.printIn(" mV");
Serial.print("AIN3: "); Serial.print(adc3*3); Serial.printin(" mV");
Serial.printin(" ");

delay(1000);

Conclusion:

By comparing the values measured by ADS1115, which is shown in Arduino IDE serial monitor, and
the voltage values displayed in oscilloscope, it can be derived that though there is measuring error,
ADS1115 can detect and measure the voltage drop of electronics component. This test proved the
function of ADS1115, but the reasonableness of the measured values cannot be proven.
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TLP521-4 test plan:

Tools:
Table 48 Testing tools for component TLP521-4 test

Nr. Item Remark

1 Connecting wire (USB Micro B) \

2 Arduino Uno board \

3 Resistors 1009, 1kQ, 2kQ, 10kQ
4 TLP521-4 Optocoupler

5 Transistor P-N-P type

6 Breadboard \

7 Jumper cables Several

8 Laptop Power for Arduino

9 Mobile Phone Photography and video
10 Multimeter \

Method:

1. Reasonably place one TLP521-4 chip on the center of breadboard.

Connect 2kQ pull-up resistors with TLP521-4.

According to the schematic diagram, finish the rest circuit including transistor and
100Q test resistor connected to 5V of Arduino.

Connect the TLP521-4 with digital port 2 of Arduino board.

Compile and upload the code into TLP521-4.

Use the multimeter to measure the potential of the 1000hm test resistor.
Observe and take notes of the data on the screen.

Disconnect the power and relations of each component.

9. Organize all devices and instruments.

w N

® N Uk

Expected results: When digital pin2 is set at high level, the optocoupler TLP521-4 would not work,
which lead the output pins of it are all open. In this case, this is no voltage drop through the test
resistor. On the contrast, when digital pin2 is set at low level, the optocoupler TLP521-4 would work
normally, which lead each set of output pins is closed. In this case, this is voltage drop (should be
almost 5V) through the test resistor.

5V

/1

o

4

RT
1kQ

L w—

!

Figure 107 TLP521-4 test circuit schematics
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Test results

See from the figures below, on the left side, using multimeter to derive that the potential to ground
of the lower end of 100Q resistor is about 4.91V, almost at 5V (Arduino output), which represents
that the optical coupler TLP521-4 keeps switched off. After setting the potential of digital pin 2 at low
level, of Arduino Uno, the TLP521-4 switched on and then there is current throw the 100Q resistor.
Correspondingly, the potential to ground of the lower end of 100Q resistor turned to be 0.117V,
almost OV, the reason for this is there is internal resistance of the transistor (switch) inside the
optocoupler TLP521-4.

Figure 109 Testing diagram?2 in TLP521-4 test

122



OF APPLIED SCIENCES

UN IVE RS|TY Scheldestromen 9

Test code:

void setup() {
pinMode(2, OUTPUT);

!
void loop() {

digitalWrite(2, LOW);
delay(3000);

digitalWrite(2, HIGH);
delay(3000);

}

Conclusion:

The test proved that the optocoupler TLP521-4 can be controlled by setting the potential of digital
pin of Arduino board manually and the switch function of it can execute successfully. In a word, each
TLP521-4 can be used as a timer switch by coding in Arduino IDE.
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