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Abstract

Waterschap Scheldestromen is curious about a 4-electrode conductivity sensor from
Interuniversity Microelectronics Centre(imec), which provides a larger working range
than Waterschap’s commercial 2-electrode sensor. The project aims to test the
performance of this imec sensor, and couple it with Arduino for direct observation of
conductivity as preparation of future online measurement under the premise of
controlling the cost of coupling part within €100.

The project conducted under the guidance of V-model approach. It broke the design
into small pieces to achieve the final work. To adapt the methodology to the condition
of this project, V-model was used once in performance investigation and once in
coupling design.

The results indicate that the obtained imec sensor can give out good measurement
values in a solution of 270-13000uS/cm with an accuracy of 10%-30% and stability of
less than 5%. The solutions other than 50-13000uS/cm are unable to measure. It does
not match the performance provided by imec. It implies that the obtained sensor is
damaged to some extent. Further development and more tests are needed to confirm the
usability in the future. The results also show a great success in coupling system design,
which can show conductivity and temperature directly via LCD and show all the outputs
given by the sensor in the serial monitor of Arduino IDE.

These results suggest that imec new generation conductivity sensor needs to be further
optimized to improve its robustness and reliability. In addition, the sensor will have the
opportunity to be integrated into the Multiflexmeter system in the future for continuous
online measurement.
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Chapter 1 Introduction

In this section, the basic information of the project has been introduced. It includes the
company background, the problem analysis, objectives, and research question.

1.1 Background

1.1.1  Company background

Waterschap Scheldestromen has existed since 1st January 2011 in Zeeland as a
government agency. Regarding main products, the company takes charge of safe
dikes and dunes, clean surface water, safe roads and cycle path, and the right
amount of water in the ditch (Scheldestromen, 2020).

1.1.2  Multiflexmeter Project

The Multiflexmeter (MFM) is a comprehensive water measurement device being
developed by a project team from Waterschap Scheldestromen. The device
implements multiple measurements on water continuously, for example(Figure 1),
the water level, temperature, and salinity of the water, and transmits the result

online(loT).
Water level Salinity
@ -

Figure 1 The measuring parameters of the device of Multiflexmeter.
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Based on its modular design, more powerful functionalities are possible to access
in the future. It follows robust, energy-efficient, and cheap principles(Figure 2),
which makes it cost-effective.

Online measurement of
water heights and water
quality(surface water and
ground water)

The principle of Robust
Multiflexmeter Project

\, Energy efficient

Open source

Cheap

Figure 2 The principles of Multiflexmeter(MFM) Project

The birth of Multiflexmeter is based on the universal and accessible electronic
platform "Arduino”. Multiflexmeter is completely open-source, the design is
freely available to everyone, and anyone can benefit from it. For more information,
please visit https://www.multiflexmeter.nl/.

1.2 Problem analysis

1.2.1 Assignment background

Since most of the land in the Netherlands is below sea level, the ocean can easily pollute
the quality of inland water and soil through salt intake. Thus, salinity is one of the most
capital water quality parameters for Zeeland, which is derived from the measurement
of the electrical conductivity(EC) of water typically.

Due to the specific topography of the Netherlands, it has an urgent usage of quality data
enabled by a large-scale sensor network to monitor. MFM project is induced by the
need of measuring levels and quality of water online in a cheap yet advanced way in
Waterschap. In previous graduation assignments under MFM project, the students have
done quite a lot of researches on developing cheap and robust online measurement
methods. In 2018, this resulted in a measurement system that uses a Europlug coupled
to a 555 timer circuit and a microcontroller. The measured data will be transmitted and
received by using the Internet of Things(loT).
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Waterschap has already devised a 2-
electrode system for the current MFM-EC
so far(Figure 3). However, it only enables
to measure relatively low salinity level
which sets the maximum at 1000 mg
chloride/liter, which is far from enough to
measure  the  conductivity  from
demineralized water to seawater.

At present, Waterschap intends to find a
way to enhance the working range of the
conductivity  sensor  they  applied. Figure 3 Close-up of 2-electrode sensor
Coincidently, the 4-electrode system that Waterschap has not yet used can provide a
larger working range than their commercial 2-electrode sensors. To be more specific,
4-electrode will not produce a polarization effect as 2-electrode does which can affect
the accuracy of conductive probes to restrict the measuring range. Duo to this character,
the 4-electrode EC-sensor can measure within a larger salinity range theoretically.
Luckily, the new generation of sensors provided by Interuniversity Microelectronics
Centre(imec) Company is based on this technology.

Imec, which is one of the leading
organizations working in the field of ‘lab
on a chip’, supplies a new chip(Figure 4)
in the latest EC-sensor but still needs
further practical verification.

Although Waterschap has possessed a
relatively commercial version of 2-
electrode EC-sensor right now, 4-
electrode sensor from imec has many
interesting and potential possibilities, for
instance, lower price, larger working
range, which is worth trying.

© imec

Figure 4 The new chip from imec

1.2.2 Problem statement

Waterschap intends to investigate the performance(Figure 5) of this imec new
generation 4-electrode EC-sensor and how to couple this EC-sensor to the
microcontroller as preparation of future online measurement in MFM-system.



UNIVERSITY mm@
OF APPLIED SCIENCES  Using Multiflexmeter system on chip sensor

Performance

Working
range

Figure 5 4-criteria of performance of EC-sensor to be measured

Figure 6 shows the dominating challenges of the project.

Test the
performance of
the sensor

Couple Sensor to
Microcontroller

Communicating
with imec

Figure 6 The dominating challenges

For now, imec has worked out USB-connected for the latest
EC-sensor(Figure 7). The student needs to do an amount of
research and communication with imec to construct the
cornerstones of performance inquiry and coupling system
build-up. By utilizing the USB-connected device from imec,
the performance of the sensor can be investigated first via
RealTerm. If the sensor can work properly, it is also
imperative to compare the performance of the sensor with
that of the commercial EC-sensor.

After investigating the performance of the EC-sensor, the ;e 7 7he UsB-connected
student shall discuss the possible interface methods for imec EC-sensor
microcontroller connection with imec and build a design

prototype. MFM projects generally use Arduino as the system's microcontroller, so the
4
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coupling with Arduino shall be investigated first. If it fails, the failure reasons and
recommendations regarding the replacement microcontroller shall be stated.

In a word, the student is going to deliver the following deliverables:

e The performance of the new generation EC sensor.
e Designed prototype which aims to couple the new generation EC-sensor with
Arduino.

Table 2 illustrates the requirement list from the client, Jos Goossen. The priority has
been split into three levels: 1,2 or 3. 3 possesses the highest priority(Table 1).

Table 1 The meaning of 1,2,3 priority

Priority Meaning

3 The results that clients value most. These items
should be investigated and guaranteed first.

2 Subordinate information that clients care.
If time is limited, it can be optional.

1 Expected to reach, but not the focus of the
project

Table 2 Requirement list(3 possesses the highest priority)

Requirement list
Items Aspects Details Priority
The entire system  Working The whole system containing a 3
microcontroller, connected part
and output can work properly to
test the conductivity of the water.

The connected part Price <€100 1
Output Sensitivity Find out 2
Accuracy Find out 3
Working range  Find out 3
Stability Find out 3

X The connected part: Excluding the price of the controller and sensor.

1.3 Research question

In this chapter, the main question and sub-questions will be defined.

The main question is derived from the problem analysis:
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What is the performance of the new-generation 4-electrode conductivity
sensor, and what is the coupling design on the premise that the cost of the
coupling part is controlled within € 100?

The sub-questions are derived from the main question and problem analysis:
Measurement stage:

a) What are the system description and the test plans for the measurement of
the performance?
b) What are the test results regarding measurement?

Coupling stage:

c) What are the system descriptions and the test plans for the coupling, its sub-
systems, and its components?

d) What are the test results regarding coupling for the components, the sub-
systems, and the system?

1.4 Objectives
The following items are the main objectives extracted from current known requirements
that should be achieved at the end of the project.

I. Working

At the end of the project, a designing prototype of the new 4-electrode EC-MFM
sensor shall be shown as a proof of concept. To verify the function of the prototype,
a demonstration will conduct eventually by video or a live experiment.

Ii. The performance of EC-sensor

The performance of the new generation sensor especially the working range,
stability, accuracy shall be found out.

iii. The price

The cost of the connection part shall lower than € 100.

1.5 Boundaries

< The project will not take the networking function into account.

< The project will not conduct field experiments, just indoor tests.

< Optimizing the performance of the EC-sensor is out of the project’s hands.
< The project will not take volume production into account.
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Chapter 2 Theoretical framework

Chapter 2 is the theoretical framework of this project. The search plan can be found
in >>Appendix 9: Search plan.

2.1 Arduino microcontroller

Due to the coupling task amidst the project, it is vital to consider the microcontroller.
Since the Multiflexmeter(MFM) generally applies Arduino microcontroller, the
project will test the compatibility by Arduino first. If it fails, Arduino will be
replaced by another proper type of microcontroller.

In this chapter, a specific introduction of the Arduino microcontroller will be
presented.

2.1.1 Overview

Arduino is such an open-source electronics platform constructed by easy-to-use
hardware and software. It implies that everyone can manufacture the circuit boards
and come to the website https://www.arduino.cc (Banzi, Arduino, 2021) and
download the shared resources out of charge. This is a positive operating pattern to
push the innovation into a brand-new step. It is widely used in many fields, from
toys to satellite devices.

2.1.2 Hardware

The Arduino circuit boards are equipped with a set of digital and analog 1/O pins
that can be connected to various expansion boards or breadboards (shield boards)
and other circuits.

As the leftward illustration(Figure
8), use breadboards, LED lights,
resistances, and DuPont cables to
form a simple circuit, transfer the
written code to the circuit board
via USB, then launch by the power
supply, the function can be
realized instantly.

=
B

Vos e
Blinking! *

Figure 8 Blink test
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2.1.2.1  Arduino main board

When it comes to the mainboard, the Uno(Figure 9) and the Nano(Figure 10) are
two of the most classic and general editions.

(E R TR T EREEFEEREEE R SR )
il e - R

ARDUINO NANO

Figure 10 Arduino Uno (Banzi, Arduino, 2021) Figure 9 Arduino Nano (Banzi, Arduino, 2021)

It is worth mentioning that the Nano has the same functionality as the Uno more or
less. It is cheaper and compact with two extra analog pins as shown in Table 3.
That is the reason why the Nano is a better choice unless the user is a novice.
However, on account of compatibility, the Nano is much less accessible with a lot
more peripheral hardware and online support than the Uno.

Table 3 The specification of Arduino Uno & Nano

pe atlo Arad 0 0 Ard 0 Nano
Dimension 6.9cm x 5.3cm | 4.3cm x 1.7cm
Processor ATmega328P | ATmega328P
Input Voltage 5V/7-12V 5V/I7-12V
Speed of CPU 16MHz 16MHz
Analog 1/0 6/0 8/0
Digital IO/PWM 14/6 14/6
EEPROM/Sram[kB] | % Y2
Flash 32 32
USB Regular Mini
USART 1 1

Among a variety of pins on Arduino board, UART communication can be realized
by pin “Rx0” and “Tx1”. Tx is for sending the serial data, and Rx is for receiving
the data(Figure 11).
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Figure 11 Arduino Uno TX/RX pins

2.1.2.2 Related hardware
. LCD-I12C display

Figure 12 Wiring diagram of LCD-12C example (Sharma, 2018)

Figure 12 is about the wiring diagram of LCD-I2C. Find the code in
https://arduinogetstarted.com/tutorials/arduino-lcd-i2c  (ArduinoGetStarted.com,
2021). Table 4 is about the unit’s display on LCD-12C:
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Table 4 Correspondence between character patterns and Character codes (HITACHI, 1998)
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ii. BOB-11189

The imec EC-sensor can also be used without USB and directly with RS-232. The
output is the same, so it can be parsed and processed (Boonen, The work
instruction of Waterproof imec EC-sensor module, 2021).

Most controllers currently have built in UART protocol that can be used for
receiving and transmitting data serially. So as Arduino. UART transmits one bit at
a time at a specific data rate. And this approach of serial communication is
sometimes mentioned as ‘TTL Serial’, also named ‘transistor-transistor logic’.
Serial communication at a TTL level always holds between 0V and V¢, normally
5V or 3.3V. A logic low is 0V, while logic high is expressed by V. However,
RS-232 standard logic high is from -3V~-15V, while logic low is from 3V~15V
(jimblom, 2010). Figure 13 explain intuitively.

10
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Figure 13 This timing diagram of both a TTL (bottom) and RS-232 signal sending 0b01010101
(jimblom, 2010)

To convert RS-232 standard into TTL level, BOB-
11189(Figure 14) developed by SparkFun Electronics is
a good choice (Digi-Key, 2021).

This is an RS232 converter IC that can run at 3V and
communicate with 5V logic. This product uses the SOIC
package MAX3232 and disconnects all pins required to
set RS232 to TTL connection. In addition, the necessary
0.1uF charge pump capacitor is included. It is worth
mentioning that because the operating voltage range of
Figure 14 BOB-11189 MAX3232 is larger than that of 232 (3-5.5V), 3.3V and
5V projects can both use it(Figure 15).

11
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Figure 15 Principal diagram of BOB-11189

2.1.3 Arduino IDE

As shown in Figure 16, the Arduino integrated development environment (or
Arduino IDE) operates can upload programs to the connected control board and
communicate with the control board.

‘ ]
sketch_may30a | Arduino 1.8.13 — O X

File Edit Sketch Tools Help

sketch_may30a
void setup() { 2
// put your setup code here, to run once:

}

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

Arduino Nano

Figure 16 Arduino IDE interface

12
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2.2 EC-sensor

The section will present specific information referring to the new generation EC-
sensor supplied by imec.

2.2.1 The demo setup of the new EC-sensor

Figure 17 illustrates the entire sensor which points out different parts, respectively.
The circuit board on the top is the readout device. The demo setup of the new EC-
sensor can only go into the solution up to the “water line”. The readout processed
the analog signals of the sensors and turns them into a digital output. The output is
a csv string, and it can be guided into the laptop via RealTerm and processed in
Excel. Find the information of data collection and processing in Appendix 2: Data
collection and processing.

Readout

Figure 17 The new generation 4-electrode EC-sensor from imec

The EC sensor is the shiny part in Figure 18. It is forbidden to touch it with your
fingers and wipe it dry with a paper towel. When not in use, the test tube must be
put back on the sensor rod. The small bump next to the EC sensor is the temperature
sensor, which is completely covered by black epoxy (Boonen, How to use the new
generation conductivity sensor from imec, 2021).

Figure 18 The enlarged image includes EC sensor(the left shiny one) and temperature sensor(the

right bump in red circle)

13



UNIVERSITY e (D)
OF APPLIED SCIENCES  Using Multiflexmeter system on chip sensor

2.2.2 Improved version

Since the version mentioned in Chapter 2.2.1 The demo setup of the new EC-
sensor was broken, the technical engineer from imec sent another more practical
version(Figure 19), which is waterproof. Due to the similar structure and the same
function, a detailed description will be omitted here.

Figure 19 The waterproof version of EC sensor

As illustrated in Figure 20, the cable colors are (Boonen, The work instruction of
Waterproof imec EC-sensor module, 2021):

e White is ground.
e Orangeis5V.
e Blue is data out. (There is no communication to the readout)

Figure 20 The sensor’s cable

2.2.3  The specific part to be designed

Waterschap would like to replace the readout device with its own design. It implies
that the ultimate goal in connecting to Arduino is to start at the red line(Figure 21).
By inquiring the imec engineer, the design from the red line to the green line took
immense efforts from a team of engineers in imec, it is impossible to improve and

14
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design it within a graduation bachelor project (Boonen, The work instruction of
Waterproof imec EC-sensor module, 2021). On account of the advice of the imec
engineer, the project will conduct the design from the green line.

analog #.1179648.645.1.0-547122.-547122.-254747.228\} A i "EC = 1255 uS/em" \
signal -~

Figure 21 Data procedure inside of the imec EC-sensor

2.24 Electrical conductivity calculation
The output of the sensor looks like this:

1595007477 ,#,1179648,645,1,0,-547122,-547122,-254747,228,

1595007477 is the unix time stamp and # is the to indicate a new line. The
information after # is important, which has been explained below (Boonen, How to
use the new generation conductivity sensor from imec, 2021):

1 2 31415 6 7 8

1179648 | 645 | 1 | 0 | -547122 | -547122 | -254747 | 228

2. Raw resistance of the EC measurement in ohm
3. The phase of the EC measurement.
The phase must be between:

e Between -10 and 10
e Between -190 and -170
e Between 170 and 190

If not, the measurement is invalid.
4. The ROD errors(ROD). If the error is not 0, the data is invalid. The actual error
value in only relevant for troubleshooting by imec.

8. Temperature in T * 10. (So, in the example the temperature is 22.8 C)

If the phase is in the right range and the error is 0, the EC can be calculated. If the
KCell of the sensor is 0.81, to get EC (uS /cm):

EC = 810000 =+ the temp corrected impedance

15
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Use a temperature correction of 2 %:

The temp corrected impedance = Imp + 0.02 X Imp X (Temp — 25)

Imp = Raw resistance of the EC measurement in ohm

Temp = Temperature in <C * 10

2.2.5.1 The definition of conductivity

Conductivity is the ability of the solution to conduct electrical current.
lons’ solution such as dissolved acids or salts carries electrical current. In
chemistry, it is common sense that ions lost electrons will become positive,
and ions that have gained electrons are negative. The more ions in the
solution, the more electrons will be transferred, furthermore, the more
conductivity a solution is (Engg, 2017).

In a word, conductivity is used for measuring the volume of dissolved
solids in a solution. It is directly proportional to the number and charge of
ions in the solution. The conductivity unit is uS/cm.

2.2.5.2 The merit of 4-electrode conductivity sensor

A high ion concentration in the medium results in a mutual repulsion of
the ions and leads to a reduction of the current, which is being called the
polarization effect. It can make an effect on measuring the accuracy of
conductive probes. 4-electrode sensors have two current-free electrodes,
so they are not affected by polarization effects (Engg, 2017).

16
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Figure 22, which was supplied by Endress+Hauser company, illustrates
the promising working range of various EC-sensor, including 2-electrode
conductive conductivity sensor, 4-electrode conductive conductivity
sensor, and inductive conductivity sensor. 4-electrode conductive

Conductivity measuring principles

Inductive

d

Ultrapure and drinking water Brine, acids and bases

Conductive (2 electrodes)

‘ Conductive (4 electrodes)

0,1 1,0 10 100 1,0 100 1000

pS/cm Conductivity#ieasuring range mS/cm

Figure 22 The working range of various conductivity sensors produced by Endress+Hauser Company
(Endress+Hauser, 2016)

conductivity sensor provides the widest range for measurement among
these three types of sensor.

To sum up, 4-electrode EC-sensor has the following characteristics (Xi‘an
Kacise Optronics Co., 2021):

a. The current electrode is separated from the voltage electrode, and the
current electrode is powered by a constant current source, effectively
avoiding the influence of polarization impedance.

b. High sensitivity and strong anti-pollution ability

c. 4-electrode conductivity cell has ultra-microstructure, large diversion
space, and short distance, which is suitable for long-term field
measurement.

2.2.5.3 The principle of 4-electrode

As Figure 23 shows, the 4-electrode conductivity cell is composed of 2
current electrodes and
2 voltage electrodes.
The voltage electrode
and the current
electrode are coaxial.
During measurement,
the liquid to be
measured Passes  Figure 23 Schematic diagram of 4-electrode EC-sensor
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through the gap between the two current electrodes. An AC signal is
applied to both ends of the current electrode. Through the current, an
electric field is established in the liquid medium, and the two voltage
electrodes induce a voltage to keep the voltage across the two voltage
electrodes constant. The current passing through the two current
electrodes has a linear relationship with the conductivity of the liquid
(Engg, 2017).

2.2.5.4 Conversion between conductivity and chloride ion
For EC values under about 2000 1 S/cm, the relation is (Baaren, 2015):
Cl(mg/l) = 360 X EC(ms/cm) — 450
For EC values > 2ms/cm (Baaren, 2015):

Cl(mg/l) = EC(ms/cm)/3

2.2.5.5 Conversion between g/l NaCl and g/l chlorine (CI")
Mnac1=58.44g/mol
Mna=23g/mol
Mci=35.453g/mol

(chemistry, 2021)
Mygc: g/l Sodium chloride  58.44
M; — g/lChlorine=  35.453
M means molar mass here. The formula can be used when making the
solutions with pure sodium chlorine and demineralized water.

2.3 Performance criteria

In this chapter, the 4 performance criteria of the sensor: working range, stability,
accuracy, and sensitivity has been defined.

Every instrument that people used has a working range(WR). It has an upper limit
and a lower working limit. Measurements outside the working range will not meet
the desired criteria. It means that the working range depends on the criteria. Those
criteria will lie on the desired information from the user. For example, sometimes
the situation only intends to know if the salt concentration is low, moderate, high,
or very high. In some other situations, it is expected to know the salt concentration
with 1% accuracy (Goossen, The definition of Working Range, 2021).

20
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Accuracy(ACC) is a vital index regarding the performance of the sensor. During
the measurement, accuracy is a word to describe the proximity of the measurements
to a specific value. In general, the specific value shall be defined as the true value
essential (Anderson, 2021). In the project situation, the true value is going to refer
to the measuring result from the laboratory.

The formula has shown below:

MV —TV
Accuracy = iT x 100%

Thereinto, MVV=Measured Value; TV=True Value.

Precision can represent the stability(Sbh) of the sensor. It reflects on how consistent
the sensor can get the result (Portable Spectral Services, 2021).

There are several steps to calculate the precision of a sensor:
1. Calculate the sample mean.

X1+X2 +X3+"‘+Xn_1 +Xn
n

X =

2. Calculate the sample standard deviation(S).

o Poi-B

n—1
3. Calculate relative standard deviation(RSD).
S
RSD = =—Xx100%
|X|

Therefore,

Stability = X + RSD

Sensitivity(ST) refers to the ratio of the output change of the sensor in the steady
state to the input change, which is represented by Sn:

__ Amount of change in output _ dy

" Amount of change in input  dx
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In the previous project, 2 electrode system polarization will occur around the
electrodes. Usually, that results in a relatively higher sensor response for lower salt
concentrations. That will also occur in the 4-electrode system, which has a variable
sensitivity. Thus, the EC-sensor is a non-linear sensor as shown in Figure 24. For
this reason, for general nonlinear sensors, some correction networks are often used
to make the output and input have a linear relationship. At this time, the sensitivity
of the sensor can be written as K =y / x (He, 2004).

YA

|
-

0
(b)

Figure 24 The sensitivity of the non-linear sensor (He, 2004)
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WaterschapScheldestromen @

Chapter 3 Methods

This chapter introduces the two design methodologies that have been learned, namely
Oskam-design and VV-model. Then the chapter states why V-model is the final choice,
how the student plans to use V-model in the process according to local conditions, and
what are the deliverables and activities of V-model.

3.1 Oskam-design method

In Oskam-method, it has been divided into 5 phases: orientation, analysis, design,
detailing and realization. As the Figure 25 showed, the development covering from
phase 1 to 4 occupies most of the process. It focuses on the study of design and
feasibility. On the contrary, the realization playing the role of phase 5 which is
emphasized in preparation production marketing and service accounts for a little.

>

5 .
- . .
z s Development Realization
10
Phase 1 Phase 2 Phase 3 Phase 4 Phase 5 Intr.o-
CECRY o rientation analysis design detailing realization duction

(Preparation
production marketing
and service) ‘

(Design and feasibility study)
p——

Figure 25 The structure of Oskam-design method (Mouw, 2018)

|

o

The results per phase have been demonstrated in Figure 26. The deliverables and
activities of each Oskam-design phase has been presented in Appendix 1.

RESULTS PER PHASE

Design dossier Program

Design results Intermediate results  requirements

Phase 1 orientation Problem Problem exploration Customer
Description requirements
B
4 >
. Possible Research reports o
Phase 2 analysis s | Initial ideas and experiments Preliminary
] ion analysis design criteria
B B
B
) T | Morphological overview, . .
Phase 3 design o’ | concepts protoprotnypesandtest Final design
esign reports dimensional drawings criteria
B ]
4 4
- X _ Engineering models and
Phase 4 detailing Final design | simulations, prototypes and test Design
| reports, engineering drawings ;o
A N—— specifications
@ 9
A : ] Production model and production
Phase 5 realization Design reasiy facilities marketing resources and
for production tools

)

Figure 26 Results per phase of Oskam (Mouw, 2018)
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3.2 V-model

V- model is occasioned in a thesis published in 1986 by Paul Rook. He used this
method to design software by breaking it down into small pieces, programming
individually to achieve the final product. Since its effectiveness, V-model remains
to be one of the most efficient approaches for developing software.

Demo- System
Proees/ testplan Delevery
seenario plan

Customer
Aceeptation

System System'
System . testplan ——— Integrati

System
design '@ on 4

Test

Sub- 4
System S Sub-
integration @ System

& Test

Sub-System
design

Compon
o Compon
ent Build Compon

Component
testplan ent Test

design

Detail Design

Ueeq?

Figure 27 V-model structure (Haak, 2020)

As Figure 27 shows, V model has a characteristic structure that looks like “V”. It
is a type of SDLC(System Development Life Cycle) model that works sequentially
by the arrow. Each circle on the left of the arrow corresponds to the ones on the
right. The process will go down into the next phase by passing the staged test. It
implies if the designed results cannot pass the corresponding test, the projecting
process should go back to the related design stage on the left side instantly and
resume with the original direction until it is qualified so far.

By the iterative verification and validation, there is no need for the people using V
model to persuade the clients or the stakeholders that the results are eligible.

3.3 Reason for applying V-model

Oskam-method focuses more on innovation, it takes a lot of work before realization
to find out the best assembly design of products. It is more suitable for product
design projects which gives the issue an open, full analysis and a way of thinking.

However, V-model emphasizes functional achievement. It needs several test plans
which aim to verify and validate (Kwekkeboom, 2019). It is more applicable in
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realizing a specific aim or a clear task, such as system development and build-up.
Not too much elasticity and innovation in it.

This project has two certain tasks:

1. Investigate the main performance of the new EC-sensor.
2. Couple the sensor with Arduino.

The focus is on how to implement the function, not on innovation. That is the
reason for applying V-model instead of Oskam-design during the process.

3.4 Adjusted method

The measurement stage
is so simple-structured
that no need to break it
into small pieces. As
shown in Figure 28, the
measurement stage will
conduct in the system-
level phase of V-model.
During the coupling
stage, V model is going Time
to apply in depth.

Measurement Stage Coupling Stage

Figure 28 The specific application of V-model in this project
Due to the less content,
as scheduled, the measurement step is expected to last four weeks. In terms of the
coupling stage, since its complex, it is planned to be completed in 8 weeks,which
is the rest of the time of the project.

3.5 Deliverables and activities of V-model

For V-model, there are 4 phases with corresponding activities and deliverables
(Kwekkeboom, 2019). They are orientation phase, design phase, integration phase,
and completion phase.

Phase 1: Orientation phase
Phase 1 is about the preparation before execution.
The deliverable of Phase 1:

1. Research proposal
a) Assignment background
b) Company background
¢) Theoretical framework
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d) Main question/ sub-questions
e) Objectives
f) Method selection

2. Planning

The activities of this phase have been shown in Figure 29.

clarify the assignment

meeting with clients

{ \clarify the requirement and wishes

Problem description

Assignment definition

\Design vision description

assignment background

Introduction research /
\cliems‘ company background

Preparation

Main question

%, Sub questions

related infor. searching

Reasearch question definition

Theoretical framework

) -

research on the introduction of method

Method selection

i Initial planning

Figure 29 The activity of orientation phase of V-model

Deliverable display

Phase 2: System/subsystem/sub-subsystem/component design phase

Phase 2 will start to respond to the client’s requirements by describing the design
and formulating the test plan for each level. How many levels are used to split the
system design depends on the situation.

Figure 30 illustrates the deliverable of phase 2 after the formulation of demo test
plan.
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List of demands

Function overview

System design Analysis of current situation

;

System description

System test plan

System division

Formula overview

Subsystem design
Subsystem description

Subsystem test plan

List of components

Deliverable l
\Component design / Component description

\ Component test plan

Component ordering

Component integration /
N\, Component test

Subsystem assembly plan

subsystem integration / Subsystem assembly

\Subsystem test/simulation

System assembly plan

System integration Systme assembly

System test

Figure 30 The deliverables of design phase and integration phase of V-model

The activities of this phase have been shown in Figure 31.

Make the boundaries list

Make an overview
produce flowcharts to show the specific in

teractions among several objects

System/ subsystem/component descriptio
n
Make a table of limits

Make a table of property

Figure 31 The activities of design phase of V-model
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Phase 3: System/subsystem/sub-subsystem/component integration phase

Phase 3 will begin to execute the test plans formulated in Phase 2 and validate and
verify the function of the (component, subsystem, sub-subsystem, etc.) system.

See the deliverables of Phase 3 in Figure 30.
The activity of Phase 3:

1. Formulate the component list for ordering.
2. Test by following the test plans.
3. Assembly

Phase 4: Completion phase

Phase 3 is time to demonstrate the designed prototype by following the demo test
plan. Meanwhile, the conclusion and recommendations on the basis of the project
will be given in the final report.

The deliverables of Phase 4:

1. Demo test

2. Final prototype
3. Thesis report
4. Portfolio
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Chapter 4  Results

According to the client’s request, the results shall be split into two stages. The first
one is measurement stage, which investigates 4 criteria as to the performance of the
new EC sensor. The second one is coupling stage, which aims to couple the new EC
sensor with Arduino.

4.1 Measurement stage

The design of measurement stage is a pure experimental design by following the
steps of V-model.

4.1.1.1 Listof demand

Table 5 The list of demand of Measurement system

Nr. Requirement Demand Wish
1 Investigate the working range of the new generation
electronic conductivity sensor from imec. v
2 Investigate accuracy of the new generation electronic
conductivity sensor from imec. v
3 Investigate stability of the new generation electronic
conductivity sensor from imec. v
4 Investigate sensitivity of the new generation electronic
conductivity sensor from imec. v
5 Make a list of test-wanted solutions with client’s approval v
6 Make the solutions in the laboratory or gather them in real
life. v
7 The testing solutions are all water, but with different sodium
chloride concentrations. v
8  Take the solution analysis result measured in the laboratory
as the true value. v
9 Provide measurement suggestions for follow-up projects. v
10  Dispose the testing solution eco-friendly. v
11  Test the sensor in the water of 0-30°C to prevent damage. v
12 No additional costs in the use of software v
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13 If the sensor is in good condition, compare it with

Waterschap 2-electrode commercial EC-sensor v

4.1.1.2 Function overview

Based on the requirements, the main function of the measurement system design
is to investigate the performance of new generation conductivity sensor from imec.
As illustrated in Figure 32, it includes four sub functions.

| Calculate out the
working range

Calculate out
accuracy

Y

Investigate the performance of
new generation conductivity
sensor from IMEC Company

Calculate out
sensitivity

Y

Y

Calculate out stability

Figure 32 The function overview of simulation system (function-based)
4.1.1.3 Input and output diagram

Figure 33 depicts the input and output diagram of the measurement system. It
contains both sensor-tested processes and data processing in Microsoft Excel.
Thus, the middle block not only acts as outputs to the left block, but also inputs to
the right block.

4-criteria calculation >

» Raw resistance of EC measurement « WR
« Water with different salt concentration » The phase of the EC measurement +« ACC
. Water temperature(unknown) . ROD error « Sb
+ Water temperature(sensor-tested) ¢ ST

[ The new generation EC—sensor::>

Figure 33 Input and output diagram

Some explanations about the upper diagram:
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1. Water temperature(unknown): The temperature is still unscanned.
Water temperature(sensor-tested): The temperature has been scanned.
3. The upper 4 items in the middle block are the outputs from the new generation
EC sensor, they directly display on the ‘RealTerm’ interface and record in the
file. See Chapter 2.2.4 Electrical conductivity calculation.
4.1.1.4 System description

N

U User interaction

XD Electrical DC signal

Of#)  Collection of all environmental impact o(1) 0(2)
New generation
Computer ECgsensor
XD1
u@3) u(2) u()

User

Figure 34 Flowchart with unique identifiers of new generation
Table 6 The limits of the measurement system

INTERACTION SYMBOL MINIMUM MAXIMUM
->0(#)->
Environmental
impacts
Water Ty 0 30 °C
temperature
(unknown)
Water with wWC 0 80000 u S/cm
different salt
concentrations

ul-> (Boonen, How to use the new generation conductivity
sensor output sensor from imec, 2021)
Raw resistance of Imp 1.33 80000 Q
the EC
measurement
The phase of the The phase must between these three scopes, otherwise the
EC measurement measurement is invalid. (Boonen, How to use the new

generation conductivity sensor from imec, 2021)
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Pec -10 10 /
-190 -170 /
170 190 /
ROD error ROD If the value is not 0, the data is /
invalid.
Water Tst 0 30 °C
temperature
(sensor-tested)
-> U2 The user gives the formulas to the computer to process the data.
User lutput (Boonen, How to use the new generation conductivity sensor
from imec, 2021)
Cond. Cond.=810000/Imp
Tempcond.  Temp cond.= Imp + 0.02 * imp * (temp -
25)
u3->
User output
Working range WR - u S/cm
Stability Sb - - -
Accuracy ACC - - -
Sensitivity ST - - -
->XD1 (Brown, 2020)
Power from
computer
Power P 0 30 kw
Voltage U 0 5 VDC
Current I 0 30 A

Test plan: The test plan of the measurement system has been presented

in >>Appendix 5 Measurement System Validation Test Plan.

Test analysis: What has been tested in measurement system is a waterproof
version sent in the second time. 15 solutions were made for the tests with client’s
approval, meanwhile, they were sent to laboratory to obtain the true value.

The experiment used RealTerm as the measurement software, saved the data in the
form of a csv file, and processed the data in Excel to obtain 4-criteria of working
performance. Table 7 shows 4-criteria gained in the test and the performance of

imec EC-sensor.
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Table 7 The results of 4-criteria

Criteria  4-criteria gained in the test The performance of
imec EC-sensor

Working  270-13000uS/cm 40-60000 1 S/cm

range

Accuracy 10%-30% 5%-10%

Stability  <3% <5%

Sensitivity Too few available data points to /
draw a sensitivity curve for the
Sensor.
270uS/cm: drinking water
13ms/cm: a bit higher than wastewater effluent

9ms/cm: upper limit of wastewater effluent
60ms/cm: sea water

40uS/cm: higher than demineralized water while lower than
drinking water

More conductivity of different solutions, see Appendix 4: The
conductivity range of various liquids.

The sensor can output valid data just in 50-13000 1 S/cm(Solution 2-6). Thereinto,
only 270-13000 can meet the sufficient accuracy(<30%) and stability(<3%). The
results express that the sensor being tested does not match the performance. It is
suspected that the sensor has been damaged to some extent. See the detailed values
for each valid sample in Table 8.

Table 8 The detailed values for each valid sample

Sample Cond.  Accuracy Accuracy RSD Stability
Status Status

2 47 35.9% Bad 0.6%  Verygood

3 480 61.6% Very bad 2.1%  Good

4 270 9.6% Very Good 0.5%  Very good

5 5500 8.8% Very Good 2.3%  Good

6 13000  28.8% Good 2.3%  Good

Accuracy a Status I RSD b Stability Status

Very good Very good
10%<a<30% Good 1%<b<3% Good
Bad Bad

Very bad Very bad
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ACC, RSD under 1413uS /cm

16.0% 15.0% 15.1% 15.0%

13.7%
14.0%

12.0%
10.0%
8.0%

6.0%

Numerical value

4.0%

) o 1.6% 1.4% 1.4%
. 0
0.0%
0 1 2 3
Times
—@— Accuracy / RSD /

2.1%

Figure 35 The accuracy and the stability of the sensor under 1413 1 S/cm calibration solution

By experimenting with the sensor four times in calibration solution(1413 u S/cm),
the sensor has good working stability when measuring the same solution multiple

times(Figure 35).

Judging from the sensors received twice, it is recommended that imec should
further improve the robustness and reliability of the 4-electrode EC-sensor.

To help the future related project, here are some tips for the measurement of this
type of EC-sensor based on student’s experience and imec expert’s test in Table 9.

Table 9 Tips for the measurement of imec EC-sensor

Based on student’s experience

1

Since the sensor is still not a commercial product, pretest
EC-chip and Temp-chip before long-term test to save time.
Employ the thermometer to check if the temperature of the
solution is within 0-30°C first in each test. Excessive
temperature may damage the sensor.

The higher conductivity the solution has, the longer period
of measuring a set of data is. To ensure that each solution
has enough data to analyze, increase the sampling time as
the concentration of the solution increases. For instance,
there are roughly 270-330 data sets outputted when the
conductivity of the solution is below 5500uS/cm in 10
mins, however, only about 150 data sets outputted as the
conductivity rose higher than 5500uS/cm.

Pretest;

Prevent
temperature
damage;

Test duration;
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To prevent the solution from pollution, remember to wash
the probes(chip) with demineralized water between test and
test. Dry the sensor by a towel(or tissue) except EC-chip.
When the day’s experiment is over, clean the sensor with
demineralized water to prevent the residual sodium
chloride crystals from eroding the chip after the water
evaporates.

Based on expert’s test

6

Be careful when putting the sensor in bottles and test tubes,
otherwise, the sensor’s chip is easy to be damaged.

When the sensor is plugged into the computer, it can affect
it if the wiring in the house is very noisy. The problem tends
to go away by an employing battery as a power supply. It
will be solved in the next generation of EC-sensor.

As for the two broken sensors, the reasons have been
reviewed in Appendix 7: The received imec EC-Sensors.

Prevention of
solution
contamination;
Prevent chip
erosion;

Protect EC-
Sensor;
Noise

disturbance;

Cause of
sensor failure

The test result of the measurement system has been presented in >>Appendix 6
Measurement System Test Results.

4.2 Coupling stage

The design of the coupling stage is the software and hardware design through the
steps of the V model.

4.2.1.1 List of demands

Table 10 The list of demand of Coupling system

Nr.

1

Requirement
The designed prototype can work properly.

The cost of the connection part(Arduino, new generation
EC-sensor are not included)is expected to be lower than

€100.
Open-source hardware and software.

Compatible with the Arduino Nano board.

Display all the measured data of the sensor via the serial

monitor of Arduino IDE timely.

Demand W.ish
v

v

<

v
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6 Demonstrate the conductivity and temperature of water via
LCD display when the outputs are valid.

7 The design can show error status on the LCD display when
the sensor outputs invalid values.

8  The system can judge the validity of the sensor’s outputs.

9  Use the sensor that in good condition to build a designed
prototype.
10  Open-source hardware and software.

C L K < X«

11  The design is eco-friendly which will not generate harmless
gas or substances.
12  Easy to install

4.2.1.2 Function overview

Based on the requirement, the main function of the coupling system design is to
visualize the value of conductivity. It covers 5 sub functions:

Sub function 1: Read out all the measured values.

Sub function 2: Judge the validity of data.

Sub function 3: Calculate the temper corrected conductivity.
Sub function 4: Display the results on the LCD display.

Sub function 5: Check if the applied sensor can work properly.

YV VYV VY

Vasualize the conductivity

[Check if the applied sensor Read out all the measured value i i i fvi display the results
T D 2 Judge if the data is valid Calculate the conductivity
Valid dlitputs

Transmit the digital signal to Filtrate all the valid data Calculate out the
Arduino by use of UART set to the calculation temper corracted
progress conductivity display the temper corrected
conducitivity

Convert to digital signal Calculate out the
Examine all the data sets temper corrected display .
impedanl:e Isplay ‘error

Qutput physical quantity

signals via the form of
resistance Receive outputs from sensor Receive filtered outputs

Sensor contacts and
measures solution directly

Invalid oufputs

Connect to power supply

Figure 36 The function overview of coupling system (function-based)
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4.2.1.3 Input and output diagram

The input and output diagram of coupling system has been shown in Figure 37,
which provides a clear view.

e The temp-corrected conductivity
« \Water with different salt concentration e
. Water temperature(unknown) + The phase of the EC measurement
. ROD error
« Water temperature(sensor-tested)
Input » Output

Figure 37 Input and output diagram---Coupling system

4.2.1.4 System overview

[ [

U User interaction
XD Electrical DC signal o(1) 0(2)
O(#) Collection of all environmental impact

Computer New EC-sensor

XD1 coupling system

u(1)

Figure 38 Flowchart with unique identifiers of new EC-sensor coupling system.

37



UNIVERSITY

OF APPLIED SCIENCES  Using Multiflexmeter system on chip sensor

waterschapScheldestromen @

Table 11 Table of limits

INTERACTION SYMBOL | MINIMUM | MAXIMUM UNIT

->O(#)->
Environmental
impacts
Water temperature
(unknown)
Water with different
salt concentrations
ul->
system output

Raw resistance of
the EC
measurement

The phase of the EC
measurement

ROD error

Water temperature
(sensor-tested)
The temper
corrected
conductivity

->XD1
Power from computer
Power
Voltage
Current

4.2.2

Tu

wWC

0 80000

°C

u S/cm

(Boonen, How to use the new generation conductivity sensor
from imec, 2021)

Imp

1.33

80000

Q

The phase must between these three scopes, otherwise the
measurement is invalid. (Boonen, How to use the new generation
conductivity sensor from imec, 2021)

Pec

ROD
Tst

Temp
cond.

o

Sub-system design

4.2.2.1 System division

-10 10 /
-190 -170 /
170 190 /
If the value is not 0, the data /
is invalid.
0 30 °C
40 60000 u S/cm
(Brown, 2020)
0 30 kW
0 5 VDC
0 30 A

As shown in Figure 39, the new EC-sensor coupling system has been divided into
three sub-systems: EC-sensor sub-system, Arduino sub-system, Display sub-

system.
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Vasualize the conductivity

(

ICheck if the applied sensor,
can work properly

1

EC-sensor
subsystem

Read out all the measured value

Transmit the digital signal to
Arduino by use of UART

Convert to digital signal

Output physical quantity
signals via the form of
resistance

Sensor contacts and
measures solution directly

Filtrate all the valid data
set to the calculation
progress

Examine all the data sets

Receive outputs from sensor

A4

Calculate the conductivity

Judge if the data is valid —

Calculate out the
temper corrected
conductivity

Calculate out the
temper corrected
impedance

Receive filtered outputs

display the results

Valid dhitputs

display the temper corrected
conducitivity

display ‘error

Invalid oufiputs

l

Voltage from sensor

(Brown, 2020)

Display
subsystem
Connect to power supply Arduino
subsystem
Figure 39 Coupling system division
4.2.2.1 Subsystem overview
New EC-sensor coupling system
o() | LU
— > XD2 , XD3 i — >
EC-Sensor > Arduino > Display
«—— S

: L 0@2)

0@ ! !

T xot| '

Figure 40 The new EC-sensor coupling system
Table 12 The limit of coupling subsystems
INTERACTION SYMBOL MINIMUM MAXIMUM UNIT
->0(#)
Environmental input
Water temperature Ty 0 30 °C
(unknown)
Water with different salt wWC 0 60000 u
concentrations S/cm
XD2->
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Voltage Usensor 0 5 VDC
XD1->

Power from computer (Brown, 2020)

Power P 0 30 kw

Voltage U 0 5 VvDC

Current I 0 30 A
->XD3

Voltage from Arduino

Voltage U Arduino 0 5 VvDC
u(1)->

User Output

Power P 0 30 kW

4.2.3.1 EC-sensor test plan and test results

Test plan: The test plan of the measurement system has been presented
in >>Appendix 5 EC-sensor Subsystem Validation Test Plan.

Test analysis: Imec sent a brand-new EC-sensor in the third time. Table 13 shows
that this EC-sensor can work properly in demineralized water, tap water and
calibration 1413 1 S/cm solution during the subsystem test. It implies that the EC-
sensor can be used in the system test.

Table 13 The results of the new-gained EC-sensor testing in three types of solutions

Demineralized water <0.1uS/cm Invalid outputs Good
Tap water 150-800uS/cm 457uS/cm Good
Calibration water Around 1413uS/cm  1456uS/cm Good

The test result of the measurement system has been presented in >>Appendix 6
EC-sensor Subsystem Test Results.

4.2.3.2 Arduino test plan and test results

Test plan: The test plan of the measurement system has been presented
in >>Appendix 5 Arduino Subsystem Validation Test Plan.

Test analysis: The subsystem uses BOB-11189 to realize level-translation and
outputs real-time data sets line by line via serial monitor through serial syntax and
indexing hash key. Figure 41 indicates the success of coupling between EC-sensor
and Arduino.
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data from IMEC EC-sensor: 1796
ured data from IMEC EC
data from IMEC EC-s
data from IMEC EC
data from IMEC EC
data from IMEC EC
data from IMEC EC
data from IMEC EC
data from IMEC EC
data from IMEC EC.
data from IMEC

,-123458,227,

1

1

1

1

1

1 data from IMEC EC

1 data from IMEC EC

1 data from IMEC EC

1 data from IMEC EC
11 measured data from IMEC EC

1 data from IMEC EC

1 data from IMEC EC

1 data from IMEC EC

1

1

1

1

1

data from IMEC EC
data from IMEC EC.
data from IMEC EC
data from IMEC EC
data from IMEC EC

Casrisge setura ~ (0600 baud v | Clear output

Figure 41 The sensor readout in the serial monitor of Arduino IDE

The test result of the measurement system has been presented in >>Appendix 6
Arduino Subsystem Test Results.

4.2.3.3 Display test plan and test results

Test plan: The test plan of the measurement system has been presented
in >>Appendix 5 Display Subsystem Validation Test Plan.

Test analysis: Based on Arduino subsystem, display subsystem used commas to
locate the value that wanted to be extracted, employed tolnt() to convert string to
integer, then “if” syntax carried out the function of judgement, and finally lcd
syntax realized the display. The wiring of LCD refers to theoretical framework.

Accordingly, LCD can display correct status in different ranges. To take a closer
look, Table 14 shows the results of judgement test and calculation test, which are
all correct.

Table 14 The results of judgement and calculation test

Judge- Valid Valid Valid Invalid Invalid Invalid
calculation test  samplel sample2 sample3 samplel sample2 sample3
Temperature*10 205 220 230 210 220 230
Raw resistance 562 600 600 600 600 600
ROD error 0 0 0 1 0 1

The phase of 1 -190 190 -190 -191 169
EC-

measurement

If the judgement YES YES YES YES YES YES
is correct?

If the calculation YES YES YES / / /
is correct?
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To prove LCD can work properly, Figure 42 presents the display when testing out
the invalid data set, and Figure 43 demonstrates the display when testing out the
valid data set.

Figure 43 When LCD displays valid data set

The test result of the measurement system has been presented in >>Appendix 6
Display Subsystem Test Results.

424 System test plan and test results

Test plan: The test plan of the measurement system has been presented
in >>Appendix 5 Coupling System Validation Test Plan.

Test analysis: To avoid calculation error caused by using floats in Arduino, code
responsible for calculation has been altered to make the results more precise. The
design also specially defined a constant to facilitate users to modify the KCELL in
time according to their own sensors.

The result is that the designed prototype of the new EC-sensor coupling system can
work properly. In Figure 44, it can output all the measured data from imec sensor
via serial monitor.
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© COM9 — (m} X
| Send
All measured data from IMEC EC-sensor: 2075590656,3295,-1,0,-93109,-24554,95938,213, ~
All measured data from IMEC EC-sensor: 2075590656,3296,-1,0,-88522,-22412,97092,213,
All measured data from IMEC EC-sensor: 2075590656,3296,-1,0,-87341,-21780,97449,213,
All measured data from IMEC EC-sensor: 2075590656,3296,-1,0,-91379,-24115,95773,213,
All measured data from IMEC EC-sensor: 2075590656,3296,-1,0,-95966,-26806,93906,213,
All measured data from IMEC EC-sensor: 2075590656,3296,-1,0,-96488,-27520,93219, 213,
All measured data from IMEC EC-sensor: 2075590656,3296,-1,0,-92835,-25927,93961,213,
All measured data from IMEC EC-sensor: 2075590656,3296,-1,0,-89456,-24582,94812,213,
All measured data from IMEC EC-sensor: 2075590656,3296,-1,0,-91132,-25488,94071,213,
All measured data from IMEC EC-sensor: 2075590656,3296,-1,0,-95966,-28289,92093,213,
All measured data from IMEC EC-sensor: 2075590656,3296,-1,0,-98740,-30185,90830,213,
All measured data from IMEC EC-sensor: 2075590656,3298,-1,0,-95636,-29031,91132,213,
All measured data from IMEC EC-sensor: 2075590656,3300,-1,0,-91626,-27081,92340,213,
All measured data from IMEC EC-sensor: 2075590656,3298,-1,0,-92972,-28070,91736,213,
All measured data from IMEC EC-sensor: 2075590656,3296,-1,0,-98273,-31173,88907,213,
v
[ autoseroll [[]Show timestamp Carriage return v| 9600 baud v | Clear output

Figure 44 The serial monitor during Coupling system test

Furthermore, through LCD display, user can directly observe the conductivity and
the temperature of the soltuion. In Figure 45, the tap water has been tested.

Figure 45 The LCD display in Coupling system test

The test result of the measurement system has been presented in >>Appendix 6
Coupling System Test Results.

4.2.5 Cost control

Based on the subsystems design, the required components have been collected as
a list, it can be found in Appendix 8: Component list.

In Table 15, the cost of the coupling part is € 18, which is far less than acceptable
maximum cost. The cost meets the request from the client.

Table 15 Cost control

Satisfaction
v

Amount
€18
€100

Item
The cost of the coupling part
Acceptable maximum cost of the coupling part
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Chapter 5 Discussion

In this chapter, the unexpected issues during the time when measuring the performance
and developing the coupling system, the answers to the sub-questions, and evaluation
about the applied method have been stated.

5.1 Issue analysis

Issue: When testing with online exampled code collected in theoretical framework, the
LCD display cannot work properly.

Analysis: To ensure that it is not a problem with the LCD itself, three displays of the
same model were tested with the same code. The result is that none of the three LCDs
can display properly. This implies the code is wrong. After checking the code line by
line, the address ‘0x27’ is suspicious(Figure 46).

LiquidCrystal I2C lcd(

Figure 46 The suspicious code

By researching, the address of the LCD with the PCF8574 chip of NXP
Semiconductors(0x3F) is different from the address of the LCD with the PCF8574 chip
of Texas Instruments(0x27). After changing the address to 0x3F, LCD can work in
great harmony (ENGINEERS, 2021).

Issue: When building up Arduino subsystem, it always failed to upload the code to
Arduino and occurred the error in Figure 47.

An error occurred while uploading the sketch

Figure 47 The error occurred while uploading the sketch

Analysis: Arduino is in good condition by testing with blink example. The wires are
all good. After constant attempts, disconnecting
the wire from R1OUT to Arduino-Rx when
uploading can eliminate this error(Figure 48).

Figure 48 The wire that occurs the error
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5.2 Answers to sub-questions

The answers to the sub-questions have been shown below.

Table 16 The answer to the sub-questions

The answer to the sub-questions
Measurement stage

Q1:What is the system description and the test plans for the measurement of the performance?

A: Based on V-model, the system description of measurement of the performance can be found in
Chapter 4 Results >>4.1.1 System design. The corresponding system test plan is in Appendix 5 Test
plan>>Measurement stage.

Q2: What are the test results regarding measurement?

A: Based on V-model, the test results of measurement have been presented in Chapter 4
Results >>4.1.2 System test plan and test results briefly. The full edition can be discovered in

Appendix 6 Test results>>Measurement System Test Results.

Coupling stage

Q3: What are the system descriptions and the test plans for the coupling, its sub-systems, and
its components?

A: Based on V-model, the system description of measurement of the performance can be found in
Chapter 4 Results >>4.2.1 System design. The corresponding coupling system test plan is in Appendix

5 Test plan>> Coupling stage.
Q4: What are the test results regarding coupling for the components, the sub-systems, and the

system?

A: Based on V-model, the test results of measurement have been presented in Chapter 4
Results >>4.2.3 Sub-system test plans and test results and 4.2.4 System test plan and test results

concisely. The full edition can be discovered in Appendix 6 Test results>> Coupling stage.

5.3 Method evaluation

V-model, as a guideline of the project, acted as a great role during the designing,
validating, and verifying process. The structure of the design phase of VV-model helped
clarify the requirements from the clients, define the function, the limits, and property
of the system, etc. to smooth the validation process. By increasing or decreasing the
level of division(system, subsystem, sub-subsystem, etc.) according to the specific
situation, while spending more time on more important phases, the process of the
system development became more systematical and methodical.
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Chapter 6 Conclusion and recommendations

6.1 Conclusion

This project aimed to investigate the performance of the new generation electrical
conductivity sensor devised by Interuniversity Microelectronics Centre and try to
connect this sensor with Arduino under the premise that the cost of the coupling part is
within € 100. By the guidance of VV-model, it can be concluded that the obtained sensor
tested in the performance investigation was damaged which could not reach the
performance criterion, meanwhile, the sensor can couple with Arduino successfully by
the cost of €18. The results clearly indicate that the robustness of this new generation
EC-sensor still needs further improvement, and the sensor can be applied in
Multiflexmeter system for continuous online measurement going with Arduino in the
future project.

6.2 Recommendation

Based on these conclusions, here some recommendations for further developments.

» Practitioners should consider conducting new tests on the investigation of the
performance of a healthy sensor.
Refer to the tips of measurement provided in chapter 4.1.2.
Regarding the sensitivity, clients are more concerned about the change of the
sensor when testing two solutions with similar conductivities. Accordingly, as
the conductivity of the measured solution increases, how the sensitivity
changes are recommended to investigate.
Compare it with the performance of Waterschap commercial 2-electrode
conductivity sensor.
» Given that the designed coupling prototype is not the final product, practitioners
should also consider how to incorporate the sensor into the Multiflexmeter system.
Develop the sensor on measuring the conductivity of the solution online.
The sensor will be applied in the wildness. To be practical, integrate the
designed circuit into a waterproof box or another kind of protector is
recommended to adapt to outdoor weather.
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Appendix 1: Deliverables & Activities of two methods

1. Oskam-Design Method

rules of collaboration

Temporary problem
Phase 1: Orientation pocye

List of client wishes

Projectplan and schedule

Reaserch report

Possible solutions

Phase 2: Analysis

Function tree&Function Block

Final problem description

Temproary design criteria

Ideas on product level

Morphological chart solution& sub functi
ons

A Phase 3: Design A number of concepts
Deliverable

Final design criteria

Concept design

Engineering model
Engineering drawings

Phase 4: Detailing (Working)Prototype test reports

Design specification

Final design

Production model and tools

Market plan and tools

Phase 5: Realization Market introduction product and service

Optimized design

Product variations and derivative product
s

Figure 49 Deliverables in each Oskam-design phase
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The start of collabration

Exploration of the problems and solution

Phase 1: Orientation

Inventorize clients wishes

Determine project approach

Pit-stop 1

Problem and context analysis

Exploratory design and experimenting

Phase 2: Analysis Function analysis

Determine design criteria

Pit-stop 2

Idea generation on main level

Idea generation sub-functions

Activity Phase 3: Design Generate concepts

)

Determine the best concept design

Pit-stop 3

Make an engineering model

Detail the design

Make a prototype, testing and optimzatio

Phase 4: Detailing n

Document Final design

Document Final design

Support production preparation

Support market development

Phase 5: Realization . . .
Support market introduction and service

Optimized design and sequel

Pit-stop 5

Figure 50 Activities in each Oskam-design phase
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2. V-Method

List of demands

Function overview

System design Analysis of current situation

e

System description

System test plan

System division

Formula overview

Subsystem design

Subsystem description

Subsystem test plan

List of components

Deliverable

Component design / Component description

\Component test plan

Component ordering

Component integration /
\Component test

Subsystem assembly plan

\subsystem integration / Subsystem assembly

\ Subsystem test/simulation

System assembly plan

- System integration Systme assembly

System test

Figure 51 Deliverables in different phases
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clarify the assignment

meeting with clients

! \clan'fy the requirement and wishes

Problem description

Assignment definition

\Design vision description

assignment background

Introduction research /
\ clients’ company background

Preparation

Main question

A\, Sub questions

related infor. searching

Reasearch question definition

Theoretical framework

research on the introduction of method

. Method selection

i Initial planning

Figure 52 Stepwise activities whilst preparation

Deliverable display

Make the boundaries list

Make an overview
produce flowcharts to show the specific in

System/ subsystem/component descriptio teractions among several objects

n

Make a table of limits

Make a table of property

Figure 53 Allied activities of various V-model phases
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Appendix 2: Data collection and processing

The EC sensor from imec can operate via RealTerm. The data can be viewed and
logged in csv files with RealTerm. Then that csv file can be processed with
applications like Excel, MATLAB, Python, etc.

The following steps will provide a clearer view of how to collect and process the

data:
1. Download and install the application
https://sourceforge.net/projects/realterm/files/latest/download
2. Plug the device into the USB port first.
3. Open RealTerm
4. It is possible the port is already open, then the random data will be seen. If so,
skip to step 6.
Ely RealTerm: Serial Capture Program 2.0.0.70 - O *
1, T T T T, T, EOEE T T E 1 Iy EGEf i iy Ef DRy, iy, & Ef Iy 1 b Eify 0 ”
Ly . [ﬂ,, LA L E
o
i
"::;:
Ei
'é‘: i N
i y Efy EQERy "y Effy Effy” u"u Elf'u u"u "u Elf'u ' "u i 0 0 I]E[f' f‘
X kN LElf'uLuLuLuL " | Elf'u kY Elf'u Elf'u ify, Erf Efly uLEu
L T EV T Ef, EOEOEYT, T EV, T, i, ELT T EOE LE LY ARER v
Display ] Part ] Eapture] Pins | Send | EchoPart| 12C ] I2c-2 ] I2EM|sc] Misc ] j Clear| Freeze| 7|
Dizplay Az [~ Half Duplex Statuz
?: ﬁrﬁg:' v r ;ewl:ine mode | Connected
" Heslspace] | [ lrwert [ FBits _|R¥D[2)
F HexS+Asc:|| ™ | TD (3)
" int3 [rata Frames _ICTS (3)
E mnnss Bytes [2 = jDED ]
uiry indle 7 DSH (8]
£ By I Sede _Gub | _IRing(3)
" Mibble Fows Cals W EREAK
F ﬂg:tés\; Teminal Font| |16 3| |80 5| [ Scrollback | Emor
Break condition received Char Count:2992 CPS:190 Port: 100 57600 8MN1 No
5. Open the “port” dropdown in the “port” tab. a device like “\VPCxx” should be

observed. If not, double click on “double click to scan ports”. If it is still not
there, try to restart RealTerm. It can also take a couple of minutes for the device
to be installed by windows, the first time plugging it in. Yet in rare cases,
windows cannot automatically install the device.

Display Port |Caplure | Pins | Send | Echo Port | 12C I 121

Baud |57600 | Port LI Open

Parity Data Bits| g |—S D::l;tz
*+ Mone || ¢ 8 bits|\WCPO

{ Odd " 7 bits| server:telnet [ Trat
{ Even & bits| 127.0.0.1:telnet

" Mark 127.0.0.1:9876

" Space - 5 bits| (double click to scan ports)

Break condition received
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6. Go to the Port tab and select 9600 in the Baud dropdown for the EC readout.
The ORP readout is set to the correct baud rate.

AT i
Dizpla «' aptL
115200

Parl 57600 ~ & Bi

* | 25400 2 bi

- 192007

C -

1200 )

" |amn b bi
91600 ¥

Break condition receive

™

7. Now click on Open. If the device was already sending data, click open twice.

Display Port | Capture | Pins | Send | EchoPort| 12C | 1202 | 120Mi

Baud [3600 | Port |EERINEEI SN

Parity Data Bits) Stop Bits seth|5lf}u:|u v

::f Mone | + Bhits | (+ 1hit " 2 bits

e g\?ejn (: 7 t'ils Hardware Flow Control I™ Transmit Xoff CI
" Bbits | + None " RTS/CTS

" Mak

" Space| ¢ Shits | DTR/DSR{ RS4854ts

DlaEs

Use this if you want to have no ports open... Char Cov

8. Now it should be seen a message like this every couple of seconds.

#1.1179648.08,.0.58 . -547122 ,-5471508, -258647 . 228 , lilf
#.1179648,0,.0,.58,-547122,-547122 ,-258674,228,975 . lsLr
H.1179648.0.0.58.,-547122,-547122,-258729 .228, lilf
#.1179648.0,.0.58.-547122 ,-547122,-258400.228
i.1179648.0,0.58,.-547122 ,-547122,-258510.228
#1.1179648,.0.0.58,-547122,-547122,-257988.,228
#.1179648.0.0.58,-547122,

#.1179648.0.0.58.-547122, —547122 —261174 228
1.1179648.0,0.58,.-547122 ,-547122,-288565.228

-547122,

#1.1179648.,.0.0.58,
-547122.
i1.1179648.0. IB 58 -547122,

ﬂ,1179648,3,8,58,—547122,

-547122,-262932,228 . (sLf
-547122,-261146 .228 ., (sLr
-547122,-268542 .228 , (ilr
—547122,-266835.228 , ilf

#.1179648.0.0.58,-547122 . 1

Display Pot | Captuee | Pins | Send | EchoPort| 120 | 1202 | 120Misc | 1

Baud 3600  +|Part |5 ~| |Open S|:ue| /' Char
. . . Software Flow Control

Parity Data Bits | (Stop Bits b T

G Newa | & ariel | @ 1 bt 2 hite I~ Receive Xon Char:|

9. The data can also be stored in a file. Go to the capture tab and select a file
location. The default location is C:\temp. Do not use this location, because the
data can be lost when the device is turned off! End the filename with .csv. For
example expl.csv.
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Display | Part ins | send | EchoPort| 12 | 1202 | 12CMise | Misc |

Lapture | | End After
Start: Owvenwrite Start: Append {* Buytes -
~ Q000000

oLt
irect Capture [v

File |c::'xtemp'xc:apture.t:-:t

| Capture as Hex Time5ta Drelirniter
# Mone ( Matlab {* comma
{7 Unix  © YMDHS
" UnisHex £ space

File name: |m j Save
Save as type: | *tut* dat = bin j Cancel

| [E L= |1F| | I

10. If you want a Timestamp on your data, select Unix (not UnixHex!). and click
on ‘“‘start overwrite”.

The output will no longer be visible in RealTerm, so you have to open and re-
open the csv file in excel to see the new data.

Display | Pot Captute | Pins | Send | EchoPort| 12 | 1202 | 12CMise | Misc |

Sure H | P g | | End After L
Start: Dverwrite tart: Appen (v Bytes |EIEIEIEIEIEIEI - I
" Secs r
y.but j J Direct Capture |v
I Capture%s Hex TimEStamp Delimiter

T " Matlab (+ comma I
: ¢ space |_|

If you do not care about a timestamp and just want to log data, you can uncheck
“direct capture”. Then the data is both logged to file and visible in RealTerm.

: Display | Port ~ Capture | Pins | Send | EchoPort| 12C | 1262 | 12CMisc | Misc |
Laplus End After
1 Start: &ppend ‘ | &+ Bytes (0000000 «
- S
{[FEES o \czptse s =l - iectCapud T
You can use ActiveX automation to control me! Char Count:0

11. The data can now be processed and plotted in Excel (or some other way). It is
possible that Excel does not split the data on the commas.
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Al = Je 1612188229,#,1179648,0,0,58,-547122,-547122,-260405,229,

A B C D E F G H | ]
1612 I8822I!9,#, 1179648,0,0,58,-547122,-547122,-260405,229,
1612 I882.3 | #,1179648,0,0,58,-547122,-547122,-260075,229,
1612188232,#,1179648,0,0,58,-547122,-547122,-260240,229,
1612188234,4#,1179648,0,0,58,-547122,-547122,-260157,229,
1612188235,4#,1179648,0,0,58,-547122,-547122,-264387,229,
1612188237 ,4#,1179648,0,0,58,-547122,-547122,-262602,229,

1£17100770 4 1 17ALADNNTCO CATINN CAT7INN N£101C A0

oy bW N —

If this happens, open the csv file in notepad and add sep=, as the first line. Save the
file and reopen in Excel.

| *capture.csv - Notepad

File Edit Format View Help

sep=,|
1612188229,#,1179648,0,0,58,-547122,-547122,-260405,229,
1612188231,#,1179648,0,0,58,-547122,-547122,-260075,229,
1612188232,#,1179648,0,0,58,-547122,-547122,-260240,229,
1612188234 ,#,1179648,0,0,58,-547122,-547122,-260157,229,
1612188235,#,1179648,0,0,58,-547122,-547122,-264387,229,
1612188237 ,#,1179648,0,0,58,-547122,-547122,-262602,229,
1612188238,#,1179648,0,0,58,-547122,-547122,-261915,229,
1612188240,#,1179648,0,0,58,-547122,-547122,-261943,229,
1612188241,#,1179648,0,0,58,-547122,-547122,-261558,229,
1612188243 ,#,1179648,0,0,58,-547122,-547122,-261338,229,
1612188244 ,#,1179648,0,0,58,-547122,-547122,-263179,229,
1612188246 ,#,1179648,0,0,58,-547122,-547122,-261476,229,

Now it will have columns.

Al o Je 1612188229
A B C D E F G H | ] K L

I | 1L61E+0%[# 1179648 0 0 58 -547122 -547122 -260405 229
2 1.6l E+09I# 1179648 0 0 58 -547122 -547122 -260075 229
3 | L6IE+09 # 1179648 0 0 58 -547122 -547122 -260240 229
4 1.6IE+09 # 1179648 0 0 58 -547122 -547122 -260157 229
5  L6IE+09 # 1179648 0 0 58 -547122 -547122 -264387 229
6 | 1.6IE+09 # 1179648 0 0 58 -547122 -547122 -262602 229
7 | 16IE+09 # 1179648 0 0 58 -547122 -547122 -261915 229
8 | 1.6IE+09 # 1179648 0 0 58 -547122 -547122 -261943 229
9 | 16IE+09 # 1179648 0 0 58 -547122 -547122 -261558 229
10 | 1.61E+09 # 1179648 0 0 58 -547122 -547122 -261338 229
I 1.61E+09 # 1179648 0 0 58 -547122 -547122 -263179 229
12 | 1.61E+09 # 1179648 0 0 58 -547122 -547122 -261476 229
13 | 1.61E+09 # 1179648 0 0 58 -547122 -547122 -261476 229
14 | 1.61E+09 # 1179648 0 0 58 -547122 -547122 -261256 229
15 | 1.61E+09 # 1179648 0 0 58 -547122 -547122 -260377 229

12. Because using unix timestamps, the data first must be converted. So, insert a
column after column A and enter the following formula:
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=(((AL/60)/60)/24)+DATE(1970,1,1)

and apply that to the whole column.

BI - fr | =(((A1/60)/60)/24)+DATE(1970,1,1)
A B c D E F G H [ [ K

| | 1.61E+09| 44228.6[1 1179648 0 0 58 -547122 -547122 -260405 229
2 | 1L61E+09| 44228.6/# 1179648 0 0 58 -547122 -547122 -260075 229
3 | 1.61E+09| 44228.6(1 1179648 0 0 58 -547122 -547122 -260240 229
4 | 1.61E+09| 44228.6(# 1179648 0 0 58 -547122 -547122 -260157 229
5 | 1.61E+09| 44228.6|# 1179648 0 0 58 -547122 -547122 -264387 229
6 | 1.61E+09| 44228.6(# 1179648 0 0 58 -547122 -547122 -262602 229
7 | 1.61E+09| 44228.6/# 1179648 0 0 58 -547122 -547122 -261915 229
8 | 1.61E+09| 44228.6|# 1179648 0 0 58 -547122 -547122 -261943 229
9 | 1.61E+09| 44228.6(# 1179648 0 0 58 -547122 -547122 -261558 229
10 | 1.61E+09| 44228.6# 1179648 0 0 58 -547122 -547122 -261338 229
11| 1.61E+09| 44228.61 1179648 0 0 58 -547122 -547122 -263179 229
12 | 1.61E+09| 44228.61 1179648 0 0 58 -547122 -547122 -261476 229
13 | 1.61E+09| 44228.61 1179648 0 0 58 -547122 -547122 -261476 229

13. The date can now be formatted as date or time and plotted.

Chart 2 - f
A B C D £ F G H I ] K L M
1| 1.6IE+09] 1/02/2021 14:03 [ 1179648 0 0 58 -547122 -547122 -260405| 229
2 1.61E+09|1/02/2021 14:03 4 1179648 0 0 58 -547122 -547122 -260075 229
3 1L6IE+09|1/02/2021 14:03 |# 1179648 0 ) -+
4 | 1.6IE+09] 1/02/2021 14:03 1179648 0 Chart Title
5 | 1.61E+09| 1/02/2021 14:03|# 1179648 0 | 2302 V4
6  1.61E+09|1/02/2021 14:03 |# 1179648 0 230
7 | 1.61E+09|1/02/2021 14:03 | 1179648 o . v
8  1.61E+09|1/02/2021 14:04 |4 1179648 0
9 | 1.61E+09| 1/02/2021 14:04# 1179648 00 2296
10| 1.61E+09| 1/02/2021 14:04# 1179648 0| 2204
11| L6IE+09| 1/02/2021 14:04[# 1179648 0
12| 1.61E+09| 1/02/2021 14:04 4 1179648 o 7
13| 1.61E+09| 1/02/2021 14:04 (4 1179648 0 229
14| 1.6IE+09| 1/02/2021 14:04[# 1179648 0 2ss
15 | 1.61E+09| 1/02/2021 14:04|# 1179648 0 1/02/2021 /222021 /0P 021 HDPR021 TARP021 /022021 1/02/2021 14:18
16 | 1.61E+09| 1/02/2021 14:04[# 1179648 0 0 58 -547122 -54712Z7 -260542 2z9|
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Appendix 3: Embedded chip of new EC sensor

The new chip is embedded in the new generation EC-sensor to achieve the function of
measuring a variety of parameters. The details of the new chip from imec have shown
in Picture 6. The dimension of the chip is 8mm*9.5mm. The EC-meter is not ion-
selective, but measures the conductance affected by the total ion concentration.

In terms of conductivitx, it has the range from 5 to 100000 pS/cm within +0.1 accuracy

EN BY NEXT-GEN MICROFABRICATED WATER SENSORS

__lon-selective electrodes

3 " 104 M~ | M range, 10% accuracy
: L

)} W

~ ORP

\ ~ PH: 2-10 pH range, 0.1 accuracy

- Microfluidic
Reference electrode

World’s first long-term stable multi-sensor chip
pH. Cl, Na*, K*, Ca**, NOjy, DO, extension to other ions possible > Mg?*, NH,*
with temp and conductivicy: 5 — 100000 pSlcm

Figure 54 The configuration of the new generation chip

as well by applying interdigitated electrodes as a sensing mechanism and impedimetric
readout. Its sensitivity is adjustable. Meanwhile, the TRL with level 7 implies a mature
usage of the technology. Although other parameters of the sensor are not in the case of
the project, Picture 7 gives a clear browse as an extra knowledge.

Sensing .

Parameter hachaution Readout Range Accuracy Sensitivity TRL
Reference Microﬂuid_k: channel Potentionamicam| Drifc < 0.1 mV/day | - 7
electrode + reservoir
pH :‘::ul oxl ide Potentiometric | 2-10 0.02 pH point >59 mV/ipH 7

= Interdigitated — = 100000 : :
Conductivity dacrodes Impedimetric NiSicm <10% of reading adjustable 7 l
ORP Pt electrode Potentiometric | -1V -+I1V 10 mV - 7
Chloride AgCl electrodes Potentiometric | 10* -1 M <10% of reading 059 7
mV/dec
lon-selective . 50-59
Sodium ey Potentiometric | 10*-1M <10% of reading mVidec 5
Potassium S Potentiometric | 104~1M | <10% of reading S 5
membrane mV/dec
Nitrate on-snesdve Potentiometric | 10# -1 M <10% of reading 50:59 5
membrane mV/dec
3 lon-selective e : s 23-26
Calcium RS Potentiometric | 10#4-1M <10% of reading mV/dec 3
Dissolved . . . 120 - 130
o Direct oxidation Amperometric | 0-9 mg/L 50 ppb nAlmg/L 3

Figure 55 Various parameters of the sensor
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Appendix 4: The conductivity range of various liquids

Table 17 The conductivity range of various liquids (Goossen, The conductivity range of various
liquids, 2021)

Solution Conductivity Range Optimum Cell
Constant

Ultra-pure water 0.05 uS/cm 0.01

Power plant or boiler 0.05-1 puS/ecm 0.01o0r0.1

water

Drinking water 150-800 puS/cm 1.0

Cooling tower water 0-5mS/cm 1.0

Wastewater effluent 0.9-9 mS/cm 1.0

Ocean water 53 mS/cm 10 (consider toroidal
measurement)

29% Nitric Acid 865 mS/cm 100 (consider
toroidal
measurement)
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Appendix 5: Test plan

All the test plans will be split into two stages, measurement stage and coupling stage.
Each stage will have their own demo test plan to go with signature from clients.

In every test plan , there are 6 parts to state:

Aim: the purpose of the experiment/test
Hypothesis: expected scenario of the results
Variables: The variables of the system

Tools: The tools that will applied during the test
Method: The steps for executing the test
Expected results: ideal and expected scenario.

ok wnhE

1. Measurement stage

Measurement Demo Test Plan

1. Aim

The new generation conductivity sensor is provided by imec. The demo test plan aims
to prove that the experiments can measure and dispose the data of main performance
correctly, including working range, accuracy, stability, and sensitivity.

2. Hypothesis

The experiments enable to figure out the main performance of the new generation
electronic conductivity sensor, regarding stability, working range, accuracy, and
sensitivity.

3. Variables

3.1 Input & Output

The initial inputs and outputs of the measurement system are shown.
Table 18 Input of the measurement system

Nr. Input Unit

Water with different salt concentrations 1 S/cm

Table 19 Output of the measurement system

Nr. Output Unit
Working range  u S/cm

Stability /
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Accuracy /
Sensitivity /

3.2 Limit & Property

The limit and property mentioned below illustrate the variables that the tester is going
to keep constant and going to vary and/or measure, respectively.

Each limit will be defined as an exact value to eliminate potential bad conditions during
the test execution.

Table 20 Limit of the measurement system

Nr. Keep constant within..
1 Water temperature Lower limit at 0°C,
Upper limit at 30°C

The properties are the variables which researchers are going to vary and/or measure.
And to vary certain properties, researchers will vary certain limits as well.

Table 21 Property of the measurement system

Nr. Property Vary/ or Limit
measure? property
Water with different salt 1 S/cm Vary 0.05 wu S/cm-
concentration 80000 1 S/cm

Working range 1 S/cm Measure /

Stability / Measure /

Accuracy / Measure /

Sensitivity / Measure /

4. Tools

» Stirring rod
» EC-Sensor with USB-connected readout device
> Laptop
o RealTerm software: get the data from the sensor
o Excel: dispose the data
o Charge the sensor as a battery
» Water
o With Known-proportional concentrations.
o With unknown concentrations (can be sent to laboratory and measured
accurately)
» Demineralized water

o To wash the probes between the tests.
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o To make other unknown solutions
» The waterproof thermometer
o To double check the temperature of the water

5. Method

This phase mainly introduces how clients can verify the results. It is composed of a
humorous comic strip form and a clear text form. The step numbers in the comic
correspond to those in the text table.

Figure 56 Comic on verifying the results of the measurement stage

Clear text on verifying the results of the measurement stage

Synopsis: giving a presentation regarding the measurement experiments

1 | Declare the performance items that have been investigated during the
project period and throw out their values.

2 | Present the used tools and the related references.

3 | Explain how the value comes out and how to conduct each experiment in
a brief yet essential way.

6. Expected Results

The EC-sensor can transfer the data to the laptop successfully. The performance of the
sensor as to the working range, stability, accuracy, and sensitivity can be worked out
via Excel.

Clients signature:

Date:  2021-3-16
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Measurement System Validation Test Plan

1. Aim

The new generation conductivity sensor is provided by imec. The purpose of this test
IS to use the sensor's accuracy in measuring solutions of different concentrations to
provide users with a reference for the definition of the working range. The user can
specify the working range of the sensor according to the accuracy required by the test.
In other words, the working range is floatable to match the demand. Meanwhile, the
sensitivity and stability of the new sensor will be investigated during the test.

2. Hypothesis

The working range, stability, accuracy, and stability of the new generation conductivity
sensor have been measured with some reliable results coming out. The results show by
numerical values and graphs.

3. Variables

The limit and property mentioned below illustrate the variables that the tester will keep
constant and vary and/or measure.

Each limit will be defined as an exact value to eliminate potential bad conditions during
the test execution.

Table 22 Limit of the measurement system

Nr. Keep constant within..
(= Water temperature(unknown)  Lower limit at 0°C,
Upper limit at 30°C

Table 23 Property of the measurement system

Nr. Property Unit Vary/ or Limit of property

measure?

1 Raw resistance of the Q Measure 1.33 ~ 80000
EC measurement

“ | The phase of the EC / Measure -10~10
measurement 190--170
170~190

The number out of these three
scopes means the measurement
is invalid.
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ROD error / Measure If the value is not 0, the data is
invalid.
Water temperature °C Measure 0-30

(sensor-tested)

Water with different From demineralized water to
salt concentration sea water.

Table 24 the process of 4-criteria

Working range 1 S/cm Process

Stability / Process

Accuracy / Process

Sensitivity / Process
4. Tools

» Stirring rod
» EC-Sensor with USB-connected readout device
» Laptop
o RealTerm software: get the data from the sensor
o Excel: dispose the data
o Charge the sensor as a battery
» Water
o With Known-proportional concentrations.
o With unknown concentrations (can be sent to laboratory and measured
accurately)
» Demineralized water
o To wash the probes between the tests.
o To make other unknown solutions
» The waterproof thermometer
o To double check the temperature of the water
5. Method

Here are the steps that is going to be applied in the test:
Preparation before the test:

1. Select 10-15 samples with different salt concentrations to be the test objectives
and make a list.
2. Go to the lab, prepare the solutions by adding accurate weight of salt to the
demineralized water.
3. Pour them over into different bottles with corresponding sample& concentration
labels.
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4. Plug the device into the USB port.
5. Open the RealTerm software.

RealTerm: Serial Capture Program 2.0.0.70

Display | Port | Capture | Pins | Send | EchoPort| 12C | 12C-2 | 12CMise | Misc | An| Clear| Freeze| ?|
Display As ™ Half Duplex Status
(s Asci ™ newLine mode Connected
{ sl = .
" Hexlspace] | | Invert [ 7Bits RXD [2)
t.ﬁ :ﬁ?amsc" F <D (3]
£ ﬁ‘e‘i Data Frames CTS (8)
" ntlB Bytes 2 3 DCo (1)
r E{'?S.E [7 Singe  Gulp DSH [E)
" Binar Ring (9]
- Hlbbll? Rows Cols BREAK
. Hgftcsv Teiminal Font| |16 3| |80 3 [T Scrolback Eror
Char Count:0 CPS:0 Port: 3 57600 8N1 None

6. Itis possible that the port is already open. The random data has been seen. If so,
skip into step 5.

7. Open the “port” dropdown in the “port” tab. a device like “\VPCxx” should be
observed. If not, double click on “double click to scan ports”. If it is still not
there, try to restart Real Term. It can also take a couple of minutes for the device
to be installed by windows, the first time plugging it in. Yet in rare cases,
windows cannot automatically install the device.

Display Port |Caplure | Pins | Send | Echo Port I 12C | 121

Baud |57600  « | Port LI Open

Softwe

Parity Data Bitsg ™ Rec
¢ None | * 8bits|\WCPO

" Ddd " 7 bitg| servertelnet [~ Tra
" Even  §bits| 127-0.0.1:telnet

" Mark 127.0.0.1:9876

" Space | ¢ 5bits|(double click to scan ports]

Break condition received

8. Go to the Port tab and select 9600 in the Baud dropdown for the EC readout.
The ORP readout is set to the correct baud rate.
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AT T
Dizpla ‘Hnl.'amL
Baud

Far

'

'

(. EE :

" [1z00 Bbi

|20 b bi
921600 ¢

Break condition receive

L

9. Now click on Open. If the device was already sending data, click open twice.

Display Port |Ea|:|lure] Ping ] Send | Echo P‘art] 12C

Baud [9600 | Port |EIERINEEIS SN

Parlty Data Bits| Stop Bits

(’ MNone || & Bbits | * 1hit " 2 bits

I E\fgn f? ?bi].s Hardware Flow Control

" Mak " Bbits | | ¢ Nore " RTS/ACTS
 Space || © Sbits|| ¢ DTR/DSA ¢ RS485ts

@.

| 12c2 | 12cHi

sethlsrl}ou (]

[T Tranzmit off CI

Use this if you want to have no ports open...

Char Cov

10. Now it should be seen a message like this every couple of seconds. The

software is ready.

#.1179648.0.0.56 .-547122,-547122 ,-258482.
#.1179648.0.0.56 .-547122 ,-547122 ,-261865,
#.1179648.0.0.56 .-547122,-547122 ,-259386.
#.1179648.0.0.56 .-547122 ,-547122 ,-257988,

221 , (ple
221 , Uglr
221 , (ple
221 , Uglr

#.1179648.0.0.56 .-547122,-547122 ,-262080.221 . (slf
#.1179648.0.0.56 .-547122 ,-547122 ,-258460,221 , (ilf
#.1179648.0.0.56.-547122,-547122 ,-257823.
#.1179648.0.0,.56 ,-547122 ,-547122 ,-261558,

221 , (plr
221,

#.1179648.0.0.56 .-547122,-547122 ,-258317.221 , (1L
#.1179648.0.0.56 ,-547122 ,-547122 ,-260157,221.,1

#.1179648.0.0.56 .-547122 ,-547122 ,-260872,
#.1179648.0.0,.56,-547122 ,-547122 ,-257878,

221, (glr
221 , glr

#.1179648.0.0.56 .-547122,-547122 ,-262437.221 . (slF

#.1179648.0.0,.56,-547122 ,-547122 ,-258345,
#.1179648.0.0.56 .-547122 ,-547122 ,-257081 .,

Officially start the test:

Regarding working range, accuracy:

221 , glr
221, (glr

11. Measure the temperature of the testing solution by waterproof thermometer.
12. Put the sensor in the test-wanted solution.
13. Go to Capture tab.

14. Click “...

CSV.

> button to create a saving path. Remember change the file type end by
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15. Uncheck the button ‘Direct Capture’.

16. Click ‘Start: Overwrite’

17. Test for until the data is stable.

18. Click ‘Stop capture’

19. Take out the sensor and put it in the demineralized water to clean the probes.

20. Unfold the csv document.

21. Outliers removed.

22. Work out the temper corrected impedance.

23. Highlight all the data in a relative stable condition, calculate out the average
value of these data.

24. Record the average value in the table of each corresponding concentration.

25. Repeat step 11-24 until all the solutions have been measured.

26. Click ‘Stop capture’

27. Deliver all the tested solutions to the lab for the accurate values under salt
concentration and conductivity, record them in table 1 as well.

28. Calculate out the accuracy of samples and record it in the table 2.
Accuracy formula is set below:

|Measured value — Referenced value|

Accuracy = Referenced value
Sample | Lab Sodium | Measured Lab conductivity | Accuracy
chloride(g/l) conductivity result( 1 S/cm)
result( 1 S/cm)
1
n

ii.  Regarding the stability

29. Select one of the self-regulating solutions(or using well-proportional solutions)
which has known conductivity(proved by reliable institution).

30. Put the sensor in the test-wanted solution.

31. Go to Capture tab.

32. Click “...” button to create a saving path. Remember change the file type end by
Csv.

33. Uncheck the button ‘Direct Capture’.

34. Click ‘Start: Overwrite’

35. Test for until the data is stable.

36. Click ‘Stop capture’

37. Take out the sensor and put it in the demineralized water to clean the probes.

38. Unfold the csv document.

39. Outliers removed.

40. Work out the temper corrected impedance.

41. Calculate out the RSD.

ilii.  Regarding the sensitivity
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42. Exhibit the list of salt concentration and measured conductivity of all sample
solutions from i: Regarding the working range and accuracy.
43. Take measured conductivity value( & S/cm) as x axis and lab conductivity
value( 1 S/cm) as y axis to work out Sn.
6. Expected Results

The test can find out the accuracy value of solutions which have different salt
concentrations from 40 u S/cm to 60000 ® S/cm, respectively. Moreover, the
accuracy is expected to be in a reasonable range, which means the specification of
EC-sensor provided by imec is exact. The new EC-sensor is qualified. The stability
and the sensitivity of new sensor are expected to be investigated out.

2. Coupling stage

1. Aim

The new generation conductivity sensor is provided by imec. The test aims to prove
that the new EC-sensor coupling system can work properly.

2. Hypothesis

If the LCD display can show the temp corrected impedance or error status computed
by the outputs of the new EC sensor, and display all measured values via serial
monitor, then the new EC-sensor coupling system works properly.

3. Variables
The initial input and output will show below:

Table 25 The input of coupling system(demo)

1 Water temperature(unknown) °C

2 Water with different salt concentration 1 S/cm
3 Raw resistance of the EC measurement = Q

4 The phase of the EC measurement /

5  ROD error /

6 Water temperature °C

(sensor-tested)

7 The temp corrected impedance Q
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N.B. 1. Water temperature(unknown): the temperature is still unscanned, but to prevent too
low or too high temperature will damage the sensor, the temperature should be firstly
controlled in a proper scope.

2. Water temperature(sensor-tested): the temperature has been scanned by EC sensor.

3. The upper 3-6 items are the outputs from new generation EC sensor, they directly
display on the ‘RealTerm’ interface and record in the file.

Table 26 The output of coupling system(demo)
Nr. Output Unit
1 The temp corrected conductivity 1 S/cm

The limit and property mentioned in Table 26 illustrate the variables that the tester
will keep constant and vary and/or measure.

Each limit will be defined as an exact value to eliminate potential bad conditions
during the test execution.

Table 27 Limit of the coupling system(demo)

Limit Keep constant within..

Water temperature(unknown)  Lower limit at 0°C,
Upper limit at 30°C

Table 28 Property of the coupling system(demo)

Nr. Property it Vary/ or Limitof property

measure?

Raw resistance of Q Measure 1.33 ~ 80000
EC
measurement

I The phase of the EC  / Measure -10~10
measurement 190170
170~190
The number out of these
three scopes means the

measurement is invalid.

ROD error / Measure If the value is not O, the data
is invalid.

4 Water temperature  °C Measure 0-30
(sensor-tested)
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Water with different uS/cm  Vary From demineralized water to
salt concentration sea water.

The temp corrected Q Measure /

impedance

The temp corrected pS/cm Measure /

conductivity

4. Tools
imec EC-sensor coupling system prototype
BOB-11189 by Sparkfun
Laptop with USB port
5V battery pack
Calibration solution: 1413uS/cm
Demineralized water
o To wash the probes between the tests.
» The waterproof thermometer
o To check the temperature of the water before testing
5. Method
i Use waterproof thermometer to check
ii.  Turn on the device via 5V battery pack/ USB port of laptop.
iii.  Set the probe of the EC-sensor into the calibration solution.
iv.  Observe if the LCD display shows the temp corrected conductivity.
v.  Open the serial monitor in Arduino IDE and observe if it shows all the
measured values timely.
Vi. Record the error and present it to the client.
6. Expected results

YVVVVVYVY

If the temp corrected conductivity can display on LCD display timely, meanwhile, all
the measured values can show via serial monitor , it proves that the new EC-sensor
coupling system can work properly.

Client’s signature: Q‘ / ;[:; 7

Date:  April 14th 2021

1. Aim

The new generation conductivity sensor is provided by imec. The test aims to prove
that the new EC-sensor coupling system can work properly.

2.  Hypothesis
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If the LCD display can show the temp corrected impedance or error status computed
by the outputs of the new EC sensor, and display all measured values via serial
monitor, then the new EC-sensor coupling system works properly.

3. Variables
The input and output will show below:

Table 29 The input of coupling system

Nr. Input Unit

1 Water temperature(unknown) °C

2 Water with different salt concentration 1 S/cm
3 Raw resistance of the EC measurement  Q

4 The phase of the EC measurement /

5  ROD error /

6 Water temperature °C

(sensor-tested)
7  The temp corrected impedance Q

Table 30 The output of coupling system
Nr. Output Unit
1 The temp corrected conductivity 1 S/cm

The limit and property mentioned in Table 31 and Table 32 illustrate the variables that
the tester will keep constant and vary and/or measure.

Each limit will be defined as an exact value to eliminate potential bad conditions during
the test execution.

Table 31 Limit of the system

Nr. Keep constant within..
(= Water temperature(unknown)  Lower limit at 0°C,
Upper limit at 30°C

Table 32 Property of the system

Nr. Property Unit Vary/ or Limitof property

measure?

1 Raw resistance of Q Measure 1.33 ~ 80000
the EC measurement
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4

5

7
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o

The phase of the EC / Measure -10~10
measurement ST
170~190

The number out of these three
scopes means the
measurement is invalid.

ROD error / Measure If the value is not 0, the data is
invalid.

Water temperature  °C Measure 0-30

(sensor-tested)

Water with different uS/cm Vary From demineralized water to

salt concentration sea water.

The temp corrected Q Measure /

impedance

The temp corrected pS/cm Measure /

conductivity

ols

imec EC-sensor coupling system prototype
Laptop with USB port
5V battery pack
Calibration solution: 1413uS/cm
Demineralized water
o To wash the probes between the tests.
The waterproof thermometer
o To check the temperature of the water before testing

Method

AN

E

Use waterproof thermometer to check if the temperature is between 0-30°C.
Turn on the device via 5V battery pack/ USB connection of laptop.

Set the probe of the EC-sensor into the calibration solution.

Observe if the LCD display shows the temp corrected conductivity.

Open the serial monitor in Arduino IDE and observe if it shows all the
measured values timely.

Record the error and present it to the client.
xpected Results

If the temp corrected conductivity can display on LCD display timely, meanwhile,
all the measured values can show via serial monitor , it proves that the new EC-
sensor coupling system can work properly.
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EC-sensor Subsystem Validation Test Plan

1.

3.

Aim
The new generation EC-sensor is provided by imec. The test aims to prove that the

new EC-sensor can export valid data without caring about the quality of outputs
from the sensor.

Hypothesis

If RealTerm can show all the measured data from the sensor the outputs of the new
EC sensor, and display all measured values via serial monitor, then the new EC-
sensor coupling system works properly.

Variables

The input and output will show below:

Table 33 The input of EC-sensor subsystem

Nr. Input Unit
1 Water temperature(unknown) ~ °C

2 Water with different salt concentration 1 S/cm

Table 34 The output of EC-sensor subsystem

Nr. Output Unit
1 Rawresistance of the EC measurement ©

2  The phase of the EC measurement /

3 ROD error /

4 Water temperature °C

(sensor-tested)

Table 35 Limit of EC-sensor subsystem

Nr. Keep constant within..
(= Water temperature(unknown)  Lower limit at 0°C,
Upper limit at 30°C.

72 Water with different salt Lower limit at demineralized water,
concentration Upper limit at sea water.

Table 36 Property of EC-sensor subsystem

Nr. Property Unit Vary/ or Limitof property
measure?
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1 Raw resistance of Q Measure 1.33 ~ 80000
the EC
measurement
22 The phase of the EC / Measure -10~10
measurement 190—170
170~190
The number out of these three
scopes means the
measurement is invalid.
3 ROD error / Measure If the value is not 0, the data
is invalid.
<. Water temperature ~ °C Measure 0-30
(sensor-tested)

4. Tools
imec EC-sensor with USB connection
» Laptop with USB port
» Calibration solution: 1413uS/cm
» Demineralized water
o To wash the sensor probes
The waterproof thermometer
o To check the temperature of the water before testing
5. Method
Use waterproof thermometer to check if the temperature is between 0-30°C.
Turn on the EC-sensor via USB connection of laptop.
Set RealTerm to the correct baud rate, port and save path.
Set the probe of the EC-sensor into the demineralized water, tap water,
calibration solution, respectively.
5. Observe the outputs showing on RealTerm.
6. Expected Results

A\ A\

el

If imec EC-sensor can output valid data when testing calibration solution and tap
water ,and output invalid data when testing demineralized water, it proves that new
EC-sensor can be used in prototype build-up.

Arduino Subsystem Validation Test Plan

1. Aim

The test aims to prove that the new EC-sensor can couple with Arduino and display
all the measured data on serial monitor.
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2XThe new generation EC-sensor is provided by imec.

2. Hypothesis

If Arduino can display all the measured data on serial monitor, then the new EC-
sensor couples with Arduino successfully.

3. Variables
The input and output will show below:
Table 37 The input of Arduino subsystem
1 Water temperature °C
(unknown)
2 Water with different salt concentration 1 S/cm

Table 38 The output of Arduino subsystem

Nr. Output Unit
1 ThelDofthereadout [

2 Raw resistance of the EC measurement Q

3 The phase of the EC measurement /

4  ROD error /

5  Voltage A in mV /

6  Voltage B in mV /

7  Voltage C in mV /

8 Water temperature °C

(sensor-tested)
1. Water temperature(sensor-tested): the temperature has been scanned by EC sensor.

2. The upper 1-8 items are the outputs from new generation EC sensor, they directly display
on the ‘RealTerm’ interface and record in the file.

Table 39 Limit of Arduino subsystem

Nr. Keep constant within..

(= Water temperature(unknown)  Lower limit at 0°C,
Upper limit at 30°C.
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Water with different salt Lower limit at demineralized water,

concentration Upper limit at sea water.

Table 40 Property of Arduino subsystem

Nr. Property Unit Vary/  or Limitof property

measure?

1 The ID of the / Measure /
readout

2 Raw resistance of @ Measure 1.33 ~ 80000
the EC
measurement

<. | The phase of the EC / Measure -10~10
measurement 190170
170~190
The number out of these three
scopes means the
measurement is invalid.
4 ROD error / Measure If the value is not O, the data
is invalid.
5 Voltage AinmV / Measure /
ﬂ Voltage B in mV / Measure /
7 Voltage C in mV / Measure /
Water temperature  °C Measure 0-30

(sensor-tested)

> Items 1-8 should be measured and displayed on serial monitor

4. Tools

» Laptop with USB port

» The waterproof thermometer

o To check the temperature of the water before testing

5. Method
Use waterproof thermometer to check if the temperature is between 0-30°C.
Turn on the Arduino via 5V battery set/USB connection of laptop.
Set the probe of the EC-sensor into the calibration solution.
Observe if the serial monitor in Arduino IDE shows all the measured outputs
from EC-sensor like below.
#,1179648,645,1,0,-547122,-547122,-254747,228,
6. Expected Results

A\ .
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If the serial monitor in IDE can display all the measured data from sensor, it proves
that new EC-sensor can couple with Arduino properly.

1. Aim

The test aims to prove that LCD display can show conductivity or error status
directly.

2XThe new generation EC-sensor is provided by imec.
2. Hypothesis

If LCD can display the conductivity or error status directly, then Arduino works
with LCD successfully.

3. Variables
The input and output will show below.

Table 41 The input of display subsystem

1 The ID of the readout /
2 Raw resistance of the EC measurement  Q
3 The phase of the EC measurement /
4  ROD error /
5  Voltage A in mV /
6  Voltage B in mV /
7  Voltage C inmV /
8 Water temperature °C

(sensor-tested)
1. Water temperature(sensor-tested): the temperature has been scanned by EC sensor.
2. The upper 1-8 items are the outputs from new generation EC sensor.

Table 42 The output of display subsystem

1 The temp-corrected conductivity or Error 1 S/cm
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Table 43 Limit of the display subsystem
Nr. Limit Keep constant within..
There is no limit in this system.

Table 44 Property of the display subsystem

Nr. Property Unit Vary/ or Limitof property

measure?

The ID of the / Measure /
readout

Raw resistance of Q Measure 1.33 ~ 80000
the EC measurement

<l | The phase of the EC / Vary -10~10
measurement 190~-170
170~190
The number out of these

three scopes means the
measurement is invalid.

ROD error / Vary If the value is not 0, the data
is invalid.

Voltage A in mV / Measure /

“ Voltage B in mV / Measure /

Voltage C in mV / Measure /
Water temperature  °C Measure 0-30°C

(sensor-tested)

The temp-corrected 1 S Measure 40-60000
conductivity or /cm
Error

2% Items 1-8 should be measured and displayed on serial monitor
4. Tools
» Laptop with USB port
5. Method
1. Wire the sensor, Arduino and LCD.
2. Turn on the Arduino via 5V battery set/USB connection of laptop.
3. Seeif LCD display shows the value of conductivity or error status alternatively.
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4. Vary the phase of the EC measurement and ROD error manually in the code to
see if LCD can reveal correct status in different scope.
6. Expected Results

If LCD display can reveal correct status in different scope, it proves that LCD
successfully connected with Arduino-EC sensor.
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Appendix 6: Test results

1. Measurement stage

Measurement System Test Results

Test setup

The figure shows the test setup of measurement system. It contains a laptop running
with RealTerm, the new generation EC sensor, the demineralized water, test-wanted
samples, cups, iron support, thermometer and 5V battery pack. The stuffs in red block
are the indispensable elements ,and the ones in blue dotted block are unnecessary if

the temperature module of EC sensor is usable.

Laptop with
RealTerm

b — — —

5V battery
pack

Figure 57 The test setup of measurement system

The new EC sensor with
temperature module that
cannot work

thermometer |

Preliminary test

Demineralized
Water

| Test-wanted
m Samples

During the preliminary test, to make sure the EC sensor can work properly with a
large probability before official long-term experiment, it should output valid
numbers by measuring tap water lasting 1 minute.

Output (Duration: 1minute) Status
=95% are valid Togo
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<95% are valid Not go

i.  The first version of EC sensor

Put the sensor in tap water, there is no valid number coming out.

Output (Duration: 1minute) Status

<95% are valid Not go
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ii.  The waterproof version of EC sensor
Pretest the sensor with tap water, the outputs are almost(95%) valid.

Output Status

=95% are valid To go

Preparation before testing

The following sheet shows how to get these elements:

Elements How to acquire

Laptop Ready-made

The new generation EC sensor Ready-made

The demineralized water From HZ lab/ order from other company
Test-wanted samples Self-made in HZ lab

Cups Ready-made

Standard value From the laboratory

Calibration solution Ready-made

Iron support Ready-made

Thermometer and 5V battery pack Ready-made

Thermometer Ready-made
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Order the demineralized water. Then prepare the list of test-wanted solutions.
Demineralized water tap water and sea water are all ready-made solution. The
solutions labeled with certain salt concentrations are the ones which need to modulate
in the laboratory(highlight in yellow).The list has been approved by the client.

Table 45 List of test-wanted salt concentration (Baaren, 2015)

Sample | g chlorine (CI-)/I g Sodium | Rough expecting conductivity( 1
chloride /I S/cm)
1 Demineralized / 0.05
water
2 0.01352 0.02 40
3 Tap water / 500
4 0.059 0.10 1413
5 1.71 2.82 6000
6 4.29 7.07 12880
7 6.03 9.94 18000
8 8 13.19 24000
9 10 16.48 30000
10 12 19.78 36000
11 14 23.08 42000
12 16 26.37 48000
13 sea water / 54000
14 20 32.97 60000
15 26.67 43.96 80000

Prepare 15 bottles that can hold one liter of water. Make a mark for each bottle on it
for easy identification. Go to the lab.

Now start making solutions. Add 1 liter of demineralized water and calculated pure
sodium chloride granules into the bottle until all the solutions are proportioned. Use
the milligram electronic scale in the HZ laboratory. Shake the solutions evenly and
bring all the solutions back.
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list of test-
wanted salt
concentration

client's a}approval

v

v

Demineralized water

Different weight of
salt

A 4

Water with
different salt

concentrations

Fill the prepared solutions into special bottles of laboratory. Record the lab number
of each bottle. Send all the solutions to the laboratory. It took 1-2 weeks for the results.

Sample | ¢ g Rough Lab number | Lab Lab number | Lab
Chlorine™ | Sodium | expecting for chloride | chloride | for conductivity
/l chloride | conductivity( 1 | ion ion(mg/l) | Conductivity | result(  u
/l S/cm) S/cm)
1 Demi water 0.05 0625023372 | <5.0 0640254462 | <10
2 0.01352 | 0.02 40 0625023383 | 11 0640254456 | 47
3 Tap water 500 0625023379 | 32 0640254455 | 480
4 0.059 0.10 1413 0620314471 | 76 0640254451 | 270
5 1.71 2.82 6000 0625023348 | 1770 0640254452 | 5500
6 4.29 7.07 12880 0620314509 | 4550 0640254446 | 13000
7 6.03 9.94 18000 0625023359 | 6990 0640254453 | 19000
8 8 13.19 | 24000 0625023402 | 8360 0640254443 | 23000
9 10 16.48 | 30000 0625027001 | 10600 0640254454 | 29000
10 12 19.78 36000 0625023400 | 15300 0640254467 | 38000
11 14 23.08 | 42000 0625023353 | 16200 0640254450 | 40000
12 16 26.37 48000 0625026981 | 16500 0640254444 | 42000
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13 Sea water 54000 0625026982 | 18400 0640254531 | 47000
14 20 32.97 60000 0625026953 | 7870 0640254537 | 67000
15 26.67 43.96 80000 0625026956 | 29200 0640254550 | 67000

Preparation Status

All the elements are ready To go
Everything is ready except for the standard value JaKsXe[s]

Some elements on the list are still missing Not go

Elements Status
Laptop v
The new generation EC sensor v
The demineralized water v
Test-wanted samples v
Cups v
Standard value v
Calibration solution v
Iron support v
Thermometer and 5V battery pack v

Thermometer
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Preparation Status

Everything is ready except for the standard value | To go

Since the time limitation, the official test will use the initial version.

After getting ready with all the elements at hand, set RealTerm with 9600 Bd, correct
port to start outputting the data. Please follow the steps 1-10 of Method of Measurement
System Validation Test Plan.

Official test
Declare the standard of different results:

Table 46 The standard of division of accuracy

Accuracy a Status

a<<10% Very good

10%<a<30% [efoles
30%<<a<<50% =L
a>50% Very bad

Table 47 The standard of division of stability

RSD b Stability Status

b<<1% Very good
WA Good

3%<b<5% [M=E!
a>5% Very bad

It took 10 mins per data set to record.
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J# B The ID of Bl Raw resisId The phas®&d The ROD Bl Voltage ARl Voltage B Voltage CBl Temperathd
# 1.505E+09 130382 27 58 271144 460687 600077 19.9
# 1.505E+09 130382 27 58 270183 551517 568381 199
# 1.505E+09 130382 27 58 270787 417648 606586 19.9
# 1.505E+09 130382 27 58 270787 406112 560581 19.9
# 1.505E+09 130382 27 58 260624 515399 557312 19.9
# 1.505E+09 130382 27 58 251945 469915 585657 19.9
# 1.505E+09 130382 27 58 328410 489526 554868 19.9
# 1.505E+09 130382 27 58 262162 544074 549237 19.9
# 1.505E+09 130382 27 58 281636 439373 556516 19.9
# 1.505E+09 130382 27 58 285509 494552 552725 199
# 1.505E+09 130382 27 58 266118 399850 603345 19.9
# 1.505E+09 130382 27 58 318276 394631 548523 199
# 1.505E+09 130382 27 58 279054 500567 549402 19.9
# 1.505E+09 130382 27 58 273890 468542 570523 19.9
# 1.505E+09 130382 27 58 285344 473925 544376 19.9
# 1.505E+09 130382 27 58 275429 414242 587854 19.9
# 1.505E+09 130382 27 58 277955 423113 541327 19.9
# 1.505E+09 130382 27 58 286058 479831 550720 199
# 1.505E+09 130382 27 58 271446 421520 585245 19.9
# 1.505E+09 130382 27 58 287404 394109 540311 19.9
# 1.505E+09 130382 27 58 272325 471920 544788 19.9
# 1.505E+09 130382 27 58 269578 450414 556598 19.9
# 1.505E+09 130382 27 58 324648 475848 529489 19.9

Figure 58 The output of Sample 1

# B The 1D of Bl Raw resisdl The phasdid The ROD [l Voltage Bl Voltage Bl Voltage OBl Temperathd
# 1.505E+00 14559 2 0 426400 322807 64874 20.19
# 1.505E+09 14390 2 0 334975 318138 85666 20.19
# 1.505E+09 14290 2 0 513476 331789 91077 20.19
# 1.505E+09 14465 2 0 540805 298747 117307 2019
# 1.505E+09 14381 2 0 331185 302455 125574 20.19
# 1.505E+09 14332 3 0 465493 301796 133594 20.19
# 1.505E+09 14530 2 0 490405 298418 137000 20.19
# 1.505E+09 14548 2 0 312315 265019 139389 20.19
# 1.505E+09 14413 8 0 480655 290810 149415 20.19
# 1.505E+09 14530 2 0 525140 203941 168043 20.19
# 1.505E+09 14559 2 (6] 353487 308305 182896 20.19
# 1.505E+09 14496 3 0 554428 334865 187537 20.19
# 1.505E+09 14639 2 0 598951 348708 200007 20.19
# 1.505E+09 14582 2 0 374196 329180 196134 2019
# 1.505E+09 14525 2 0 561817 331844 197920 20.19
# 1.505E+09 14657 2 0 651878 322203 201051 20.19
# 1.505E+09 14703 2 0 363924 296001 196052 20.19
# 1.505E+09 14568 3 0 511389 296770 198222 20.19
# 1.505E+09 14664 2 0 659925 285152 198359 20.19
# 1.505E+09 14721 2 0 362606 267354 202424 20.19
# 1.505E+09 14684 Bl (6] 547507 283064 203330 20.19
# 1.505E+09 14698 2 0 663880 275813 206736 20.19
# 1.505E+09 14708 2 0 350685 259498 203330 20.19
Figure 59 The output of Sample 2

M The ID of M Raw resisii ep M The ROD M Voltage AM Voltage B Voltage CAdl Temperatid
# 1.505E+09 1368 6 0 205006 167982 256834 225
# 1.505E+09 1369 6 0 213603 187070 259608 225
# 1.505E+09 1382 7 0 247908 209702 264442 225
# 1.505E+09 1365 [ 0 207862 157380 254527 22.5
# 1.505E+09 1361 6 0 203907 160648 251341 225
# 1.505E+09 1379 7 0 239942 183088 254033 225
# 1.505E+09 1361 6 0 226539 152958 253099 225
# 1.505E+09 1355 6 0 183115 151282 253318 225
# 1.505E+09 1374 7 0 247358 198908 252185 22,5
# 1.505E+09 1361 6 0 246095 188279 246232 22.5
# 1.505E+09 1350 5 0 201792 175013 241089 225
# 1.505E+09 1367 7 0 237937 204813 242717 22.5
# 1.505E+09 1364 7 0 322698 216047 246864 225
# 1.505E+09 1344 6 0 235054 183472 245600 22.5
# 1.505E+09 1361 6 0 245188 186466 238871 225
# 1.505E+09 1365 7 0 308717 208571 239558 225
# 1.505E+09 1344 6 0 237443 168970 238844 225
# 1.505E+09 1352 6 0 228215 172074 234614 225
# 1.505E+09 1363 7 0 268095 193690 238734 225
# 1.505E+09 1344 5 0 210609 163944 237718 225
# 1.505E+09 1352 6 0 220579 178226 234504 225
# 1.505E+09 1361 7 0 251396 163175 232609 225
# 1.505E+09 1342 6 0 193443 120630 229231 225

Figure 60 The output of Sample 3
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# Raw resishd The phasdid The ROD R Voltage Ald

# 1.505E+09 2858 2 492877 199
# 1.505E+09 2870 1 399740 19.9
# 1.505E+09 2899 2 377492 199
# 1.505E+09 2912 3 501941 19.9
# 1.505E+09 2888 2 504275 199
# 1.505E+09 2883 1 433907 19.9
# 1.505E+09 2915 2 398257 199
# 1.505E+09 2936 3 545309 19.9
# 1.505E+09 2914 2 534048 199
# 1.505E+09 2903 1 423827 19.9
# 1.505E+09 2928 2 371862 199
# 1.505E+09 2952 2 384194 19.9
# 1.505E+09 2953 2 529434 199
# 1.505E+09 2931 1 506363 19.9
# 1.505E+09 2921 1 448849 19.9
# 1.505E+09 2932 1 401827 19.9
# 1.505E+09 2951 2 377272 19.9
# 1.505E+09 2970 2 418471 19.9
# 1.505E+09 2973 2 503561 19.9
# 1.505E+09 2963 2 518255 19.9
# 1.505E+09 2952 1 488015 19.9
# 1.505E+09 2945 1 419900 19.9
# 1.505E+09 2964 1 380513 19.9

Figure 61 The output of Sample 4

# B The ID of B Raw resishd The phasuﬂ The ROD ﬂVoItage Aﬂ Voltage Bid Voltage Cﬂ Temperatid
# 1.505E+09 183 2 0 331926 449673 420943 19.6
# 1.505E+09 185 4 0 481863 563684 415340 19.6
# 1.505E+09 179 3 0 662040 625016 423635 19.6
# 1.505E+09 168 2 0 650312 616227 428991 19.6
# 1.505E+09 166 2 0 318578 475436 435116 19.6
# 1.505E+09 171 3 0 392791 434951 412594 19.6
# 1.505E+09 171 4 0 676844 53579 405260 19.6
# 1.505E+09 163 2 0 680442 568491 425558 19.6
# 1.505E+09 159 2 0 665803 497711 424294 19.6
# 1.505E+09 159 2 0 309019 408858 417820 19.6
# 1.505E+09 166 4 0 464093 440664 381942 19.6
# 1.505E+09 163 4 0 678025 455935 384441 196
# 1.505E+09 157 2 0 675031 482769 406084 19.6
# 1.505E+09 153 2 0 642676 441982 399080 196
# 1.505E+09 155 2 0 321819 363155 386693 19.6
# 1.505E+09 162 3 0 455551 427728 363512 196
# 1.505E+09 161 & 0 666874 415945 369555 19.6
# 1.505E+09 155 2 0 676624 434017 372933 196
# 1.505E+09 152 2 0 511526 403722 372246 19.6
# 1.505E+09 156 3 0 339342 308553 367165 196
# 1.505E+09 160 & 0 534872 409600 349394 19.6
# 1.505E+09 158 3 0 664594 385238 351180 196
# 1.505E+09 151 2 0 642292 385979 352306 19.6

Figure 62 The output of Sample 5

# The phaséd The ROD M voltage 2B voltage BBl voltage (Bl Temperathd Temp corrdd Temp corrddl
# 1.505E+09 4113 4 0 212339 295726 330800 19.5 100.57 8054.09168
# 1.505E+09 116 5 0 235905 339946 341045 195 103.24  7845.7962
# 1.505E+09 98 6 0 373070 495239 389110 19.5 87.22 9286.86081
# 1.505E+09 87 7 0 584009 515069 422042 19.5 7743 10461.0616
# 1.505E+09 78 5 0 573050 505456 425201 19.5 69.42 11668.1072
# 1.505E+09 74 6 0 373262 433413 425365 195 65.86 12298.8157
# 1.505E+09 73 8 0 293309 351454 405535 19:5 6497 12467.2926
# 1.505E+09 71 8 0 414242 456210 389989 195 63.19 12818.4839
# 1.505E+09 69 8 0 606696 457253 396801 19.5 61.41 13190.0342
# 1.505E+09 66 7 0 619413 493206 413418 195 58.74 13789.5812
# 1.505E+09 64 8 0 543744 437066 409435 19:5 56.96 14220.5056
# 1.505E+09 63 8 0 331761 323000 390621 195 56.07 14446.2279
# 1.505E+09 65 9 0 329262 346044 381530 19.5 57.85 14001.7286
# 1.505E+09 64 10 0 626719 441735 377877 195 56.96 14220.5056
# 1.505E+09 61 9 0 633530 453436 384304 19.5 5429 14919.8747
# 1.505E+09 60 9 0 536685 406222 383040 195 53.4 15168.5393
# 1.505E+09 59 8 0 326570 307591 366149 19.5 5251 15425.6332
# 1.505E+09 63 9 0 344753 307426 358623 195 56.07 14446.2279
# 1.505E+09 61 9 0 641001 405013 364281 19.5 5429 14919.8747
# 1.505E+09 58 9 0 641358 418993 372603 195 51.62 15691.5924
# 1.505E+09 57 8 0 542535 392379 363127 19:5 50.73 15966.8835
# 1.505E+09 58 10 0 350411 306987 357881 19.5 51.62 15691.5924
# 1.505F+09 60 9 0 366039 279631 359090 195 534 151685393

Figure 63 The output of Sample 6
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# -The 1D of- Raw resisﬂ The phasuThe ROD -VOItage P-Voltage ﬂVoItage CﬂTempera

# 1.505E+09 39 16 0 448602 8541 172294 199
# 1.505E+09 38 14 0 444537 5273 173255 199
# 1.505E+09 37 14 0 430282 823 173035 19.9
# 1.505E+09 37 14 0 440994 2664 170316 199
# 1.505E+09 37 14 0 424789 -4779 171937 199
# 1.505E+09 37 14 0 392241 -411 170206 19.9
# 1.505E+09 37 14 0 384551 -7388 168641 199
# 1.505E+09 39 14 0 338326 -7580 168339 199
# 1.505E+09 39 14 0 289216 -9777 169767 19.9
# 1.505E+09 39 14 0 274769 -10849 166251 199
# 1.505E+09 42 15 0 282487 -1373 163807 19.9
# 1.505E+09 41 13 0 292320 -5603 164576 199
# 1.505E+09 41 13 0 378508 -7855 163614 199
# 1.505E+09 40 15 0 416302 -8432 162571 19.9
# 1.505E+09 40 15 0 434264 -4888 167213 199
# 1.505E+09 39 14 0 428964 -12085 164356 199
# 1.505E+09 39 14 0 365902 -15875 163257 19.9
# 1.505E+09 39 14 0 290700 -13842 164081 199
# 1.505E+09 42 15 0 285454 -11892 165262 19.9
# 1.505E+09 41 13 0 343187 -10629 162324 199
# 1.505E+09 40 14 0 431023 -16809 165565 199
# 1.505E+09 39 14 0 402019 -18512 162076 19.9
# 1.505E+09 38 14 0 318962 -18594 163038 199

Figure 64 The output of Sample 7

Only Sample2-6 are valid to measure. Thereinto, Sample 6 has begun to output some
invalid values, but very few, controlled within 5%. Among the rest of the solutions, the
invalidity of samplel and 15 are reasonable because they are out of the working range
of this sensor.

H Sampling Amount ﬂ Test Times ﬂ Valid/invalid outputjhg

1 106 1IN
2 327 1V
3 233 1V
4 231 1V
5 21 1V
6 146 1V

IEl 235 1IN
8 / 1IN
9 / 1IN
10 / 1IN
1 / 1IN
12 / 1IN
13 / 1IN
14 / 1IN
15 / 1IN

Regardless of accuracy and stability, this sensor can only measure the water solution
between about 50-13000uS/cm.
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Calculate out the temperature corrected conductivity of sample 2-6. Draw the tendency
chart of the sample results for each sample and select 85 data points in the flat part of
chart as the base for calculating the average.

M Sampling Amount [§ll Test Times fll Selected Sample number @l Average result of Conductivity(uS/cm)§l

2 327 1 85 63.9
3 233 1 85 775.8
4 231 1 85 295.9
5 221 1 85 5984.3
6 146 1 85 16746.2

Apply the formula of accuracy and RSD.

Sample x|Accuracy |- |RSD -
I
35.9% 0.6%

2

3 61.6% 2.1%
4 9.6% 0.5%
5 8.8% 2.3%
6 28.8% 2.3%

Table 48 The detailed values for each valid sample

Sample Cond. Accuracy Accuracy Status RSD Stability Status

2 47 35.9% Bad 0.6% Very good
3 480 61.6% Very bad 2.1% Good
4 270 9.6% Very Good 0.5% Very good
5 5500 8.8% Very Good 2.3% Good
6 13000 28.8% Good 2.3% Good

As shown in the table, the stability of all measurable samples with usable values is not
bad, especially samples 2 and 4. In contrast, the accuracy results are very unsatisfactory.

Prepare a cup with 1413uS/cm calibration solution. Use the sensor to measure the
solution, take it out of the solution after 10 minutes of measurement, place it on the
table, and test for another 10 minutes after one minute. Repeat 4 times to obtain four
sets of data under the same solution.

Select 85 data for each data set to calculate out the average value.

m Sampling Amount il Test Times @l Valid/invalid outputEg Selected Sample numberfd Average result of Conductivity(nS/cm)is

1413pS /em 258 1V 85 1624.6
1413pS /em 324 2V 85 1626.9
1413pS /em 329 3V 85 1625.6
1413pS /em 351 4V 85 1607.0

It can be seen from the figure that the sensor has good working stability when measuring
the same solution multiple times.
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ACC, RSD under 1413pS /cm

16.0% 15.0% 15.1% 15.0%
*— — 13.7%
14.0% \.
o 12:0%
3
T:g 10.0%
S 8.0%
3
E 6.0%
z
4.0% 5 1%
1.6% 1.4% 1.4% )
2.0% - >’ ._____’-0
0.0%
0 1 2 3 4 5
Times

—@— Accuracy / —@=—RSD/

1413pS/em Testing Times  Accuracy Status = Stability Status

1 Good Good

2 Good Good

3 Good Good

4 Good Good
Conclusion

The sensor can output a valid data set

Lab conductivity result(uS/cm)B Accuracy ERSD K

when testing a solution of 50- 1 <10/ /
. . . 2 47 35.9% 0.6%
13000pS/cm, of which the solution in 3 480 elew  21%
4 270 9.6% 0.5%
the range of 270-1_3090pS/cm can | e L
control the accuracy within 30% and the | 1413us fem 413 150%  14%
- . . 1413pS /cm 1413 15.0% 1.4%
stability within 3%. 141348 fem 1413 13.7%  2.1%
5 5500 8.8% 2.3%
Judging from the experimental results, 6 13000]  288%  2.3%

this sensor did not reach the performance. Hereby are the results of the test as to the
performance of new EC sensor.

Table 49 4 criteria of the gained sensor

Working range 270-13000pS/cm

Accuracy 10%-30%

Stability RSD<3%
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Sensitivity Too few available data points to draw a
sensitivity curve for the sensor.

It is believed that this should not be the working performance that this new EC-sensor
should have under normal conditions. However, based on the measurement results of
the sensor received twice and the easily damaged condition, it is preliminarily
concluded that the working performance of the sensor are not stable to meet the
commercial requirements.

2. Coupling stage

EC-sensor Subsystem Test Results

Test setup

The image depicts the setup of Arduino subsystem test. It includes laptop, the new EC-
sensor from imec, two cups of demineralized water, a cup of tap water, and a cup of
1413 v S/cm calibration solution.

Figure 65 The test setup of EC-sensor subsystem
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Official test

Since all the solutions that used in the test stayed in the
indoor temperature for a long time, their temperature
must be within 0-30°C. The new sensor’s cell constant
is 1.38(remember change it in the calculation.).

Test the sensor in demineralized water, calibration
water and tap water, respectively. Clean the probe
between the tests by demineralized water.

The outputs when testing demineralized water:

2075590656,0,0,58,17221,33645,128705,207,

The outputs when testing tap water:

2075590656, 3355,0,0,-239091,-200007,-36117,203,

The outputs when testing calibration water(1413 v S/cm):

2075590656,1051,0,0,-478540,-492987,-241673,208,

Table 50 The results of the new-gained EC-sensor testing in three types of solutions

Demineralized water <0.1uS/cm Invalid outputs Good

Tap water 150-800uS/cm 457uS/cm Good

Calibration water Around 1413uS/cm  1456uS/cm Good
Conclusion

This sensor is in good condition. It is qualified to use in the new designed coupling
system.

Arduino Subsystem Test Results

Test setup

The image depicts the setup of Arduino subsystem test. It includes laptop with Arduino
IDE, the new EC-sensor from imec, breadboard, BOB-11189, Arduino Nano, Hook-up
wires, and min-USB cable.
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Laptop with
Arduino IDE

The new EC sensor

Breadboard

Mini-USB

Cable

BOB-11189

& Arduino Nano

Figure 66 The test setup of EC-sensor subsystem

Wire diagram

% ETHERNET

ARDUINO SHIELD u

e e @

ANALOG IN .

Figure 67 Wire diagram of Arduino subsystem
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Code

String ECmeasurdata=""; // for incoming serial data

int hashposition;

int i=0;

void setup() {
Serial.begin(9600); // opens serial port, sets data rate to 9600 bps

void loop()
{
// send data only when you receive data:
while (Serial.available() > 0)
{
/I read the incoming byte:
ECmeasurdata = ECmeasurdata + char(Serial.read());
hashposition = ECmeasurdata.indexOf('#');
if(hashposition !=-1)

{
if(i==1)
{
Serial.print("All measured data from imec EC-sensor: ");
hashposition = hashposition - 1;
Serial.printin(ECmeasurdata.substring(1,hashposition));
}
ECmeasurdata = "";
i=1;
}
delay(2);
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Official test

To prevent the intact EC-sensor from electrical damage during the test, plus, the
emphasis is on readout, the sensor with unworked EC-chip has been arranged.

Wire the circuit. Turn on the Arduino via 5V battery set/USB connection of laptop.

© 1
Ec

SerlalCommuication_2Arduino_Recelver

String ECmeasurdata="";

hashpostedons All measured data from IMEC EC-sensor: 1796931584,0,0,58,-517129,-517322,-309734,231,

int i=0;
+ All measured data from IMEC EC-sensor: 1796931584,0,0,58,-521496,-524930,-320418,231,
p 0 All measured data from IMEC EC-sensor: 1796931584,0,0,58,-525864,-531906,-330361,231,
vold setup
! All measured data from IMEC EC-sensor: 1796931584,0,0,58,-529379,-538635,-340111, 231,
Serial.beqgin(9600); //

All measured data from IMEC EC-sensor: 1796931584,0,0,58,-533582,-545502,-349147, 231,
IAll measured data from IMEC EC-sensor: 1796931584,0,0,58,-536603,-547205,-357415,231,
All measured data from IMEC EC-sensor: 1796931584,0,0,58,-539404,-547205,-365160, 231,
iAll measured data from IMEC EC-sensor: 1796931584,0,0,58,-541876,-547205,-372466,231,
All measured data from IMEC EC-sensor: 1796931584,0,0,58,-544046,-547205,-379415, 231,
All measured data from IMEC EC-sensor: 1796931584,0,0,58,-546133,-547205,-385732,231,
9A11 measured data from IMEC EC-sensor: 1796931584,0,0,58,-547177,-547205,-391720, 231,
All measured data from IMEC EC-sensor: 1796931584,0,0,58,-547205,-547205,-397240,231,

}
id loop ()

send data onlv whe
send data only when

while (Serial.availab

// read
ECmeasurdata = ECmeas

the incoming

hashposition = ECmeasg
if (hashposition != -1
{

Conclusion

The new generation EC-sensor can properly couple with Arduino. The serial monitor
of Arduino IDE can read out all the measured data of the sensor.
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Display Subsystem Test Results

Test setup

The image depicts the setup of Arduino subsystem test. It includes laptop with Arduino
IDE, the new EC-sensor from imec, breadboard, BOB-11189, Arduino Nano, Hook-up
wires, and min-USB cable.

Laptop with
Arduino IDE

e iy

LCD
display

—
The new EC sensor |<‘—

Mini-USB

Breadboard Cable

BOB-11189

& Arduino Nano

Figure 68 The test setup of EC-sensor subsystem

Wiring diagram
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Figure 69 Wire diagram of display subsystem

Code
I/ setup LCD
#include <Wire.h> /Il Library for 12C communication
#include <LiquidCrystal_12C.h> // Library for LCD
LiquidCrystal_12C lcd(0x3F, 16, 2);

// Readout and extract the required data for calculation
String ECmeasurdata=""; // for incoming serial data
int hashposition;

int i=0;

int comma_num=0;

int comma_position=-1;

String raw_r,phase,rod,temp;

int RAW_R,PHASE,ROD, TEMP;

int Condu;

void setup() {

Serial.begin(9600); // opens serial port, sets data rate to 9600 bps

Icd.init(); /[ initialize the lcd
Icd.backlight(); // Power on the back light

void loop()

{
Icd.setCursor(0, 0);
Icd.print("Condu.=");
Icd.setCursor(0, 1);
Icd.print("Temp:");
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// send data only when you receive data:

while (Serial.available() > 0)
{
// read the incoming byte:
ECmeasurdata = ECmeasurdata + char(Serial.read());

hashposition = ECmeasurdata.indexOf('#'); /l
Indexing "#" and locate it in the data set

if(hashposition !'=-1)
{
ifi==1)
{
Serial.print("All measured data from imec EC-sensor: ");
hashposition = hashposition - 1;
Serial.printin(ECmeasurdata.substring(1,hashposition));

while (ECmeasurdata.indexOf(',") = -1) I
Indexing "," in the data set

{

comma_position = ECmeasurdata.indexOf(','); Il
Use commas to locate the value you want to extract

if (comma_num == 2)
{
raw_r=ECmeasurdata.substring(0,comma_position);

RAW_R=raw_r.tolnt();

I Readout substring(raw_r,phase,rod,temp) and transfer into
int(RAW_R,PHASE,ROD, TEMP)
}
if (comma_num == 3)
{

phase=ECmeasurdata.substring(0,comma_position);

PHASE=phase.tolnt();
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if (comma_num == 4)

{
rod=ECmeasurdata.substring(0,comma_position);
ROD=rod.toInt();
¥
if (comma_num == 8)
{
temp=ECmeasurdata.substring(0,comma_position);
TEMP=temp.tolnt();
¥

comma_num +=1,

ECmeasurdata=ECmeasurdata.substring((comma_position+1),ECmeasurdata.length()
); /I Delete the front string and proceed reading the contents before the next ","

}
// Judge if the data set is valid or not

if (PHASE >= -10 && PHASE <= 10)||(PHASE >= -190 && PHASE <= -
170)||(PHASE >= 170 && PHASE <= 190))&&(ROD == 0))

{
TEMP=TEMP/10;
Condu=810000/(RAW_R+0.02*RAW_R*(TEMP-25));
Icd.setCursor(7, 0);
Icd.print(Condu);
Icd.print("\XE4""'S/cm™);
Icd.setCursor(5, 1);
Icd.print(TEMP);
Icd.print(F("\xDF"C"));
delay(500);
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else

{
TEMP=TEMP/10;
Icd.setCursor(7, 0);

Icd.print("ERROR");

Icd.setCursor(5, 1);
Icd.print(TEMP);

Icd.print(F("\xDF""'C"));

delay(500);
}

Icd.clear();
comma_num = 0;

}

ECmeasurdata = ""'; /I Reset and clear

i=1;
}
delay(2);

Preliminary test

The pretest devotes to check the
working performance of LCD to
ensure the robustness of the
component.

Firstly, connect Arduino with LCD-

12C directly. For convenience, &

UNO has been used instead of
NANO.

It failed several times at first, and no = .

numbers or symbols were displayed
on the screen at all. It happened in
several LCD, so that probably the

Figure 70 LCD component test
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code problem. It was finally discovered that the address was wrong. Generally, online
examples apply 0x27 to be the address like this:

LiquidCrystal I2C lcd(

After researching, changing 0x27 to 0x3F then will fix it. It works in the end.

Pretest for display subsystem Status

The sensor can run with ‘Hello World’ basic SLEeX[¢)
display example.

The sensor cannot run ‘Hello World’ basic \Ne&e
display example.

Official test

Wire EC-sensor, Arduino and LCD-12C. Connect Arduino with Laptop to power and
upload the code. The screen displays as follows:

The sensor that used in the test is without an intact conductivity chip. Thus, artificial
assignment for the outputs is necessary.
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ECmeasurdata=ECmeasurdata.substring ((comma position+l),ECmeasurdata.length());

)

// Only use this part to change the values manually
RAW R=562;

PHASE=1;

ROD=0;

TEMP=205;

// Judge if the data set is wvalid or not
if (((PHASE >= -10 && PHASE <= 10) || (PHASE >= -190 && PHASE <= -170) || (PHASE >=

Figure 71 The code that can be artificially changed for checking judgment and calculation function
Next it is needed to test two aspects:

1. If the subsystem can judge the validity of the outputs.
2. If the subsystem can calculate correctly.

Table 51 The results of judgement and calculation test

Judge- Valid Valid Valid Invalid Invalid Invalid
calculation test  samplel sample2 sample3 samplel sample2 sample3
Temperature*10 205 220 230 210 220 230
Raw resistance 562 600 600 600 600 600
ROD error 0 0 0 1 0 1

The phase of 1 -190 190 -190 -191 169
EC-

measurement

If the judgement YES YES YES YES YES YES
is correct?

If the calculation YES YES YES / / /
is correct?

The image shows valid sample 1, which sets up the recorded outputs of 1413 u
s/cm(under 25 °C) solution collected in measurement stage. The result meets the
expectation.
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Conclusion
LCD successfully connected with Arduino-EC sensor, which marks the success of the
experiment. It can reveal correct conductivity and status in different scopes.

Coupling System Test Results

Test setup

The image depicts the setup of Arduino subsystem test. It includes laptop with Arduino
IDE, designing prototype of the EC-sensor coupling system, min-USB cable, two cups
of demineralized water, a cup of tap water, and a cup of 1413 1 S/cm calibration
solution. The cell constant(KCELL) of this sensor is 1.38.

Figure 72 The test setup of EC-sensor subsystem
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Wiring diagram

Figure 73 Wire diagram of coupling system

Code
I/l setup LCD
#include <Wire.h> /Il Library for 12C communication
#include <LiquidCrystal_12C.h> // Library for LCD
LiquidCrystal _12C Icd(0x3F, 16, 2);

// Readout and extract the required data for calculation
String ECmeasurdata=""; // for incoming serial data
int hashposition;

int i=0;

int comma_num=0;

int comma_position=-1;

String raw_r,phase,rod,temp;

int RAW_R,PHASE,ROD, TEMP;

int Condu;

int K_CELL=1380000; //K_CELL="KCell of EC-sensor"*10"6-
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int CorrectedImp;

void setup() {
Serial.begin(9600); // opens serial port, sets data rate to 9600 bps
Icd.init(); /[ initialize the lcd
Icd.backlight(); /I Power on the back light

void loop()
{
Icd.setCursor(0, 0);
Icd.print("Condu.=");
Icd.setCursor(0, 1);
Icd.print("Temp:");
// send data only when you receive data:
while (Serial.available() > 0)
{
/I read the incoming byte:
ECmeasurdata = ECmeasurdata + char(Serial.read());

hashposition = ECmeasurdata.indexOf('#); /l
Indexing "#" and locate it in the data set

if(hashposition !=-1)
{
if(i==1)
{
Serial.print("All measured data from IMEC EC-sensor: ");
hashposition = hashposition - 1;

Serial.printin(ECmeasurdata.substring(1,hashposition));

105



UN IVERSITY WaterschapScheldestromen @
OF APPLIED SCIENCES  Using Multiflexmeter system on chip sensor

while (ECmeasurdata.indexOf(',") 1= -1) I
Indexing "," in the data set
{
comma_position = ECmeasurdata.indexOf(',’); Il

Use commas to locate the value you want to extract
if (comma_num == 2)
{
raw_r=ECmeasurdata.substring(0,comma_position);

RAW_R=raw_r.tolnt();

I Readout substring(raw_r,phase,rod,temp) and transfer into
int(RAW_R,PHASE,ROD,TEMP)
}
if (comma_num == 3)
{

phase=ECmeasurdata.substring(0,comma_position);

pHASE:phase.tOmtO;

}
if (comma_num == 4)
{
rod=ECmeasurdata.substring(0,comma_position);
ROD-=rod.toInt();
}
if (comma_num == 8)
{
temp=ECmeasurdata.substring(0,comma_position);
TEMP=temp.tolnt();
}

comma_num +=1;

ECmeasurdata=ECmeasurdata.substring((comma_position+1),ECmeasurdata.length()
); /] Delete the front string and proceed reading the contents before the next ","
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}
// Judge if the data set is valid or not

if (PHASE >= -10 && PHASE <= 10)||(PHASE >= -190 && PHASE <= -
170)||(PHASE >= 170 && PHASE <= 190))&&(ROD == 0))

{
Correctedlmp=RAW_R+((2*RAW_R)/100)*((TEMP-250)/10);
Condu=K_CELL/CorrectedImp;
Icd.setCursor(7, 0);
Icd.print(Condu);
lcd.print("\XE4""'S/cm");
Icd.setCursor(5, 1);
Icd.print(TEMP);
Icd.print(F("\xDF""'C"));
delay(500);

}

else
{
TEMP=TEMP/10;
Icd.setCursor(7, 0);
Icd.print("ERROR");
Icd.setCursor(5, 1);
Icd.print(TEMP);
Icd.print(F("\xDF""'C"));
delay(500);
}
Icd.clear();
comma_num = 0;
}

ECmeasurdata = ""; // Reset and clear
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Official test

The temperature of all the solutions applied in this test is within 0-30°C. Randomly
choose a solution and put the sensor in it. The tap water has been selected first.

LCD shows like this:

O

Send

All measured data from IMEC EC-sensor: 2075590656,3295,-1,0,-93109,-24554,95938,213, ~
All measured data from IMEC EC-sensor: 2075590656,3296,-1,0,-88522,-22412,97092,213,
All measured data from IMEC EC-sensor: 2075590656,3296,-1,0,-87341,-21780,97449,213,
All measured data from IMEC EC-sensor: 2075590656,3296,-1,0,-91379,-24115,95773,213,
All measured data from IMEC EC-sensor: 2075590656,3296,-1,0,-95966,-26806,93906,213,
All measured data from IMEC EC-sensor: 2075590656,3296,-1,0,-96488,-27520,93219,213,
All measured data from IMEC EC-sensor: 2075590656,3296,-1,0,-92835,-25927,93961,213,
All measured data from IMEC EC-sensor: 2075590656,3296,-1,0,-89456,-24582,94812,213,
All measured data from IMEC EC-sensor: 2075590656,3296,-1,0,-91132,-25488,94071,213,
All measured data from IMEC EC-sensor: 2075590656,3296,-1,0,-95966,-28289,92093,213,
All measured data from IMEC EC-sensor: 2075590656,3296,-1,0,-98740,-30185,90830,213,
All measured data from IMEC EC-sensor: 2075590656,3298,-1,0,-95636,-29031,91132,213,
All measured data from IMEC EC-sensor: 2075590656,3300,-1,0,-91626,-27081,92340,213,
All measured data from IMEC EC-sensor: 2075590656,3298,-1,0,-92972,-28070,91736,213,
All measured data from IMEC EC-sensor: 2075590656,3296,-1,0,-98273,-31173,88907,213,

v

Autoscroll DShcw timestamp Carriage return v 9600 baud ~| | Clear output
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Conclusion

The designing prototype of new EC-sensor coupling system can work properly. User
can observe the conductivity and temperature of water via LCD and check all the
measured data via serial monitor of Arduino IDE.

Appendix 7: The received imec EC-Sensors

imec sent four sensors back and forth. Some were good, some could not work properly
and should be sent back. The contents below give a specific explanation about these
sensor’s condition, their concrete application, return reason and fault analysis from
imec.

<> First time:

Readout

Water line

EC sensor

Temp sensor

Condition: A non-watertight EC-sensor with a good EC-chip and a good temp-chip
(KCELL=0.81)

Concrete application: Test the performance of the sensor

Return reason: It only outputted invalid number when testing the tap water.

Fault analysisXI:

Thijl Boonen: “The first sensor | had sent you had layer on the sensor when we got it
back. We did some more tests and cleaning and now it seems to work fine. It looks like
something made it “dirty” in a way we have never seen before. We are going to do
More stability tests because it’s new for us.”

<~ Second time:
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Condition: A waterproof EC-sensor with a good EC-chip and a bad temp-chip
(KCELL=0.81)

Concrete application: Test the performance of the sensor(temperature will use an
external thermometer to test).

Return reason: It can only output valid measured data in a solution of 50-13000 & S/cm.

Fault analysisXI:

Thijl Boonen: “ The EC was chipped in a way we 've never seen before, which probably
affected sensor performance. | do not know if it happened on your end, but it would
explain the poor results. 1 would like to urge you again to be careful when putting the
sensor in bottles and test tubes and the like.

This is what a sensor is supposed to look like under the microscope:

Figure 74 What the sensor looks like under a microscope

Your sensor was broken in 2 places. The bottom round one might be an issue because
it can water to leak in underneath the black epoxy. The chip in the top corner is
probably cutting though the electrodes themselves. And water can also get under the
epoxy and mess op the measurements.
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Figure 75 Damage observation of waterproof sensor used to measure working performance

First, we thought it might have been dirt, but you can see the material is chipped. We
will try to do some more tests to see the extent of the damage. ”

Figure 76 Close-up of the sensor’s damage

Condition: A waterproof EC-sensor with a bad EC-chip and a good temp-chip

Concrete application: Test the designed Arduino sub-system, display sub-system.

<~ Third time:

Condition: Waterproof EC-sensor with a good EC-chip and a good temp-chip.
(KCELL=1.38)

Concrete application: Use in the EC-sensor subsystem test. After testing out that the
sensor is in good condition, it has been applied in the designed coupling system.
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Appendix 8: Component list

The component list shows all the components which has been used in new EC-sensor
coupling system. It contains the components’ type, name, cost, amount, and link.

Table 52 Invoice

Type Name €/each = Amount € Link

Arduino sub-system

Arduino Nano = Controller | 4 1 4 aliexpress.com

BOB-11189 RS-232 to 5 2 10 https://www.digikey.
TTL nl/product-
convertor detail/nl/sparkfun-

electronics/BOB-
11189/1568-1193-

ND/5673779
Display sub-system
LCD 12C 1602 @ Display 3 1 3 aliexpress.com
Assemble fee(Soldering, wires)
Connecting / / / 10 /
Materials
Total price for invoice 27

The cost of building a whole coupling system 22

The cost of the coupling part 18
»*Total price for invoice=Arduino Nano(1)+ BOB-11189(2)+ LCD I2C 1602(1)+Connection materials
> The cost of building a whole coupling system =Arduino Nano(1)+ BOB-11189(1)+ LCD I2C 1602(1)+Connection materials
¥ The cost of the coupling part = BOB-11189(1)+ LCD I2C 1602(1)+Connection materials
Signature from the customer:

Approved by: Jos Goossen
May 27 2021

B
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Appendix 9: Search plan

Table 53 Search plan for Theoretical framework

Search plan
2.1  Microcontroller info.
Nr. | Checklist Remarks Type of sources
1 Why choosing Arduino as a | Paragraph Experts; Arduino
microcontroller? 21;211 official website
2 How to find more sources regarding | Paragraph Arduino official website
Arduino? 211
3 What classic boards does Arduino | Paragraph Arduino official
have? How to wuse UART 2121 website; forum; play
communication on Arduino? with the physical board;
4 What other hardware is relevant to | Paragraph Literature; Product
this project? 2122 specification; Experts;
5 What software does Arduino use? Paragraph Arduino official
2.1.3 website;
2.2 | EC-sensor info.
6 What are the functions of different | Paragraph Experts;
parts on EC-sensor? 2.2.1
7 Announcement when using the EC- | Paragraph Experts;
sensor 221
8 The improved(waterproof) imec EC- | Paragraph Experts;
sensor 222
9 The specific part to be designed Paragraph Clients; Experts;
2.2.3
10 | How to collect and process data from | Appendix 2 | Experts;
EC-sensor?
11 How to calculate the electrical = Paragraph Experts;
conductivity by measured data from  2.2.4
EC-sensor?
12 | The definition of conductivity Paragraph Literature;
2.25.1
13 | The merit of 4-electrode conductivity | Paragraph Competitor;
sensor 2.25.2
14 | The principle of 4-electrode Paragraph Scientific article;
2.2.5.3
15 | Conversion between conductivity @ Paragraph Scientific article;
and chloride ion 2.25.4
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16

17

18

2.3

19

20

21

22

Conversion between g/l NaCl and g/l
chlorine (Cl-)

Basic information of the embedded
chip

The conductivity range of regular
liquids.

Performance criteria info.

Working range
Accuracy
Stability

Sensitivity

Paragraph
2.2.5.5
Appendix 3

Appendix 4

Paragraph
2.3.1
Paragraph
2.3.2
Paragraph
2.3.3
Paragraph
234

Scientific article;
Experts;

Experts;

Scientific article;
Experts;
Scientific article;

Scientific article;

Scientific article;
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